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Abstract 

Hyporheic flows induced by bars in gravel streams are vital to the overall health of a river 

but can also be the primary mechanism for contamination to fish habitats. It is therefore of 

primordial importance to characterize such hyporheic flows under varying hydraulic and 

morphological conditions, and develop methods and tools for their prediction. This thesis 

is intended as a contribution to these ends.   

 The work involves an extensive series of laboratory experiments, guided by a 

dimensional analysis of the phenomenon under consideration, and revealing a possible 

dependency of vhyp /k on � /�  and � /hav. Hyporheic flows were visualized in a gravel bar 

and underlying substrate constructed in a 21 m long flume under nine different test cases 

(combination of varying free surface flow depths (18, 15 and 12 cm) and bar lengths (1.0, 

1.6 and 2.5 m)). Dye injections were recorded and processed to reveal hyporheic flow paths 

and velocities. Hyporheic flows upstream and downstream of the bar top traveled 

longitudinally, converged at the flow divide line and upwelled into the stream flow at the 

flow divide line. For any given bar, smaller free surface flow depths produced hyporheic 

flows that penetrated deeper into the gravel and emerged into the stream flow further 

downstream. Hyporheic flow was always turbulent with the 1.0 and 1.6 m long bars 

producing similar hyporheic flow velocities that were approximately 30% higher than those 

produced by the 2.5 m long bar. The present analysis shows that for any given value of 

� /� , vhyp /k varies with � /hav by first increasing from 0 to a maximum at � /hav �  0.45, and 

then decreasing.  

Although Darcy’s equation is only valid for laminar flows, a simple model based 

on this equation was developed for determining hyporheic flows through a gravel bar with 

the goal of investigating if Darcy’s equation can provide any reasonable approximation of 

hyporheic flow. The computational grid represents the gravel bar and underlying substrate 
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of the laboratory experiments. The model produced hyporheic flow paths which were in 

good agreement with the laboratory experiments. However, the hyporheic flow velocities 

were greatly underestimated. In spite of this, the model offers a quick and computationally 

simple method for preliminary assessments in practical applications.  
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1.1 Motivation and objectives for research 

Oil production and distribution is a major player in Canada’s economy. Oil is transported 

all over North America for refinement and further shipment via rail and pipelines. The 

network of pipelines is expected to expand to meet the rise of global energy demands 

(National Resources Canada, 2016a; National Resources Canada, 2016b; National Energy 

Board 2016). However, oil transportation may come at a cost to the environment and the 

public. In recent years, several oil pipelines have failed close to water crossings, causing 

severe damage to aquatic species and drinking water sources (Yellowstone River, MT, 

2011; Kalamazoo River, MI, 2010; Pine River, BC, 2010). Pipeline failures have also lead 

to major spill clean ups costing millions of dollars and taking years to complete. Even as 

pipeline technology is advancing to make pipelines safer, major spills into rivers and 

streams are likely to happen again with existing and proposed pipelines because water 

crossings are unavoidable. For example, the proposed 1176 km Northern Gateway Pipeline 

has over 1000 water crossings alone (National Energy Board, 2014). Oil pipeline projects 

have become very controversial among the public. Numerous protests to stop the 

construction of new pipelines such as the Dakota Access Pipeline have brought the safety 

of oil transportation to the forefront of news media. 

 Compared to oil spills in freshwater, spills in marine environments such as 

Deepwater Horizon and Exxon Valdez oil spills have received much more attention (Lee 

et. al, 2015). As a result, there are numerous studies about the fate of oil spills in marine 
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environments and subsequent impacts to marine fish habitats (Bandara et. al., 2011; 

Camilli et. al., 2010; Peterson et. al., 2003). Oil spills in marine environments tend to be 

in larger volumes than those in freshwater, however, freshwater oil spills may pose a 

greater risk to the environment. In the case of rivers, this is because they offer much less 

dilution and dispersion capacity (Lee et al., 2015). Unlike in marine environments, aquatic 

species cannot avoid oil in confined freshwater. It is for these reasons that Lee et al. (2015) 

(expert panel report commissioned by the Royal Society of Canada) considers the 

investigation of the fate and behaviour of spilled oil into freshwater ecosystems as one of 

its high priority research needs. 

 An issue that is also of great concern with oil spills in rivers is the contamination 

of bed sediments by oil. If trapped in the sediments, oil can have serious long-term effects 

on the river ecosystem, as hydrocarbon compounds will be slowly released into the water. 

The most likely mechanism for oil to enter bed sediments are hyporheic flows which are 

flows in the bed sediments induced by changes in pressure in the free surface flows. Such 

changes in pressure are frequent occurrences in rivers, and emerge as a result of river 

morphological features (e.g. bed forms), changes in flow depth or direction, debris (e.g. 

fallen trees), hydraulic structures (e.g. weirs, bridge piers), etc.  

Hyporheic flows play an important role in the overall health of the river, as they 

consist of downwelling flows supplying dissolved oxygen and organic matter to microbes 

and invertebrates inhabiting the subsurface region underneath river beds, and upwelling 

flows supplying nutrients to stream organisms (Boulton et al., 1998; Hakenkamp and 

Palmer, 2000). The environment where hyporheic flows are prominent, which is shielded 

from extreme temperature and high shear stresses, is also suitable for the development of 

embryos of several fish species such as salmonids (Pugsley and Hynes, 1986; Moring, 

1982). Embryo survival determines recruitment and abundance of fish, the health of fish 

habitat and the success of commercial and sport fisheries (Peterson and Quinn, 1995). The 
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lasting effects on fish habitat and embryo survival from oil contamination were seen after 

the Exxon Valdez spill in 1989 where the residual oil in pink salmon spawning sediments 

caused higher embryo death-rates for up to four years after the spill (Bue et al., 1997). The 

risks to embryos depend on the extent of bed sediment contamination by oil, the 

partitioning of hydrocarbons from stranded oil to interstitial waters, and the toxicity of 

released hydrocarbon.  

 To address the aforementioned concerns, an extensive study has been initiated at 

Queen’s University. The ultimate goal of the project is to evaluate the risk of sediment 

contamination of river beds by oil and assess the potential long-term effects of such 

contamination on fish and fish habitat. The study focuses exclusively on gravel bed rivers, 

many examples of which can be found throughout Canada.  

 The ability to assess risk of sediment contamination by oil, and in fact any other 

contaminant, requires a good understanding of hyporheic flows and their dependency on 

various hydraulic and morphological factors, as well as the ability to accurately predict 

them. It is therefore not surprising that hyporheic flows have received a great deal of 

attention over the past twenty years or so, resulting in a substantial number of both 

experimental and numerical studies. However, most of the studies carried out so far focused 

on laminar hyporheic flows induced by sand dunes (Cardenas and Wilson, 2007; Elliott 

and Brooks, 1997a; Elliott and Brooks, 1997b; Fox et al., 2014; Hester et al., 2013; 

Nagaoka and Ohgaki, 1990; Packman et al., 2004; Savant et al., 1987; Thibodeaux and 

Boyle, 1987). In contrast, the comparatively much faster and turbulent hyporheic flows 

induced by gravel bars or pool-riffle systems have so far been the object of only a few 

isolated studies (da Silva et al., 2016; Fruetel, 2016; Gariglio et al., 2013; Tonina and 

Buffington, 2007, 2011; Trauth et al., 2013). It should be also mentioned here that the 

majority of laboratory studies so far on hyporheic flow focused on the mass transfer 

between the bed and the free surface flow, primarily involved the monitoring of the 
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decrease in free surface solute concentration (Elliott and Brooks, 1997a; Salehin et. al., 

2004; Zhuo and Endreny, 2013). One of the earlier attempts to describe and quantify the 

hyporheic flow induced by sand dunes is due to Nagaoka and Ohgaki (1990). These authors 

injected slugs of solute directly into the hyporheic zone, and monitored changes in 

conductivity to estimate hyporheic flow velocity. Most other studies to quantify hyporheic 

flow velocities involved dye injection and crude observations and measurements, mainly 

by manually tracing the dye on the glass walls of flumes. This resulted in poorly 

characterized hyporheic flow, with only minimal information about the associated flow 

fields (Savant et. al., 1987; Thibodeaux and Boyle, 1987). The exception is Fruetel (2016), 

who introduced a new experimental method for the visualization and quantification of 

hyporheic flows. This uses state-of-the-art digital image processing techniques to 

accurately determine hyporheic flow paths and velocities.  

 This thesis is intended as a contribution addressing, on one hand, the existing 

scarcity of information and data on turbulent hyporheic flows in gravel streams; and on the 

other, the lack of methods to quantitatively predict the patterns and velocities of such flows. 

The work is limited to the case of the turbulent hyporheic flow induced by a gravel bar.  

 The specific objectives of the thesis are as follows:  

1 – to conduct an extensive laboratory study on hyporheic flow induced by a gravel 

bar, to gain insight into how hyporheic flow patterns depend on flow conditions 

and bar geometry; and 

2 – to present a first effort towards the development of practical methods and tools 

for the prediction of hyporheic flow properties, and in particular, hyporheic flow 

patterns and velocity. 

 It is also hoped that the data resulting from this work will contribute to efforts by 

other researches to develop numerical models for the simulation and prediction of 

hyporheic flows.  
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 The present experiments build upon work previously carried out by Fruetel (2016). 

In particular, the techniques developed by this author to visualize and quantify hyporheic 

flows are adopted in this work. 

 

1.2 Layout of thesis 

This thesis is presented in manuscript format with each of Chapters 2 and 3 corresponding 

to a different manuscript. 

 Chapter 2 presents a new series of laboratory experiments, involving the 

visualization and measurement of hyporheic flow induced by a gravel bar under varying 

flow conditions and bar geometry. The resulting data are used to explore the relevant 

hydraulic and morphological variables determining the properties of hyporheic flow. A 

first effort towards the development of predictive equations for hyporheic velocity is also 

presented.  

 Chapter 3 presents a simple model based on Darcy’s equation to replicate the 

hyporheic flows observed in the experiments.  

Chapter 4 provides the main conclusions of this work and recommendations for 

future research. 

 The material in Chapters 2 and 3 are supplemented in Appendices A-J. These 

include additional information on experimental procedures and techniques, as well as 

additional data not included in Chapters 2 and 3, and provide further information on the 

results.  

  



 

6 

 

References 

Bandara, U.C., Yapa, P.D., Xie, H. (2011). Fate and transport of oil in sediment laden 
marine waters. Journal of Hydro-environment Research, 5 (3), 145-156. 

Boulton, A.J., Findlay, S., Marmonier, P., Stanley, E.H., Valett, H.M. (1998). The 
functional significance of the hyporheic zone in streams and rivers. Annual Review of 
Ecology and Systematics, 29 (1), 59-81. 

Bue, B.G., Sharr, S., Seeb, J.E. (1997). Evidence of Damage to Pink Salmon Populations 
Inhabiting Prince William Sound, Alaska, Two Generations after the Exxon Valdez Oil 
Spill. Transaction of the American Fisheries Society, 127 (1), 35-43. 

Camilli, R., Reddy, C.M., Yoerger, D.R., Van Mooy, B.A.S., Jukuba, M.V., Kinsey, J.C., 
McIntyre, C.P., Sylva, S.P., Maloney, J.V. (2010). Tracking Hydrocarbon Plume 
Transport and Biodegradation at Deepwater Horizon. Science, 330 (6001), 201-204. 

Cardenas, M.B., Wilson, J.L., Zlotnik, V.A. (2004). Impact of heterogeneity, bed forms, 
and stream curvature on subchannel hyporheic exchange. Water Resources Research, 40, 
W08307, doi: 10.1029/2004WR003008. 

Cardenas, M.B., Wilson, J.L. (2007). Dunes, turbulent eddies, and interfacial exchange 
with permeable sediments. Water Resources Research, 43, W08412, 
doi:10.1029/2006WR005787. 

da Silva. A.M.F., Mumford, K.G., Seyed Mirzaei, S.H., Fruetel, C., Rey, A. (2016): 
Physical and numerical modeling of hyporheic flow through a gravel bar. Proc. River 
Flow 2016, 8th Int. Conf. on Fluvial Hydraulics, St. Louis, USA, July 12-15, 2016, G. 
Constantinescu, M. Garcia and D. Hanes (eds.), CRC Press, Taylor & Francis Group, 
London, ISBN 978-1-138-02913-2, 1364-1369. 

Dietz, R.A. (1952). The evolution of a gravel bar. Annals of the Missouri Botanical 
Garden, 39 (3), 249-254. 

Elliott, H., Brooks, N.H. (1997a). Transfer of nonsorbing solutes to a streambed with bed 
forms: Laboratory experiments. Water Resources Research, 33(1), 137-151.  

Elliott, H., Brooks, N.H. (1997b). Transfer of nonsorbing solutes to a streambed with bed 
forms: Theory. Water Resources Research, 33(1), 123-136.  

Endreny, T., Lautz, L., Siegel, D. (2011). Hyporheic flow path response to hydraulic jumps 
at river steps: Hydrostatic model simulations. Water Resources Research, 47(2), 1-10. 

Environment Canada. (2013). Considerations, Volume 2, Report of the Joint Review Panel 
for the Enbridge Northern Gateway Project. Retrieved March 19, 2017, from 
http://gatewaypanel.review-examen.gc.ca/clf-
nsi/dcmnt/rcmndtnsrprt/rcmndtnsrprtvlm2-eng.pdf 

Fruetel, C. (2016). Analysis of hyporheic flow induced by a bar in a gravel stream: An 
experimental study. M.A.Sc. Thesis, Queen’s University, Kingston, Ontario, Canada. 

Gariglio, F.P., Tonina, D., Luce, C.H. (2013). Spatiotemporal variability of hyporheic 
exchange through a pool-riffle-pool sequence. Water Resources Research, 49(11), 
7185-7204. 



 

7 

 

Hakenkamp, C.C., Palmer, M.A. (2000). The ecology of hyporheic meiofauna. In: Jones 
JB, Mulholland PJ (Ed.), Streams and ground waters. Academic Press, San Diego, CA, 
USA, 307-336. 

Hassan, M.A., Church, M. (2001). Sensitivity of bed load transport in Harris Creek: 
Seasonal and spatial variation over a cobble-gravel bar. Water Resources Research, 37 
(3), 813-825. 

Harvey, J.W., Bencala, K. E. (1993). The effect of streambed topography on surface-
subsurface water exchange in mountain catchments. Water Resources Research, 29 (1), 
89-98. 

Hossain, S.Z. (2016). Laboratory investigation of diluted bitumen trapping and dissolution 
in gravel. M.A.Sc. Thesis, Queen’s University, Kingston, Ontario, Canada. 

Moring, J.R. (1982) Decrease in stream gravel permeability after clear-cut logging: an 
indication of intragravel conditions for developing salmonid eggs and alevins. 
Hydrobiologia. 88 (3), 295-298.  

Nagaoka, H., Ohgaki, S. (1990). Mass transfer mechanism in a porous riverbed. Water 
Research, 24 (4), 417-425. 

National Energy Board. (2016). Estimated Production of Canadian Crude Oil and 
Equivalent. Retrieved December 3, 2016, from https://www.neb-
one.gc.ca/nrg/sttstc/crdlndptrlmprdct/stt/stmtdprdctn-eng.html 

National Energy Board. (2014). Enbridge Northern Gateway Project Joint Review Panel. 
Retrieved February 26, 2016, from http://gatewaypanel.review-examen.gc.ca/clf-
nsi/dcmnt/rcmndtnsrprt/rcmndtnsrprtvlm2chp8-eng.html#s854 

National Resources Canada. (2016a). Key Facts on Canada’s Pipelines. Retrieved 
December 3, 2016, from http://www.nrcan.gc.ca/energy/infrastructure/13751 

National Resources Canada. (2016b). Petroleum Products Distribution Networks. 
Retrieved February 26, 2017, from http://www.nrcan.gc.ca/energy/crude-
petroleum/5897 

Lee, K., Boufadel, M., Chen, B., Foght, J., Hodson, P.V., Swanson, S., Venosa, A.D. 
(2015). Behaviour and Environmental Impacts of Crude Oil Released into Aqueous 
Environments. The Royal Society of Canada. Ottawa, Ontario, Canada.  

Peterson, N.P. Quinn, T.P. (1995). Spatial and temporal variation in dissolved oxygen in 
natural egg pockets of chum salmon, in Kennedy Creek, Washington. Journal of Fish 
Biology, 48, 131-143. 

Peterson, C. H., Rice, S. D., Short, J. W., Esler, D., Bodkin, J. L., Ballachey, B. E., & Irons, 
D. B. (2003). Long-Term Ecosystem Response to the Exxon Valdez Oil Spill. Science, 
302 (5653), 2082 -2086. 

Pugsley, C.W., Hynes, H.B.N. (1986). Three-dimensional distribution of winter stonefly 
nymphs, allocapnia pygmaea, within the substrate of a southern Ontario river. Canadian 
Journal of Fisheries and Aquatic Sciences, 43, 1812-1817. 



 

8 

 

Salehin, M., Packman, A.I., Paradis, M. (2004). Hyporheic exchange with heterogeneous 
streambeds: Laboratory experiments and modeling. Water Resources Research, 40, 
W11504, doi:10.1029/2003WR002567. 

Savant, A.S., Reible, D.D., Thibodeaux, L.J. (1987). Convective transport within stable 
river sediments. Water Resources Research, 23 (9), 1763-1768. 

Schein, A., Scott, J.A., Mos, L. Hodson, P.V. (2009). Oil dispersion increases the apparent 
bioavailability and toxicity of diesel to rainbow trout (Oncorhynchus mykiss). 
Environmental Toxicology and Chemistry, 28 (3), 595-602. 

Thibodeaux, L.J., Boyle, J.D. (1987), Bedform-generated convective transport in bottom 
sediment. Nature, 325, 341-343. 

Tonina, D., Buffington, J.M. (2007). Hyporheic exchange in gravel bed rivers with pool-
riffle morphology: Laboratory experiments and three-dimensional modeling. Water 
Resources Research, 43(1), 1-16. 

Trauth, N., Schmidt, C., Maier, U., Vieweg, M., Fleckenstein, J.H. (2013). Coupled 3-D 
stream flow and hyporheic flow model under varying stream and ambient groundwater 
flow conditions in a pool-riffle system. Water Resources Research, 49(9), 5834-5850. 

Tkalich, P. (2006). A CFD solution of oil spill problems. Environmental Modelling & 
Software, 21(2), 271-282. 

Zhou, T., Endreny, T.A. (2013). Reshaping of the hyporheic zone beneath river restoration 
structures: Flume and hydrodynamic experiments. Water Resources Research, 49(8), 
5009-5020. 

  



 

9 

 

 

 


��������
�����
�����
�����	�������	��������
������ ���������	����	�	����

	������������	��������	����  

2.1 Introduction 

The distribution of oil via pipelines and rail drives a significant part of Canadian economy. 

Canada currently produces 3.8 million barrels per day and production is expected to grow 

to 6.1 million barrels per day by 2040 (National Energy Board, 2016; National Resources 

Canada, 2016). The pipeline and rail infrastructure throughout Canada must also expand 

to meet the demands of the increased oil production. However, an expansive oil distribution 

network is not without cost to the natural environment as demonstrated by recent spills in 

watercourses (Yellowstone River, MT, 2011; Kalamazoo River, MI, 2010; Pine River, BC, 

2010). Spills in freshwater are more damaging than those in marine ecosystems because 

oil can contaminate river bed sediments. This poses a serious risk to aquatic species that 

reside within the river sediments and to species such as salmonids that use river sediments 

for spawning (Bjornn and Reiser, 1991). Gravel and gravel dominated streams are of 

particular concern regarding the risk of long-term contamination by oil. Such streams, 

which can be found throughout Canada, have relatively steep gradients and fast flows in 

part or all of their courses. Common bed features are bars, occurring either in isolation or 

as part of pool-riffle systems. The gravel bed sediments are sufficiently permeable to allow 

hyporheic flows, consisting of downwelling flows transferring water into the sediment and 

upwelling flows transferring water back into the stream (Thibodeaux and Boyle, 1987). 

Such flows thus appear as a prime mechanism to drive contaminants, including oil droplets 

into the gravel bed.  
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 Owing to their practical and scientific significance, hyporheic flows induced by bed 

forms have been the focus of considerable research for over twenty years, including 

experimental and numerical works. Yet, such works focused almost exclusively on sand 

streams, with either flat beds or beds covered by dunes (Cardenas and Wilson, 2007; Elliott 

and Brooks, 1997a; Elliott and Brooks, 1997b; Fox et al., 2014; Hester et al., 2013; 

Nagaoka and Ohgaki, 1990; Packman et al., 2004; Savant et al., 1987; Thibodeaux and 

Boyle, 1987). In these cases, the hyporheic flow velocities are invariably small, resulting 

in laminar hyporheic flows. By contrast, only a few isolated studies have investigated 

hyporheic flows through gravel bars (da Silva et al., 2016; Fruetel, 2016; Gariglio et al., 

2013; Tonina and Buffington, 2007, 2011; Trauth et al., 2013). These flows present a 

completely distinct situation from the previously studied flows in sand streams, as they are 

much faster and occur in the turbulent regime. The present lack of information and data on 

turbulent hyporheic flows induced by gravel bed forms means also that no efforts have 

been made so far to develop predictive equations and tools suitable for the determination 

of the properties of hyporheic flow and its spatial extent.  

From the aforementioned, it should be clear that there is a need to develop a proper 

understanding of turbulent hyporheic flows in gravel streams and develop means of 

predicting them. This chapter addresses this need. The primary objectives of the work are:  

1 – to present the results of a novel laboratory study detailing the hyporheic flow 

induced by a bar in a gravel stream for varying flow conditions and bar geometry; 

2 – to use the principles of dimensional analysis to develop functional relationships 

for properties of the hyporheic flow (such as hyporheic flow velocity, fluxes, etc.), 

and expressing the dependency of such quantities on the relevant hydraulic and 

morphological variables; and  

3 – to present a first effort towards the development of such functional relationships 

into predictive equations for properties of the hyporheic flow, and in particular, 



 

11 

 

hyporheic flow velocity. This effort is based on a series of novel experiments 

carried out by the writer.  

The present experiments build upon work previously carried out by Fruetel (2016). 

In particular, the techniques developed by this author to visualize and quantify hyporheic 

flows are adopted in this work. 

 

2.2 Dimensional considerations   

The phenomenon under consideration is the hyporheic flow induced by a gravel bar as 

shown in Figure 2.1. It is assumed that the porous medium is homogeneous and isotropic; 

the alluvium is bounded at the bottom by an impervious layer. The undisturbed free surface 

flow (i.e. without the bar) is steady and uniform. 

The phenomenon is specified by the following set of nine characteristic parameters:  

� , � , � , � , v, hav, g, k, da            (2.1) 

where �  is fluid density, �  is fluid kinematic viscosity, �  is bar length, �  is bar height, v and 

hav are flow velocity and depth of the uniform, undisturbed free surface flow, respectively, 

g is acceleration due to gravity, k is hydraulic conductivity and da is depth of alluvium. The 

variables �  and �  define the fluid; �  and �  define the bar geometry; v, hav and g define the 

free surface flow; k defines the properties of the porous medium; and da defines the spatial 

extent of the porous medium.  

 
Figure 2.1: Schematic representation of hyporheic flow. 

da 

�  
�  

hav 
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 It follows that any property A related to the phenomenon under study can be 

expressed as  

 ),,,,,,,,( aavA dkghv��A nrj=              (2.2) 

Application of the � -theorem, using as repeaters, � , h and k yields 
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where � A is the dimensionless counterpart of A. Since )/()/(/ kvvkhvvh avav ×= , 

)/()/(/ kvghkghv avav ×= , 1)/()/(/ -×= avav h�h���  and 1)/()/(/ -×= avavaa h�hd�d , the 

functional relation (2.3) can be re-written as  
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where Re ( n/avvh= ) and Fr ( avghv/= ) are Reynolds and Froude numbers of the free 

surface flow.  

In this work, the focus is primarily on the hyporheic flow velocity vhyp (= A), in 

which case =A�  vhyp /k. From Eq. (2.4), it follows that  
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Eq. (2.5) implies that vhyp /k can, at most, be a function of six dimensionless variables. In 

the subsequent sections, an attempt is made to gain insight into the form of variation of 

kvhyp / with � /�  and � /hav. 

 

2.3 Description of laboratory experiments 

2.3.1 Laboratory set up and flow conditions 

Hyporheic flow visualizations were carried out in a recirculating flume located at the 

Queen’s Coastal Engineering Laboratory. The flume is 21 m long, 0.76 m wide and 0.5 m 
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deep (see the schematic in Figure 2.2). The sides of the flume are made of glass with 0.2 

m wide concrete support columns every 1.84 m along the length of the flume. The concrete 

columns are flush with the glass siding on the inside of the flume. Water is supplied to the 

flume using a pump (maximum capacity of 0.43 m3/s) that draws water from a sump. A 

transparent tailgate is installed at the downstream end of the flume to enable control of the 

free surface slope. Downstream of the transparent tailgate, the water is diverted to three 

channels of equal dimensions. These channels are 5 m long; a V-notch weir is installed at 

the end of the central channel.  

The present experiments involved three different gravel bars with the same height 

�  = 0.06 m, and different lengths: �  = 1.6, 1.0 and 2.5 m. Any given bar was placed near 

the middle of the flume, by first installing a �  0.2 m thick gravel layer from x = 8.2 m to 

11.7 m. This gravel layer simulated the substrate beneath a gravel bar. The remainder of 

the flume was filled with a �  0.10 to 0.15 m layer sand, as shown in Figure 2.2. The sand 

was covered by a geotextile, and supported a �  0.05 m layer of gravel, flush with the gravel 

in the middle section of the flume. The top surface of the gravel was sloped throughout the 

extent of the flume, so as to produce a longitudinal bed slope S = 1/750. All gravel 

emplaced in the flume was a peastone with grain sizes between 4.75 and 15.85 mm and a 

median grain size (D50) of 9.5 mm (see Figure 2.3); the gravel had a uniformity coefficient 

(D60/D10) of 1.68.   
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Figure 2.2: Schematic of experimental set-up (not to scale; all distances in meters; x = 0 at the flume entrance). 
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Figure 2.3: Particle size distribution of gravel used in the flume. 
 
 

A point gauge (resolution ± 0.1 mm) installed on a carriage resting on the flume 

walls was used to measure free surface and bed elevations. A different point gauge 

(resolution ± 0.1 mm) installed upstream of the weir, in the central outlet channel was used 

to measure the height of water over the weir hw. The flow rate in the flume was determined 

using the V-notch weir equation ( 5.23 wdhC= , in which Cd is the discharge coefficient 

(=1.9)). 

In total, nine experiments were carried out by varying flow conditions and bar 

geometry. Three different tests were conducted for each different bar geometry, with flow 

depths hav of 18, 15 and 12 cm. These values of flow depth are those of the uniform flow, 

undisturbed by the presence of the bar. The particular combination of flow rate Q and 

opening of the tailgate that would lead to a uniform flow of the desired depth was 

determined over the flat gravel bed, before installing the bar. The hydraulic conditions in 

the experiments were as summarized in Table 2.1. Here Q is flow rate, v is average flow 
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velocity (=Q/Bhav), v* is shear velocity (= hgSR in which Rh is hydraulic radius), Re and 

Fr are the Reynolds number and Froude number as previously defined, Re* is roughness 

Reynolds number (=v*ks/�  in which ks is roughness of bed material), Y is mobility number 

(=� v*
2/� sD in which �  is fluid density and � s is submerged specific weight of bed material, 

and often referred to also as Shields’ parameter), and Ycr is the value of Y at the critical 

stage of initiation of sediment transport. For the present purposes, � , �  and � s 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 all tests the values of the average bed shear stress 

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

of sediment transport on a flat bed. However, some sediment transport was seen 

immediately downstream of the 1.0 m long bar. Owing to this reason, the 1.0 m long bar 

was secured in place with a thin plastic mesh (opening size of 6 mm x 6 mm; 91 openings 

per 10 cm x 5 cm of mesh) on top of the bar. The mesh was placed over the full length and 

width of the bar and the ends of the mesh were embedded into the gravel to hold it in place. 

The gravel in the 1.6 m and 2.5 m long bars was never displaced or transported downstream 

by the flow. 

Table 2.1: Hydraulic conditions of experimental tests (da = 0.2 m, S = 1/750, �  = 0.06 m, 
k = 0.01 m/s; da/�  = 3.3) 

Test 
�  

(m)�
hav 
(m) 

Q 
(l/s) 

v 
(m/s) 

v* 
(m/s) 

Re Re*� Fr � /�  � /hav v/k Y/Ycr 

H12-BL1.0 1.0� 0.12 34.2 0.38 0.035 45000 665� 0.35 0.060 0.50 38 0.23 
H15-BL1.0 1.0� 0.15 57.6 0.51 0.038 75840 722� 0.42 0.060 0.40 51 0.28 
H18-BL1.0 1.0� 0.18 81.9 0.60 0.040 107740 760� 0.45 0.060 0.33 60 0.34 
H12-BL1.6 1.6� 0.12 34.2 0.38 0.035 45000 665� 0.35 0.038 0.50 38 0.23 
H15-BL1.6 1.6� 0.15 57.6 0.51 0.038 75840 722� 0.42 0.038 0.40 51 0.28 
H18-BL1.6 1.6� 0.18 81.9 0.60 0.040 107740 760� 0.45 0.038 0.33 60 0.34 
H12-BL2.5 2.5� 0.12 34.2 0.38 0.035 45000 665� 0.35 0.024 0.50 38 0.23 
H15-BL2.5 2.5� 0.15 57.6 0.51 0.038 75840 722� 0.42 0.024 0.40 51 0.28 
H18-BL2.5 2.5� 0.18 81.9 0.60 0.040 107740 760� 0.45 0.024 0.33 60 0.34 
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The measured bed profile and free surface profiles for each test were as shown in 

Figure 2.4 (See Appendix A for raw bed profile and free surface data). As seen in this 

figure, the gravel bar causes a sharp drop in the free surface, which induces hyporheic flows 

within the gravel. The difference in free surface elevations between x = 9 m (sufficiently 

upstream of the bar) and the lowest point in the free surface for all tests was as shown in 

Table 2.2. The bed and free surface elevations were measured at a greater spatial resolution 

near and over the bar, where more accuracy was needed, and at a smaller resolution farther 

away from the bar. Because there were fluctuations in the water level downstream of the 

bar, in that region the top and trough of the free surface were measured and then averaged. 

To estimate the error in using these techniques, free surface elevation measurements were 

taken 20 times at the same x-location under the same flow conditions with a bar length of 

1.6 m (see Appendix A). These measurements were carried out at x = 11.71 m for the flow 

with 18 cm depth, at x = 11.71 m for the flow with 15 cm depth and at x = 14.2 m for the 

flow with 12 cm depth. Such locations were selected because they had the most fluctuations 

in free surface. The standard deviation of these measurements (i.e. average error in 

measurement) was found to be 1.4, 1.6 and 0.4 mm for the 18, 15 and 12 cm flow 

conditions, respectively.  
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Figure 2.4: Bed and free surface profiles along the flume centreline for bar length: (a) 1.6 
m, (b) 2.5 m and (c) 1.0 m.  
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Table 2.2: Difference in free surface elevation from x = 9 m to the lowest point on the free 
surface for all tests. 

Test 
Free surface 

elevation at x = 
9 m (m) 

Value of x at 
location of 

lowest point of 
free surface (m) 

Free surface 
elevation at 

lowest point (m) 

Difference in 
free surface 

elevation (m) 

H18-BL1.0 0.4225 10.35 0.3714 0.0511 
H15-BL1.0 0.3942 10.35 0.3424 0.0518 
H12-BL1.0 0.3667 10.40 0.3050 0.0617 
H18-BL1.6 0.4164 10.30 0.3758 0.0406 
H15-BL1.6 0.3909 10.35 0.3412 0.0497 
H12-BL1.6 0.3658 10.40 0.3115 0.0543 
H18-BL2.5 0.4217 10.40 0.3878 0.0292 
H15-BL2.5 0.3923 10.70 0.3341 0.0582 
H12-BL2.5 0.3682 10.70 0.3238 0.0444 

 
 

2.3.2 Dye injection 

The gravel bar and underlying substrate were instrumented with polyvinyl chloride tubes 

(4 mm inner diameter) connecting the injection points and a 20 l constant head reservoir 

bottle placed outside of the flume. Dye was injected at 10 different points near the glass 

wall, as shown in Figure 2.5.  Here the injection points U1-U5 are upstream of the bar, and 

D1-D5 are downstream of the bar. The dye was released from the tubes and into the gravel 

~1 cm away from the glass wall. 

As previously mentioned, the hyporheic flow visualization technique developed by 

Fruetel (2016) was adopted in the present experiments. The dye was a mixture of blue food 

 

Figure 2.5: Dye injection locations. Flow of surface water is from left to right. 
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colouring (Castella Distributors) and water (2.2% food colouring by volume). 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 injection tubes were fitted with plastic valves used to control dye injection. The 

constant head reservoir bottle was raised by increments of 1 cm until the hydraulic head in 

the reservoir was higher than the hydraulic head at the injection point in the gravel. This 

caused the dye to flow from the tank to the gravel. For each injection location, dye was 

injected by opening the corresponding valve. Each injection continued until the dye plume 

completely traveled through the gravel and entered the free surface flow, at which time the 

valve was closed. It was ensured that all dye from the previous injection had been flushed 

out of the gravel prior to starting another dye injection. Dye injections at the different 

injection points were done one at a time, and were repeated (or re-run) three times for each 

injection.  

Laboratory tests were initiated with the 1.6 m long bar. The visualizations 

conducted with this bar length were completed by injecting dye at all ten injection points. 

After analysis of data obtained from those tests, subsequent tests (with bar lengths of 2.5 

m and 1.0 m) were limited to those dye injections that were judged sufficient to obtain 

meaningful results. 

 

2.4 Data acquisition and processing 

The movement of dye was recorded using a camera and the image processing techniques 

developed by Fruetel (2016) were subsequently used to determine the path and velocity of 

the hyporheic flow associated with each dye injection. Videos were recorded using an 18 

megapixel Canon EOS Rebel T5i DSLR camera (resolution of 1920x1088) in 24 frames 

per second. Using MATLAB, the resulting videos were divided into frames, grayscaled, 

each pixel in the frame being assigned a value from 0 (black) to 255 (white). The movement 
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of dye was detected by subtracting all cells of each frame from those of the previous frame. 

Any movement of dye resulted in a value greater than one, thus isolating the dye flow path 

as shown in Figure 2.6. The single lines representing the hyporheic flow paths were 

determined by calculating the centres of mass along the dye plumes; while the flow velocity 

associated with each flow line was determined as the length of the flow line from the 

centres of mass at the upstream and downstream ends of the flow lines, divided by the time 

it took to travel the distance between them. The data acquisition and image processing 

procedure is detailed in Appendix B. Such procedure yielded the average flow velocity 

along the flow lines. The complete set of resulting flow lines and associated flow velocities 

for all tests (three re-runs each) are shown in Appendix C.  

The variability in hyporheic flow depths and hyporheic flow velocities for re-runs of the 

same tests in the 1.6 m long bar is investigated in Appendix D. As can be inferred from 

this Appendix, the maximum standard deviation of the path lines depth of penetration into 

the gravel and the hyporheic flow velocity is 1.32 cm and 0.3 cm/s, respectively for re-runs 

of the same test. Hence, the differences in penetration depth and flow velocity between the 

flow lines corresponding to the different re-runs of any given test can be regarded as 

negligible. Hyporheic flow velocities obtained using the present method were also 

compared to hyporheic flow velocities obtained by watching the dye injections videos for 

all dye injections in the 1.6 m long bar as presented in Appendix E. The average difference 

of velocities measured using the two methods is �  8%, which provides a close indication 

that the present visualization procedure provides a reasonable measure of hyporheic 

velocities.  

Since the hyporheic flow was only visualized at the glass, a question that arises is 

whether or not the hyporheic flow paths were affected by wall effects – that is, whether or 

not the observed flow paths were representative of those at the flume centreline. While  
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Figure 2.6: Subtracted grayscale images at times, t = 0, 6.5, 16.25 and 23 seconds 
(clockwise starting from top left). The red line represents the top of the bar and the blue 
line represents the free surface. 
 
 
there is no way to visualize hyporheic flow paths at the centreline of the flume using the 

present visualization techniques, repeated dye injections near the wall and at the flume 

centreline at the same flow cross-section yielded the same exit locations (along the length 

of the flume) of the dye plume (see Appendix F for a more detailed discussion).  

 

2.5 Results and discussion 

2.5.1 Hyporheic flow behaviour  

Overall, the hyporheic flow patterns were of the same nature in all tests. This is illustrated 

in Figure 2.7 a-c and Figure 2.8 a,b. Figure 2.7 shows the flow lines and hyporheic flow 

velocities for all tests with the 1.6 m long bar (see Table 2.1). Figure 2.8 shows, as 

examples, the flow lines and associated velocities for one of the tests with the 2.5 m long 

bar (namely, the tests with 18 cm flow depth) and one of the tests with the 1.0 m long bar 

(namely, the tests with the 15 cm flow depth). The complete set of analogous figures for 
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the tests with the 2.5 m and 1.0 m long bars are included in Appendix G (Figures G.1 and 

G.2). As follows from the previous section, the values of flow velocity in Figures 2.7 and 

2.8 represent the average flow velocity along the flow lines. Note also that these figures 

(as well as the analogous figures in Appendix G) were produced using the flow lines from 

a randomly selected re-run; for any given run, the velocities shown correspond to the 

average of the velocities determined for each of the three re-runs.  

 As shown in Figures 2.7 and 2.8, hyporheic flow occurred within the bars, as well 

as below them. The hyporheic flow domain extended in depth all the way down to the 

bottom of the flume. This implies that the hyporheic zone would likely have extended 

further down into the gravel if the gravel substrate was deeper than 0.2 m. The hyporheic 

flow exhibited two distinct regions. In the first region, the fluid moved in the direction of 

the free surface flow from the locations of higher pressure upstream of the bar top to those 

of lower pressure downstream of the bar top. In the second region, downstream of the first, 

the fluid moved in the direction opposite to that of the free surface flow. In all tests, the 

fluid in motion because of both, upstream to downstream and downstream to upstream 

hyporheic flows exited the gravel within an �  0.2 to 0.5 m wide region immediately 

downstream of the bar top. All flow lines associated with the downstream to upstream 

hyporheic flow exited the gravel in a region no more than �  0.25 m wide in horizontal 

width, even if they originated at injection points installed over a distance of 0.9 m. The just 

described hyporheic flow pattern thus produced a flow divide on the downstream side of 

the bar located roughly at 10.37 to 10.75 m from the flume entrance. 

 The position of the flow divide line was determined by observing the dye plume 

from injection points D4 or D5 (depending on the location of the flow divide) as it clearly 

stopped moving longitudinally and turned to move vertically creating a perfectly contrasted 

line. This is illustrated in Figure 2.9, showing the dye plume from injection point D5 of 

Test H15-BL2.5 for the first re-run. The flow divide lines are included in Figures 2.7 and 
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2.8 (see also Figures G.1 and G.2 in Appendix G for the flow divide lines in the 2.5 m and 

1.0 m long bars). The distance (measured horizontally) from the flume entrance to the 

uppermost point of the flow divide line at the gravel-water interface is plotted with regard 

to depth of free surface flow in Figure 2.10. 

 

Figure 2.7: Hyporheic flow paths and velocities for the experiments conducted with the 
bar of length 1.6 m. The injection points are shown as blue dots and flow paths from those 
injection points are shown as pink lines. The flow divide is shown as green line. Flow from 
upstream to downstream to the left of the flow divide; and downstream to upstream to the 
right of the flow divide. The two black vertical lines represent the shadow zone created by 
the concrete pillar. The numbers indicate hyporheic flow velocity in cm/s. (a) Test H18-
BL1.6; (b) Test H15-BL1.6; (c) Test H12-BL1.6.  
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As follows from Figures 2.7, 2.8 and 2.10, for any given bar geometry, the smaller the flow 

depth of the free surface flow, the further downstream was the flow divide line. This is in 

agreement with the fact that the location of the lowest point of the free surface of the 

streamflow tended to shift further downstream with decreasing values of flow depth (see 

Figure 2.4). However, in all cases the flow divide line was invariably located considerably 

downstream of the location of the lowest point of the free surface of the streamflow. Note 

also that for any streamflows having the same flow depth, the flow divide line was located 

at nearly the same locations for the 1.0 and 1.6 m long bars; while for the 2.5 m long bar, 

it was located substantially further downstream. 

 

 
Figure 2.8: Hyporheic flow paths and velocities for example of experiments conducted 
with the bar of lengths of 2.5 m and 1.0 m. The injection points are shown as blue dots and 
flow paths from those injection points are shown as pink lines. The flow divide is shown 
as green line. Flow from upstream to downstream to the left of the flow divide; and 
downstream to upstream to the right of the flow divide. The numbers indicate hyporheic 
flow velocity in cm/s. (a) Test H18-BL2.5; (b) Test H15-BL1.0. 
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Figure 2.9: Subtracted image of full dye path and the flow divide line (green) for Test 
H15-BL2.5, Injection point D5 (blue dot). The red line represents the top of the bar and the 
blue line represents the free surface. 
 
 

 
Figure 2.10: Plot of distance from the flume entrance to the uppermost point of the flow 
divide at the gravel-water interface with regard to depth of free surface flow. 
 
 

Figures 2.11 and 2.12 show the plots of the distance to the flume floor of the dye 

plume originating at the different injection points versus depth of free surface flow, for the 

case of the 1.6 m long bar. The distance to flume floor was measured at the bar top location 

(x = 10.05 m) in Figure 2.11 and x = 10.75 m in Figure 2.12. Similar plots for the 1.0 and 

2.5 m long bars are included in Appendix G. As follows from Figure 2.11, decreasing the 

depth of the free surface flow causes the dye of the upstream to downstream flow to 

penetrate deeper into the gravel. However, the opposite is true for the downstream to 
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upstream flow, with the dye penetrating deeper into the gravel for increasing flow depths 

(see Figure 2.12). 

Figures 2.13 and 2.14 show plots of the distance (measured horizontally) of the 

point of dye emergence into the stream from injection points upstream and downstream of 

the bar top, respectively, with regard to the depth of free surface flow for the 1.6 m long 

bar (see Figures G.5 and G.6 in Appendix G for similar plots for the cases of the 2.5 m and 

1.0 m long bars). As illustrated by Figures 2.13 and 2.14, emergence from all injection 

points shifts downstream with decreasing free surface flow depth. The 2.5 m long bar 

showed more variance in the location of flow divide, penetration depth of dye and point of 

dye emergence. This suggests that the hyporheic flow paths of the 2.5 m long bar are more 

susceptible to change under varying free surface flow conditions as compared to the other 

bars. 

 

Figure 2.11: Plot of distance to the flume floor of flow lines originating at specific injection 
points versus depth of free surface flow for the 1.6 m long bar. These data points were 
determined at the bar top location (x = 10.05 m). 
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Figure 2.12: Plot of distance to the flume floor of flow lines originating at specific injection 
points versus depth of free surface flow for the 1.6 m bar. These data points were 
determined from the distance to flume entrance of 10.75 m. 
 
 

 

Figure 2.13: Plot of distance to the flume entrance of the point of dye emergence of flow 
lines originating from injection points upstream of bar top, with regard to depth of free 
surface flow for the 1.6 m long bar. 
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Figure 2.14: Plot of distance to the flume entrance of the point of dye emergence of flow 
lines originating from injection points downstream of bar top, with regard to depth of free 
surface flow for the 1.6 m long bar. 
 
 

2.5.2 Hyporheic Flow Velocities 

 As can be inferred from Figures 2.7 and 2.8, for any vertical line located in the 

hyporheic flow domain, the flow velocity decreases with increasing distance from the 

gravel-streamflow interface. 

 The variation of hyporheic flow velocity (vhyp) with penetration depth into the 

gravel is further detailed in Figure 2.15 a-c and Figure 2.16 a, b, showing plots of distance 

to flume floor versus flow velocity, for the different bar lengths. Figure 2.15 a-c were 

produced using the observed velocities at x = 10.05 m from the flume entrance (i.e. at the 

location of the bar top), and thus correspond to the upstream to downstream hyporheic 

flow. Figure 2.16 a, b was produced using the data at x = 10.75 m, and correspond to the 

downstream to upstream hyporheic flow, for the 1.6 and 1.0 m long bars. Note that a plot 

similar to Figure 2.16 a, b was not produced for the case of the 2.5 m long bar. This is 

because in the tests with this bar, the flow paths of downstream to upstream flow 
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significantly shifted horizontally under different free surface flow conditions and a 

reference point between all flow paths could not be established.  

 Observe from Figure 2.15 a-c that for both the 1.6 and 1.0 m long bar lengths, the 

hyporheic flow velocities at a given distance from the flume floor were comparable, with 

any possible differences due to greater hydraulic gradients being obfuscated by the data 

scatter. In the case of the 2.5 m long bar, the velocities for the 18 cm flow depth were 

noticeably smaller than those for the 15 and 12 cm flow depths. This is clearly due to the 

fact that the difference in free surface elevation from x = 9 m to the lowest point on the free 

surface in the test at 18 cm flow depth was only 0.0292 m, while in the tests with 15 and 

12 cm flow depths, it was 0.0582 and 0.0444 m, respectively (see Table 2.2). 

 Note also that in the case of the 2.5 m long bar, the hyporheic flow velocities were 

approximately 30% less than those in the 1.0 and 1.6 m long bars, even when the 

aforementioned differences in free surface elevation were comparable (Table 2.2). 
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Figure 2.15: Plots of hyporheic flow velocities versus flow line distance to the flume floor 
for upstream to downstream flows and bar lengths of: (a) 1.6 m, (b) 2.5 m, (c) 1.0 m. 
Velocities were measured at 10.05 m from the flume entrance. Circles, triangles and 
squares represent the 18, 15 and 12 cm flow depths, respectively.  
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Figure 2.16: Plots of hyporheic flow velocities versus flow line distance to the flume floor 
for downstream to upstream flows and bar lengths of: (a) 1.6 m, (b) 1.0 m. Velocities were 
measured at 10.75 m from the flume entrance. Circles, triangles and squares represent the 
18, 15 and 12 cm flow depths, respectively.  
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material and �  is fluid kinematic viscosity). It follows that, for the present gravel and fluid 
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( Hku Ñ-=
�

) is not valid, and thus the dependency of hyporheic flow velocity on hydraulic 

gradient is not linear. Here u
�

 is hyporheic flow velocity vector, k is hydraulic conductivity 

of the porous medium and H is hydraulic head. Considering this, the observed hyporheic 

flow velocities were plotted versus hydraulic gradient  H/ l as shown in Figure 2.17 a-c, 

corresponding to the 1.6, 2.5 and 1.0 m long bars, respectively. In order to evaluate  H, 

the flow path associated with any given injection point was extrapolated to the gravel-water 

interface at both its upstream and downstream ends. Henceforth, the upstream and 

downstream points of intersection of each flow path with the gravel-water interface will be 

referred to as entry and exit locations. The difference  H was calculated as the difference 

in free surface elevation between the entry and exit locations of the flow path associated 

with given injection points, and  l, as the length of the hyporheic flow path itself (from 

entry to exit points). In these calculations, only the flow paths that could be reasonably 

extrapolated to the gravel-water interface were used (injection points U2, U3, U4, U5, D1, 

D2 and D3). The free surface was smoothed so as to eliminate free surface oscillations due 

to stationary waves. The calculations of  H/ l are detailed in Appendix H. As evidenced 

by Figure 2.17 a-c, the data indeed follow a non-linear trend. 
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Figure 2.17: Plots of hyporheic flow velocity versus hydraulic gradient for: (a) �  = 1.6 m, 
(b) �  = 2.5 m and (c) �  = 1.0 m. Unfilled data points correspond to upstream to downstream 
hyporheic flows; filled data points, to downstream to upstream hyporheic flows. 

0

1

2

3

4

5

6

0.00 0.02 0.04 0.06 0.08 0.10 0.12

H
yp

or
he

ic
 V

el
oc

ity
 (

cm
/s

)

 H/ l

H18-BL1.6 - U/S to D/S

H15-BL1.6 - U/S to D/S

H12-BL1.6 - U/S to D/S

H18-BL1.6 - D/S to U/S

H15-BL1.6 - D/S to U/S

H12-BL1.6 - D/S to U/S

a) � = 1.6 m 

0

1

2

3

4

5

6

0.00 0.02 0.04 0.06 0.08 0.10 0.12

H
yp

or
he

ic
 V

el
oc

ity
 (

cm
/s

)

 H/ l

H18-BL2.5 - U/S to D/S

H15-BL2.5 - U/S to D/S

H12-BL2.5 - U/S to D/S

H18-BL2.5 - D/S to U/S

H15-BL2.5 - D/S to U/S

H12-BL2.5 - D/S to U/S

b) � = 2.5 m 

0

1

2

3

4

5

6

0.00 0.02 0.04 0.06 0.08 0.10 0.12

H
yp

or
he

ic
 V

el
oc

ity
 (

cm
/s

)

 H/ l

H18-BL1.0 - U/S to D/S

H15-BL1.0 - U/S to D/S

H12-BL1.0 - U/S to D/S

H18-BL1.0 - D/S to U/S

H15-BL1.0 - D/S to U/S

H12-BL1.0 - D/S to U/S

c) � = 1.0 m 



 

35 

 

2.5.3 Flow entering the bar 

The values of flow rate entering the bars (Qin) from their upstream ends to the bar tops were 

estimated as detailed in Appendix I. These values are plotted versus free surface flow depth 

in Figure 2.18. In these calculations, it was assumed that vhyp at the gravel-water interface 

is equal to the average vhyp of the hyporheic flow path. As can be inferred from Figure 2.18, 

the flow rate entering the 1.0 and 1.6 m long bars was similar for the different values of 

flow depth. The flow rate entering the 2.5 m long bar varied with different values of flow 

depth with the 15 cm flow depth producing the highest Qin.  

Figure 2.19 shows the plot of Qin/(L/2) versus free surface flow depth. Here L/2 is 

bar length measured along the gravel-water interface from the upstream ends of the bars to 

the bar tops. Note that at the same flow depth and bar height, longer bars are associated 

with smaller influxes per unit length and vice-versa. Finally, the values of the ratio of the 

flow rate entering the bar to the total flow rate in the flume (Qin/Qtotal) are plotted versus 

free surface flow depth in Figure 2.20. Note from this figure that for any given bar length, 

Qin/Qtotal decreases with increasing values of free surface flow depth. For the tests with hav 

 

 
Figure 2.18: Flow rate entering the bar versus flow depth for �  = 1.0 m, �  = 1.6 m and �  
= 2.5 m. 
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Figure 2.19: Flow rate entering the bar divided by distance from upstream end of bar to 
bar top versus flow depth for �  = 1.0 m, �  = 1.6 m and �  = 2.5 m. 
 
 
= 12 cm, Qin/Qtotal varied from a minimum of 0.23 (�  = 2.5 m) to a maximum of 0.28 (�  = 

1.6 m); while for the tests with hav = 18 cm, Qin/Qtotal varied from a minimum of 0.08 (�  = 

2.5 m) to a maximum of 0.11 (�  = 1.0 m). 

 

 

Figure 2.20: Ratio of flow rate entering the bar to the flow rate in the flume versus flow 
depth for �  = 1.0 m, �  = 1.6 m and �  = 2.5 m. 
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2.5.4 Form of variation of vhyp/k with � /�  and � /hav 

On the basis of the dimensional analysis and the considerations in Section 2.2, the form of 

variation of vhyp / k with � /�  and � /hav is analyzed next.  

 For the present purposes, consider Figure 2.21, showing plots of measured vhyp /k 

versus � /hav. The data are sorted according to values of � /�  (= 0.060, 0.038 and 0.024 for 

the 1.0, 1.6 and 2.5 m long bars, respectively). Figure 2.21 a and b correspond to the 

velocities of the hyporheic flow at 16 and 8 cm from the bottom of the flume. 

Note that for any given point in the hyporheic flow domain, the plot of vhyp/k versus 

� /hav consists of a family of curves, each curve (in principle) corresponding to a given 

value of � /� . The data in Figure 2.21 indicates that each of these curves increases from 

� /hav �  0.3, reaches a maximum of � /hav �  0.45, and then the values of � /hav decrease. It is 

intuitive that � /hav !  0 in the limit �  !  0 or hav !  " . Hence, the curves representing vhyp/k 

in Figure 2.21 must necessarily pass through the origin (0,0). This trend is indicated by the 

dashed line in Figure 2.21. Further laboratory or numerical experiments are needed to 

determine how the function vhyp /k behaves for � /hav >�  0.5 (noting that � /hav = 1 is the case 

where the bar would have the same height as the flow depth of the uniform flow, 

undisturbed by the bar, in the sense of Section 2.2). 

As follows from the content of this chapter, to be properly formulated, the fact that 

vhyp /k varies not only with the dimensionless variables in Section 2.2 (see Eq. (2.5)), but 

also with location in the flow domain, must also be taken into account. From this 

standpoint, it is useful to plot vhyp /k as shown in Figure 2.22. Each of the graphs in this 

figure corresponds to a given value of � /� , and shows the resulting family of curves in 

which each curve corresponds to a given value of y (distance to the flume bottom) at the 

bar top location (x = 10.05 m).      
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Figure 2.21: Plot of vhyp / k at the bar top location (x = 10.05 m) versus � /hav for each bar 
length. (a) Shows hyporheic velocity recorded at 16 cm from bottom of flume. (b) shows 
hyporheic velocity measured at 8 cm from bottom of flume. 
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Figure 2.22: Plots of vhyp /k at the bar top location (x = 10.05 m) versus � /hav measured at 
20, 15, 10 and 5 cm from bottom of flume for: (a) � /�  = 0.060, (b) � /�  = 0.038 and (c) � /�  
= 0.024.  
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2.6 Conclusions 

The effects of varying hydraulic and morphological conditions on the hyporheic flow 

induced by a gravel bar were analyzed. Dimensional analysis showed possible dependency 

of vhyp /k on � /�  and � /hav, which formed the basis for the laboratory experiments with �  = 

0.06 m, �  varying between 1.0, 1.6 and 2.5 m, and hav varying between 18, 15 and 12 cm. 

In order to visualize the hyporheic flow, dye was injected at various points in the bar and 

the underlying gravel substrate. State-of-the-art data acquisition and processing techniques 

yielded hyporheic flow paths and velocities. 

 As expected, variations in free surface elevation imposed pressure gradients on top 

of the bar which in turn, induced hyporheic flows. These were invariably turbulent. 

Hyporheic flows upstream and downstream of the bar top traveled longitudinally, 

converged at the flow divide line and upwelled into the stream flow. Hyporheic flow 

velocities ranged from 2.1 cm/s to 5.8 cm/s for upstream to downstream flow and 1.6 cm/s 

to 3.5 cm/s for downstream to upstream flow. Hyporheic flow velocities were faster near 

the top of the bar and slower near the flume bottom.  

It was also found that: 

1. The flow divide lines between upstream to downstream and downstream to 

upstream hyporheic flows were located considerably downstream of the location of 

the lowest point of the free surface of the streamflow. 

2. For any given bar geometry, smaller free surface flow depths results in flow divide 

lines that were located further downstream, and upstream to downstream hyporheic 

flows that penetrated deeper into the gravel and emerged into the stream flow 

further downstream. However, for the downstream to upstream flows, the dye 

penetrated deeper for increasing flow depths. 
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3. The hyporheic flow velocities at a given distance from the flume were similar for 

the 1.0 and 1.6 m long bars whereas the 2.5 m long bar produced hyporheic flow 

velocities which were approximately 30% lower.  

4. The flow rate entering the bar was higher in the 1.0 and 1.6 m long bars, as 

compared to the 2.5 m long bar and from that it follows that Qin/(L/2) was highest 

for the 1.0 m long bar and lowest for the 2.5 m long bar. In addition, for any given 

bar length, Qin/Qtotal decreased with increasing values of free surface flow depth. 

For the tests with a flow depth of 12 cm, the flow rate entering the bar varied from 

a minimum of 23% of the flow rate of the streamflow (�  =2.5 m) to a maximum of 

28% (�  = 1.6m). For the tests with a flow depth of 18 cm, it varied from a minimum 

of 8% (�  = 2.5 m) to a maximum of 11% (�  = 1.0 m).   

5. Dimensional considerations indicate that vhyp /k should depend on � /�  and � /hav. 

From the present analysis, it is concluded that, for any given value of � /� , vhyp /k 

varies with � /hav as shown in Figure 2.21 and Figure 2.22. vhyp /k increases from 0 

(when �  = 0 or hav !  " ), reaches a maximum at � /hav �  0.45, and then decreases. 

The present tests, however, could not shed light on the form of variation of vhyp /k 

for � /hav greater than 0.5. The form of variation of vhyp /k with � /�  and � /hav in 

Figure 2.21 and Figure 2.22 is strictly valid for the values of � /da of the present 

experiments, namely � /da = 0.3.     
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3.1 Introduction 

Bars, occurring either in isolation or as part of pool-riffle systems, are common features in 

gravel or gravel dominated streams. Such streams, 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 

the usually shallow flows with the gravel bars induce hyporheic flows, consisting of 

downwelling flows transferring water into the sediment and upwelling flows transferring 

water back into the stream (Thibodeaux and Boyle, 1987). For a schematic representation 

of hyporheic flow through a gravel bar, see Figure 2.1. Several fish species, and especially 

salmon and trout, use the gravel bars for spawning, as the hyporheic flows help to maintain 

high oxygen concentration and remove metabolic waste. Because embryo survival 

determines the abundance of fish species, it is of primordial importance to understand the 

potential for contamination of the sediment forming the bars, as this can pose a substantial 

toxicity risk for fish. 

 To address this matter, and given that hyporheic flows appear as the most likely 

source of contamination of bed sediments, it is highly desirable to develop models and 

tools for the prediction of such flows. This chapter, dealing with the numerical 

determination (or simulation) of hyporheic flows induced by gravel bars, is intended as a 

contribution to this end. 
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 Several numerical models have already been developed for the simulation of 

hyporheic flows induced by bed forms (Savant et al., 1987; Harvey and Bencala, 1993; 

Elliott and Brooks, 1997; Cardneas et al., 2004; Cardenas and Wilson, 2007; Tonina and 

Buffington, 2007; Endreny et al., 2011). However, these almost invariably focused on the 

case of laminar hyporheic flows caused by sand dunes. Such models thus rest on Darcy’s 

equation (for laminar flows) to represent the hyporheic flow. Furthermore, given that dunes 

naturally occur in relatively deep flows and cause minimal changes in free surface 

elevation, in existing models the free surface is treated as that and the hyporheic flows are 

simply calculated on the basis of pressure changes strictly due to changes on bed 

morphology. This makes it possible to determine the hyporheic flow completely by-passing 

the computation of the complex turbulent free surface flow. 

 Yet, the case of hyporheic flows induced by gravel bars is a substantially more 

involved process. First, as demonstrated by Fruetel (2016) and da Silva et al. (2016), in 

contrast to typical groundwater flows, the hyporheic flows associated with gravel bars are 

relatively fast, and usually turbulent. Modeling such flows requires a much more complex 

formulation of the groundwater flows, as this is no longer represented by Darcy’s equation. 

It requires also the modeling of the complex turbulent streamflow and its free surface 

elevation changes, as these cannot be treated as negligible. Such an advanced 

computational approach was recently presented by da Silva et al. (2016), illustrating that 

the approach can lead to results that compare favourably with experimental observations. 

Yet, the approach is computationally demanding and time-consuming, and it requires a 

great deal of expertise.  

 From a practical standpoint, it thus appears as particularly useful to explore simpler 

and more immediate methods to estimate the hyporheic flow induced by gravel bars. Such 

methods may not necessarily yield highly accurate results, but nonetheless provide enough 

information so as to be of value in the preliminary stages of studies on sediment 
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contamination (for example, to get a general idea of areas at most risk of sediment 

contamination).  

 Considering the aforementioned, the purpose of this chapter is to explore whether 

or not a simple model of hyporheic flow induced by gravel bars, based on the solution of 

Darcy’s law, can yield useful results for practical purposes. In particular, answers to the 

following two questions are sought: 1 - can a model based on Darcy’s law provide 

hyporheic flow velocities representative of velocities occurring in reality?; 2 - if the 

differences between calculated and actual flow velocities are too large, can such a model 

nonetheless provide some useful information (for example, realistic flow patterns and/or 

realistic spatial extent of the sub-surface domain affected by the hyporheic flow). 

 For the present purposes, the laboratory experiments detailed in Chapter 2 are used 

as test cases. Before proceeding further, they are briefly summarized in the next section.  

 

3.2 Review of laboratory experiments 

The experiments consisted of hyporheic flow visualizations carried out in a 21 m 

long, 0.76 m wide and 0.5 m deep flume. The flume side walls were made of glass. To 

simulate the sediment substrate underneath a bar, an �  0.2 m deep layer of gravel was 

placed in the flume, between 8.2 m to 11.7 m from the flume entrance (see Figure 2.2). A 

sand layer �  0.15 m deep was placed in the rest of the flume, with a geotextile tightly placed 

over the sand to prevent any sand movement. An �  0.05 m deep layer of gravel was then 

placed over the sand so that the top of this layer would be flush with the �  0.2 m gravel 

layer just mentioned. The top of the gravel layer had a slope of 1/750. A 2-dimensional 

axi-symmetric gravel bar was then constructed over the �  0.2 m deep gravel layer. The 

gravel was a peastone with grain sizes between 4.75 mm and 15.85 mm and a median grain 

size (D50) of 9.5 mm with a uniformity coefficient (D60/D10) of 1.68. In total, nine tests 

were carried out, by varying bar geometry and flow conditions. Three different bar 
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geometries were used, by keeping bar height �  equal to 6 cm and lengths �  of 1.0, 1.6 and 

2.5 m. Three different tests were conducted for each bar, with flow depths of 12, 15 and 18 

cm. These values of flow depth (hav) are those of a uniform flow produced over the gravel 

bed (S = 1/750) before installing the bar. They are thus to be viewed as the flow depth of a 

uniform flow undisturbed by the bar.  

The hydraulic conditions of the free surface flow for all bars is summarized in Table 

3.1. Here Q is flow rate, v is average flow velocity (=Q/Bhav), Re is flow Reynolds number 

(=vh/� ) and Fr is Froude number ( avghv/= ). The hyporheic flow was turbulent in all 

tests (see Section 2.5.2). 

Table 3.1: Hydraulic conditions of experimental tests (S = 1/750, �  = 0.06 m) 

Test �  (m)� hav (m)� Q (l/s) v (m/s) Re Fr 
H12-BL1.0 1.0� 0.12� 34.2 0.38 45000 0.35 
H15-BL1.0 1.0� 0.15� 57.6 0.51 75840 0.42 
H18-BL1.0 1.0� 0.18� 81.9 0.60 107740 0.45 
H12-BL1.6 1.6� 0.12� 34.2 0.38 45000 0.35 
H15-BL1.6 1.6� 0.15� 57.6 0.51 75840 0.42 
H18-BL1.6 1.6� 0.18� 81.9 0.60 107740 0.45 
H12-BL2.5 2.5� 0.12� 34.2 0.38 45000 0.35 
H15-BL2.5 2.5� 0.15� 57.6 0.51 75840 0.42 
H18-BL2.5 2.5� 0.18� 81.9 0.60 107740 0.45 

 

The hyporheic flow was visualized by injecting dye at various locations within the 

bars as described in Section 2.3.2. The hyporheic flow fields are detailed in Section 2.5.1 

and Appendix C.  

 

3.3 Hyporheic flow model 

3.3.1 Governing equations 

As follows from the introduction, the present calculations are based on Darcy’s equation 

(Bear 1972, Mahmud 1996), namely 

Hku Ñ-=
��

              (3.1) 
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in which u
�  is hyporheic flow velocity vector, k is hydraulic conductivity of the porous 

medium and H is hydraulic head. Eq. (3.1) can be written as follows (Munson et al. 1990)  
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in which ux and uy are the components of the flow velocity vector �� 	  in the x (horizontal) 

and y (vertical) directions, respectively.  

Consider now the equation of continuity for an incompressible fluid (Mahmud 

1996) 
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Substitution of Eqs. (3.2) and (3.3) into Eq. (3.4) yields Laplace equation (Mahmud 1996), 

namely 
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             (3.5) 

In this work the hydraulic head H was determined by numerically solving Laplace equation 

with the aid of a finite difference method; the hyporheic flow velocities were subsequently 

calculated from Eqs. (3.2) and (3.3). The discretized form of Laplace equation is as follows 

(see, e.g., Mahmud 1996) 

0
22

2
1,,1,

2
,1,,1 =

D

+-
+

D

+- -+-+

y

HHH

x

HHH jijijijijiji          (3.6) 

 

3.3.2 Computational grid and boundary conditions 

The computational grid represented the gravel bar and substrate as in the experimental test 

case. The substrate underneath the bar was 0.2 m high and 4 m long. The computational 

grid consisted of 1 cm by 1 cm square elements; the total number of elements was 9758,  
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Figure 3.1: Computational grid for the 1.6 m long bar. There are 401 square elements in 
the x-direction at the bottom grid boundary, 22 square elements in the y-direction at the left 
and right grid boundaries and 28 square elements in the y-direction at the bar top location. 
 
 
10183 and 9602 for the 1.6, 2.5 and 1.0 m long bars, respectively. The computational grid 

for the 1.6 m long bar is shown in Figure 3.1.  

Eq. (3.6) was solved at the points (henceforth termed interior nodes) located at the 

center of the square elements. Neumann boundary conditions (zero flux) were used at the 

bottom and side boundaries of the computational domain, i.e. these were treated as 

impervious. Dirichlet boundary condition was used at the top boundary of the 

computational domain with the known values of the hydraulic head being imposed at the 

boundary. Both the grid element size and the length of the computational domain were 

selected based on a sensitivity analysis. This was carried out to determine the required sizes 

to ensure the results are grid size independent. On the basis of Eq. (3.6), the equations for 

H at the interior and boundary nodes were expressed as follows (Mahmud 1996). 

Interior node:   4/)( 1,1,,1,1, +-+- +++= jijijijiji HHHHH        (3.7) 

Bottom boundary:   4/)2( 1,,1,1, ++- ++= jijijiji HHHH        (3.8) 

Left boundary:   4/)2( 1,1,,1, +-+ ++= jijijiji HHHH � � � �����(3.9) 

Right boundary:  4/)2( 1,1,,1, +-- ++= jijijiji HHHH � � � ���(3.10) 

Left-bottom corner node: 4/)22( 1,,1, ++ += jijiji HHH � � � � ���(3.11) 

y 

x 
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Right-bottom corner node: 4/)22( 1,,1, +- += jijiji HHH � � � � ���(3.12) 

To determine the values of H at the interior and boundary nodes, the values of H at 

these nodes were initially set to zero. The solution was then successively updated through 

an iterative process until the difference in H between the current and previous iteration was 

less than 10-7 m at every node. Connecting nodes of equal head in the computational 

domain reveals the equipotential lines through the bar as shown in Figure J.1 in Appendix 

J. As mentioned earlier, the values of ux and uy were calculated using Eq. (3.2) and (3.3). 

The hydraulic conductivity was identified with 0.01 m/s (Bedient et al. 2013). The 

MATLAB script for the model is given in Appendix K. 

Preliminary runs with the model showed that it is very sensitive to local changes in 

free surface elevation due to the presence of standing waves – while the observed flows are 

not. Considering this, the values of hydraulic head imposed at the gravel-water interface 

were determined on the basis of changes in free surface elevation after the smoothing the 

free surface (to eliminate local effects due to the standing waves).  

 

3.4 Results and discussion 

3.4.1 Comparison of model results to laboratory observations 

The results of the present calculations for the 1.6 m long bar are shown in Figure 3.2. The 

model results for the 2.5 and 1.0 m long bars are presented in Appendix J.  

Several characteristics of the hyporheic flow paths are well reproduced by the 

present calculations. More specifically, hyporheic flow paths are downwelling into the bar 

upstream and downstream of a flow divide and upwelling into the surface water at the flow 

divide line. A second flow divide line is present in the calculated hyporheic flow paths in 

the 18 cm flow depth case (Figure 3.2 a). This, which was not observed in the experiments, 

occurs because of a higher point in the smoothed free surface at 10.4 m from the flume 

entrance.  
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Figure 3.3 shows a plot of the distance from the flume entrance to the uppermost 

point of the flow divide at the gravel-water interface with regard to depth of free surface 

flow. This is the model counterpart of Figure 2.10. As can be inferred from Figures 3.2 and 

3.3, the flow divide in the model results are invariably located further upstream when 

compared to the experimental observations. This is because in the model the hyporheic 

flow paths tend to converge to the region with the lowest depression of the free surface, 

while in reality they converged to a region downstream of it.  

Figures 3.4 and 3.5 show the penetration depths of hyporheic flow paths passing 

through the location of specific injection points in the 1.6 m long bar. They are the model 

counterparts of Figure 2.11 and Figure 2.12 for the experimental observations (see 

Appendix J for similar figures for the 2.5 and 1.0 m long bars). Just like in the experiments, 

smaller flow depths produce upstream to downstream hyporheic flow paths that penetrate 

deeper into the gravel; and the opposite for the downstream to upstream hyporheic flow 

paths. Note that the exception (in the model) is the flow path passing through the injection 

point D2 in the 18 cm flow depth case. This is, however, due to the response to a local 

irregularity in the smoothed free surface. While the computed and observed hyporheic flow 

paths exhibit similar trends, the flow lines originating from injection points that produce 

deeper flow paths (U1, U2 and D1) are significantly deeper in the model as compared to 

experimental observations. The model has a tendency to ‘pull’ the lower hyporheic flow 

lines towards the bottom boundary, which was not observed during the experiments.  
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Figure 3.2: Model and experimental results showing hyporheic flow paths and velocities 
for the 1.6 m long bar. White lines are the experimental results from Re-run 1. The model 
flow paths are shown as red lines and the colour in the bar corresponds to the magnitude 
of hyporheic flow velocites in cm/s (see colourbar on right side of figures). The velocity 
contours are shown as black lines. The blue line represents the measured free surface and 
the pink line represents the smoothed free surface. a) hav = 18 cm; b) hav = 15 cm; c) hav 
=12 cm. 

 

(a) 

(c) 

(b) 
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Figure 3.3: Plot of distance from the flume entrance to the uppermost point of the flow 
divide at the gravel-water interface with regard to depth of free surface flow in the model 
results. 
 
  

 

Figure 3.4: Plot of distance to the flume floor of flow lines originating at specific injection 
points versus depth of free surface flow for the 1.6 m long bar. These data points were 
determined at the bar top location (x = 10.05 m) using the model results. 
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Figure 3.5: Plot of distance to the flume floor of flow lines originating at specific injection 
points versus depth of free surface flow for the 1.6 m bar. These data points were 
determined from the distance to flume entrance of 10.75 m using the model results. 
 
 

Upstream to downstream and downstream to upstream hyporheic flow velocities in 

the 1.6 m long bar are plotted with regard to distance to flume floor in Figures 3.6 and 3.7, 

respectively. Each velocity value in these figures represents an average flow velocity for a 

hyporheic flow path, similar to Figures 2.15 and 2.16 for the experimental observations. 

There are several similarities between experimental observations and the present 

calculation, namely, hyporheic flow velocity is higher near the top of the bar and lower 

close to the flume bottom, and the 18 cm flow depth produced slightly lower velocities 

than the 12 and 15 cm flow depths. However, the magnitudes of the computed hyporheic 

velocities are not consistent with those observed in the laboratory experiment. The 

computed magnitudes are by orders of magnitude smaller, which is the result of application 

of Darcy’s equation to a turbulent flow problem. Figure 3.8 shows the relationship between 

the calculated hyporheic flow velocity and the hydraulic gradient for the 1.6 m long bar 

(see similar figures for the 2.5 and 1.0 m long bars in Appendix J). As expected using 
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Darcy’s equation, this relationship is linear and the slope of the line is equal to the hydraulic 

conductivity (0.01 m/s).  

 

 
Figure 3.6: Hyporheic flow velocities versus distance to the flume floor for upstream to 
downstream flows in the 1.6 m long bar. Velocities were measured at 10.05 m from the 
flume entrance. Circles, triangles and squares show the data for 18, 15 and 12 cm flow 
depths, respectively. 
 
 

 
Figure 3.7: Hyporheic flow velocities versus distance to the flume floor for downstream 
to upstream flows in the 1.6 m long bar. Velocities were measured at 10.75 m from the 
flume entrance. Circles, triangles and squares show the data for 18, 15 and 12 cm flow 
depths, respectively. 
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Figure 3.8: Hyporheic flow velocity vs. hydraulic gradient for �  = 1.6 m. Data points 
obtained from upstream to downstream hyporheic flows are unfilled and data points 
obtained from downstream to upstream hyporheic flows are filled. 

 

3.4.2 Applicability of model to field situations 

The purpose of simplifying the hyporheic flow phenomenon using Darcy’s equation is to 

obtain a quick, albeit not precise estimation of the 2-dimensional hyporheic flow paths. 

The present model very quickly provides results, because only two inputs are required: bed 

geometry and free surface flow elevations. In the application of the model in the previous 

sub-section, the measured free surface elevations were used. In practice, however, these 

may not be known, and computer modeling software such as HEC-RAS may be used to 

compute the free surface elevations. Considering this, HEC-RAS is used to first compute 

the free surface elevations of the laboratory experiments with �  = 1.6 m, using as input the 

known bed geometry, flow rate, and upstream and downstream free surface elevations; and 

subsequently the computed free surfaces are used in the hyporheic flow model to calculate 

hyporheic flow paths and velocities.  
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 The computed free surfaces are as shown in Figure 3.9. The calculated free surfaces 

exhibit noticeable differences with regard to the measured ones (see Figure 2.4 a). More 

specifically, after the lowest depression in the free surface, they rise much faster to the 

normal depth than in the experiments; the lowest point in the free surface occurs at the 

same location irrespective of the depth of free surface flow; and finally, the free surface 

‘dips’ much more than in the experiments for the case of the 18 cm flow depth.  

 The computed hyporheic flows using the free surfaces as determined by HEC-RAS 

are shown in Figure 3.10. To further facilitate the comparison of results, the counterparts 

of Figures 3.3, 3.4, 3.5, 3.6 and 3.7 were produced for the present calculations (see Figures 

3.11, 3.12, 3.13, 3.14 and 3.15, respectively). 

 Like in the case of the previous calculations, the flow divide line converges to the 

region of the greatest depression in the free surface elevation. The divergence in the 

position of the flow divide line resulting from the present and previous calculations is 

entirely due to differences to the location of the lowest depression of the free surface.  

 Because the free surfaces calculated by HEC-RAS exhibit sharper gradients, the 

flow velocities near the top of the bars tend to be greater than in previous calculations; the 

velocities of the upstream to downstream hyporheic flow are larger; and those of the 

downstream to upstream hyporheic flow are smaller.  

 All such differences are entirely due to differences in measured and computed free 

surface elevations. This implies that, in practice, using calculated instead of measured free 

surface elevations will yield more and more realistic flow patterns, the more realistic will 

be the computed free surface.  
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Figure 3.9: Free surface profiles generated by HEC-RAS for the 1.6 m bar. 
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Figure 3.10: Model results showing hyporheic flow paths and velocities for the 1.6 m long 
bar using free surface data computed by HEC-RAS. The flow paths are shown as red lines 
and the colour in the bar corresponds to the magnitude of hyporheic flow velocites in cm/s 
(see colourbar on right side of figures). The velocity contours are shown as black lines. The 
blue line represents the free surface computed by HEC-RAS and the pink line represents 
the smoothed, measured free surface. a) hav = 18 cm; b) hav = 15 cm; c) hav =12 cm. 

(a) 

(b) 

(c) 
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Figure 3.11: Distance from the flume entrance to the uppermost point of the flow divide 
at the gravel-water interface with regard to depth of free surface flow in the model results 
generated using free surface computed by HEC-RAS for the 1.6 m long bar. 
 
 

 
Figure 3.12: Plot of distance to the flume floor of flow lines originating at specific injection 
points versus depth of free surface flow for the 1.6 m long bar. These data points were 
determined at the bar top location (x = 10.05 m) using the model results generated using 
free surface computed by HEC-RAS.  
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Figure 3.13: Plot of distance to the flume floor of flow lines originating at specific injection 
points versus depth of free surface flow for the 1.6 m bar. These data points were 
determined from the distance to flume entrance of 10.75 m using the model results 
generated using free surface computed by HEC-RAS. 
 
 

 

Figure 3.14: Plot of hyporheic flow velocities versus flow line distance to the flume floor 
for upstream to downstream flows and bar length 1.6 m using the model results generated 
using free surface computed by HEC-RAS. Velocities were measured at 10.05 m from the 
flume entrance. Circles, triangles and squares represent the 18, 15 and 12 cm flow depths, 
respectively. 
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Figure 3.15: Plot of hyporheic flow velocities versus flow line distance to the flume floor 
for downstream to upstream flows and bar lengths of 1.6 m using the model results 
generated using free surface computed by HEC-RAS. Velocities were measured at 10.75 
m from the flume entrance. Circles, triangles and squares represent the 18, 15 and 12 cm 
flow depths, respectively. 
 

3.5 Conclusions 

The main findings of this work are as follows: 

1. The spatial extent and depth of the hyporheic zone can be accurately estimated 

given the free surface elevation over a gravel bar using computations based on 

Darcy’s equation, with the exception of hyporheic flow paths close to the bottom 

boundary.  

2. The upwelling and downwelling regions of the hyporheic flow paths can also be 

realistically estimated. 

3. However, the computations based on Darcy’s equation do not provide a realistic 

estimate of hyporheic flow velocities. In the present calculations, the resulting 
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necessary to develop a sophisticated model, by fully coupling the free surface and 

hyporheic flows, and allowing for the treatment of hyporheic flows as turbulent. 

4. Hyporheic flow paths can be quickly estimated with Darcy’s equation since very 

only two inputs are required; bed geometry and free surface elevations. The inputs 

can be obtained from on-site measurements and software such as HEC-RAS. When 

using software to calculate the free surface, it is important to keep in mind that 

differences in measured and calculated free surface are directly reflected in the 

hyporheic flow patterns.   
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Conclusions and recommendations for future research 

4.1 Conclusions 

Chapter 2 of this thesis presents an experimental study of hyporheic flows induced by gravel bars 

of different geometric characteristics, and subjected to streamflows of different flow depths. The 

bars were axi-symmetric, with height equal to 6 cm and lengths of 1.6, 1.0 and 2.5 m. The 

conditions in the tests were guided by a dimensional analysis of the problem under consideration, 

showing that vhyp /k should be expected to depend on � /�  and � /hav. 

The main findings of the present experiments are as follows: 

1. The resulting hyporheic flows were invariably turbulent. The hyporheic flow domain was 

divided into two regions: one where the flow moved from upstream to downstream, and 

another where it moved downstream to upstream. In both regions, the flow first downwells 

into the bar and then upwells. Well defined divide lines separating the region of upstream 

to downstream and downstream to upstream hyporheic flows could be identified. 

Somewhat counter-intuitively, the flow divide lines were invariably located downstream 

of the region of lowest depression in the water surface. 

2. For any bar geometry, decreasing the flow depth causes the upstream to downstream 

hyporheic flow streamlines originating at similar points to penetrate deeper into the gravel. 

However, the opposite was found to be true for downstream to upstream hyporheic flows.  

3. The hyporheic flow velocity was found to decrease in a near linear trend with distance to 

the gravel-water interface. Hyporheic flow velocities did not vary significantly with 

varying free surface flow depths. They were, however, noticeably smaller (�  30% less) in 

the case of the 2.5 m long bar than in the case of the 1.0 and 1.6 m long bars.  
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4. For the tests with the flow depth of 12 cm, the flow rate entering the bar varied from a 

minimum of 23% of the streamflow flow rate (�  = 2.5 m) to a maximum of 28% of the 

streamflow flow rate (�  = 1.6 m). For the tests with flow depth of 18 cm, it varied from a 

minimum of 8% (�  = 2.5 m) to a maximum of 11% (�  = 1.0 m). Given that a considerable 

amount of water is lost to and recovered from the gravel bar, the effect of the hyporheic 

flow on streamflow is significant. 

5. The present analysis suggests that, for any given value of � /� , vhyp /k varies with � /hav as 

shown in Figure 2.21 and Figure 2.22. vhyp /k increases from 0 (when �  = 0 or hav !  " ), 

reaches a maximum at � /hav �  0.45, and then decreases. The present tests, however, did not 

shed light on the form of variation of vhyp /k for � /hav greater than 0.5.  

From Chapter 3, it is concluded that Darcy’s equation can provide an accurate estimate of 

the hyporheic flow paths of turbulent flows induced by gravel bars, but not of the hyporheic flow 

velocities. A 2-dimensional model which computes Darcy’s equation to determine hyporheic flow 

paths through a gravel bar can provide quick results by inputting only the bed geometry and the 

free surface flow elevations.  

 

4.2 Recommendation for future research  

Recommendations for future research to develop a complete framework of knowledge regarding 

hyporheic flows are as follows: 

1. Investigate the form of dependency of hyporheic flow velocity on all the characteristic 

parameters determined from the dimensional analysis in Chapter 2 to formulate equations 

of hyporheic flow. 

2. Create an advanced numerical model for determining hyporheic flow and validate it using 

the findings from this work to gain insight about hyporheic flows beyond what can be 

practically observed in laboratory experiments.  
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Table A.1: Bed surface and free surface elevations for �  = 1.6 m. 

Bed Elevation 
(m) 

H12-BL1.6 Free Surface Elevation 
(m) 

H15-BL1.6 Free Surface 
Elevation (m) 

H18-BL1.6 Free Surface 
Elevation (m) 

x y x Crest Trough y x Crest Trough y x Crest Trough y 
4.00 0.2290 4.00 - - 0.3695 4.00 - - 0.3955 4.00 - - 0.4210 
4.50 0.2284 4.50 - - 0.3692 4.50 - - 0.3955 4.50 - - 0.4209 
5.00 0.2269 5.00 - - 0.3681 5.00 - - 0.3952 5.00 - - 0.4203 
5.50 0.2268 5.50 - - 0.3679 5.50 - - 0.3942 5.50 - - 0.4198 
6.00 0.2265 6.00 - - 0.3677 6.00 - - 0.3936 6.00 - - 0.4193 
6.50 0.2256 6.50 - - 0.3676 6.50 - - 0.3932 6.50 - - 0.4177 
7.00 0.2249 7.00 - - 0.3672 7.00 - - 0.3925 7.00 - - 0.4175 
7.50 0.2246 7.50 - - 0.3667 7.50 - - 0.3923 7.50 - - 0.4175 
8.00 0.2231 8.00 - - 0.3671 8.00 - - 0.3924 8.00 - - 0.4173 
8.20 0.2233 8.50 - - 0.3663 8.50 - - 0.3918 8.50 - - 0.4173 
8.40 0.2232 9.00 - - 0.3658 9.00 - - 0.3909 9.00 - - 0.4164 
8.60 0.2241 9.10 - - 0.3656 9.10 - - 0.3909 9.10 - - 0.4154 
8.80 0.2242 9.20 - - 0.3655 9.20 - - 0.3908 9.20 - - 0.4151 
9.00 0.2243 9.30 - - 0.3654 9.30 - - 0.3904 9.30 - - 0.4146 
9.10 0.2244 9.40 - - 0.3651 9.40 - - 0.3898 9.40 - - 0.4148 
9.20 0.2248 9.50 - - 0.3647 9.50 - - 0.3895 9.50 - - 0.4139 
9.30 0.2280 9.60 - - 0.3641 9.60 - - 0.3885 9.60 - - 0.4126 
9.40 0.2307 9.70 - - 0.3627 9.70 - - 0.3871 9.70 - - 0.4117 
9.50 0.2359 9.75 - - 0.3624 9.75 - - 0.3870 9.75 - - 0.4106 
9.60 0.2404 9.80 - - 0.3616 9.80 - - 0.3869 9.80 - - 0.4095 
9.70 0.2473 9.85 - - 0.3609 9.85 - - 0.3851 9.85 - - 0.4083 
9.75 0.2508 9.90 - - 0.3591 9.90 - - 0.3823 9.90 - - 0.4069 
9.80 0.2545 9.95 - - 0.3567 9.95 - - 0.3798 9.95 - - 0.4035 
9.85 0.2597 10.00 - - 0.3527 10.00 - - 0.3761 10.00 - - 0.4006 
9.90 0.2655 10.10 - - 0.3480 10.10 - - 0.3702 10.10 - - 0.3948 
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9.95 0.2744 10.15 - - 0.3401 10.15 - - 0.3642 10.15 - - 0.3915 
10.00 0.2805 10.20 - - 0.3319 10.20 - - 0.3568 10.20 - - 0.3855 
10.10 0.2835 10.25 - - 0.3268 10.25 - - 0.3495 10.25 - - 0.3809 
10.15 0.2835 10.30 - - 0.3198 10.30 - - 0.3437 10.30 - - 0.3769 
10.20 0.2808 10.35 - - 0.3152 10.35 - - 0.3425 10.35 - - 0.3758 
10.25 0.2753 10.40 - - 0.3129 10.40 - - 0.3412 10.40 - - 0.3780 
10.30 0.2685 10.45 - - 0.3115 10.45 - - 0.3438 10.45 - - 0.3808 
10.35 0.2650 10.50 - - 0.3120 10.50 - - 0.3482 10.50 - - 0.3899 
10.40 0.2588 10.55 - - 0.3136 10.55 - - 0.3523 10.55 - - 0.3956 
10.50 0.2524 10.60 - - 0.3168 10.60 - - 0.3580 10.60 - - 0.4008 
10.60 0.2465 10.65 - - 0.3199 10.65 - - 0.3605 10.65 0.4105 0.3982 0.4044 
10.70 0.2405 10.70 0.3249 0.3226 0.3238 10.70 0.3573 0.3553 0.3563 10.70 0.3928 0.3902 0.3915 
10.80 0.2345 10.80 0.3246 0.3236 0.3241 10.80 0.3524 0.3506 0.3515 10.80 0.3843 0.3840 0.3842 
10.90 0.2285 10.90 0.3309 0.3296 0.3303 10.90 0.3593 0.3544 0.3569 10.90 0.3933 0.3908 0.3921 
11.00 0.2237 11.00 0.3319 0.3303 0.3311 11.00 0.3698 0.3664 0.3681 11.00 0.4093 0.4070 0.4082 
11.20 0.2217 11.10 0.3323 0.3290 0.3307 11.10 0.3672 0.3629 0.3651 11.10 0.4034 0.4019 0.4027 
11.40 0.2206 11.20 0.3348 0.3323 0.3336 11.20 0.3605 0.3581 0.3593 11.20 0.3906 0.3862 0.3884 
11.60 0.2191 11.30 0.3363 0.3330 0.3347 11.30 0.3658 0.3612 0.3635 11.30 0.3967 0.3893 0.3930 
11.80 0.2186 11.40 0.3360 0.3325 0.3343 11.40 0.3756 0.3709 0.3733 11.40 0.4213 0.4135 0.4174 
12.00 0.2189 11.50 0.3367 0.3345 0.3356 11.50 0.3714 0.3637 0.3676 11.50 0.4037 0.3985 0.4011 
12.50 0.2180 11.60 0.3384 0.3365 0.3375 11.60 0.3627 0.3572 0.3600 11.60 0.3905 0.3873 0.3889 
13.00 0.2167 11.70 0.3381 0.3343 0.3362 11.70 0.3762 0.3723 0.3743 11.70 0.4155 0.3975 0.4065 
13.50 0.2160 11.80 0.3411 0.3374 0.3393 11.80 0.3739 0.3691 0.3715 11.80 0.4145 0.4061 0.4103 
14.00 0.2156 11.90 0.3379 0.3345 0.3362 11.90 0.3650 0.3577 0.3614 11.90 0.3962 0.3931 0.3947 
14.50 0.2149 12.00 0.3407 0.3371 0.3389 12.00 0.3778 0.3717 0.3748 12.00 0.3961 0.3930 0.3946 
15.00 0.2144 13.00 0.3397 0.3367 0.3382 13.00 0.3717 0.3667 0.3692 13.00 0.3918 0.3900 0.3909 

  14.00 0.3379 0.3347 0.3363 14.00 0.3702 0.3680 0.3691 14.00 0.4022 0.3965 0.3994 
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Table A.2: Bed surface and free surface elevations for �  = 2.5 m. 

Bed Elevation 
(m) 

H12-BL2.5 Free Surface Elevation 
(m) 

H15-BL2.5 Free Surface 
Elevation (m) 

H18-BL2.5 Free Surface 
Elevation (m) 

x y x Crest Trough y x Crest Trough y x Crest Trough y 
4.00 0.2290 4.00 - - 0.3725 4.00 - - 0.3983 4.00 - - 0.4282 
4.50 0.2284 4.50 - - 0.3720 4.50 - - 0.3974 4.50 - - 0.4285 
5.00 0.2269 5.00 - - 0.3715 5.00 - - 0.3975 5.00 - - 0.4284 
5.50 0.2268 5.50 - - 0.3714 5.50 - - 0.3965 5.50 - - 0.4265 
6.00 0.2265 6.00 - - 0.3714 6.00 - - 0.3968 6.00 - - 0.4259 
6.50 0.2256 6.50 - - 0.3712 6.50 - - 0.3950 6.50 - - 0.4259 
7.00 0.2249 7.00 - - 0.3709 7.00 - - 0.3949 7.00 - - 0.4248 
7.50 0.2246 7.50 - - 0.3706 7.50 - - 0.3949 7.50 - - 0.4240 
8.00 0.2231 8.00 - - 0.3705 8.00 - - 0.3947 8.00 - - 0.4239 
8.20 0.2233 8.50 - - 0.3703 8.50 - - 0.3941 8.50 - - 0.4240 
8.40 0.2232 9.00 - - 0.3682 9.00 - - 0.3923 9.00 - - 0.4217 
8.60 0.2218 9.10 - - 0.3677 9.10 - - 0.3912 9.10 - - 0.4195 
8.80 0.2258 9.20 - - 0.3671 9.20 - - 0.3901 9.20 - - 0.4190 
9.00 0.2366 9.30 - - 0.3662 9.30 - - 0.3895 9.30 - - 0.4181 
9.10 0.2397 9.40 - - 0.3656 9.40 - - 0.3882 9.40 - - 0.4169 
9.20 0.2427 9.50 - - 0.3640 9.50 - - 0.3862 9.50 - - 0.4148 
9.30 0.2495 9.60 - - 0.3620 9.60 - - 0.3843 9.60 - - 0.4125 
9.40 0.2542 9.70 - - 0.3612 9.70 - - 0.3827 9.70 - - 0.4117 
9.50 0.2589 9.75 - - 0.3608 9.75 - - 0.3820 9.75 - - 0.4108 
9.60 0.2647 9.80 - - 0.3603 9.80 - - 0.3809 9.80 - - 0.4097 
9.70 0.2661 9.85 - - 0.3594 9.85 - - 0.3799 9.85 - - 0.4091 
9.75 0.2684 9.90 - - 0.3575 9.90 - - 0.3789 9.90 - - 0.4067 
9.80 0.2701 9.95 - - 0.3545 9.95 - - 0.3772 9.95 - - 0.4045 
9.85 0.2710 10.00 - - 0.3529 10.00 - - 0.3740 10.00 - - 0.4020 
9.90 0.2765 10.05 - - 0.3495 10.05 - - 0.3693 10.05 - - 0.3985 
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9.95 0.2781 10.10 - - 0.3465 10.10 - - 0.3656 10.10 - - 0.3965 
10.00 0.2797 10.15 - - 0.3434 10.15 - - 0.3620 10.15 - - 0.3936 
10.05 0.2818 10.20 - - 0.3419 10.20 - - 0.3597 10.20 - - 0.3910 
10.10 0.2810 10.25 - - 0.3388 10.25 - - 0.3564 10.25 - - 0.3881 
10.15 0.2793 10.30 - - 0.3367 10.30 - - 0.3530 10.30 - - 0.3879 
10.20 0.2790 10.35 - - 0.3345 10.35 - - 0.3508 10.35 - - 0.3879 
10.25 0.2780 10.40 - - 0.3323 10.40 - - 0.3480 10.40 - - 0.3878 
10.30 0.2775 10.45 - - 0.3296 10.45 - - 0.3452 10.45 - - 0.3879 
10.40 0.2768 10.50 - - 0.3277 10.50 - - 0.3429 10.50 - - 0.3880 
10.50 0.2727 10.55 - - 0.3268 10.55 - - 0.3398 10.55 - - 0.3895 
10.60 0.2670 10.60 - - 0.3248 10.60 - - 0.3374 10.60 - - 0.3901 
10.70 0.2618 10.65 - - 0.3243 10.65 - - 0.3362 10.65 - - 0.3900 
10.80 0.2589 10.70 - - 0.3238 10.70 - - 0.3341 10.70 - - 0.3907 
10.90 0.2512 10.75 - - 0.3248 10.75 - - 0.3341 10.75 - - 0.3910 
11.00 0.2425 10.80 - - 0.3260 10.80 - - 0.3341 10.80 - - 0.3918 
11.20 0.2338 10.85 - - 0.3279 10.85 - - 0.3363 10.85 - - 0.3929 
11.40 0.2250 10.90 0.3365 0.3355 0.3299 10.90 - - 0.3380 10.90 - - 0.3936 
11.60 0.2191 11.00 0.3405 0.3354 0.3326 10.95 - - 0.3401 10.95 - - 0.3960 
11.80 0.2186 11.10 0.3398 0.3366 0.3336 11.00 - - 0.3426 11.00 - - 0.3974 
12.00 0.2189 11.20 0.3417 0.3401 0.3360 11.10 - - 0.3479 11.05 - - 0.3980 
12.50 0.2180 11.30 0.3436 0.3401 0.3380 11.20 - - 0.3495 11.10 - - 0.3990 
13.00 0.2167 11.40 0.3410 0.3408 0.3382 11.30 - - 0.3505 11.15 - - 0.3997 
13.50 0.2160 11.50 0.3432 0.3409 0.3409 11.40 0.3540 0.3511 0.3526 11.20 - - 0.3998 
14.00 0.2156 11.60 0.3452 0.3409 0.3419 11.50 0.3569 0.3548 0.3559 11.30 - - 0.3990 
14.50 0.2149 11.70 0.3439 0.3401 0.3409 11.60 0.3593 0.3545 0.3569 11.40 - - 0.4005 
15.00 0.2144 11.80 0.3450 0.3428 0.3421 11.70 0.3595 0.3568 0.3582 11.50 - - 0.4061 

  11.90 0.3440 0.3421 0.3431 11.80 0.3604 0.3580 0.3592 11.60 - - 0.4049 
  12.00   0.3420 11.90 0.3600 0.3576 0.3588 11.70 - - 0.4005 
  13.00   0.3439 12.00 0.3632 0.3599 0.3616 11.80 0.4102 0.4080 0.4091 
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  14.00   0.3431 13.00 0.3632 0.3601 0.3617 11.90 0.4090 0.4052 0.4071 
      14.00 0.3610 0.3590 0.3600 12.00 0.4039 0.4025 0.4032 
          13.00 0.4065 0.4040 0.4053 
          14.00 0.4054 0.4042 0.4048 
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Table A.3: Bed surface and free surface elevations for �  = 1.0 m. 

Bed Elevation 
(m) 

H12-BL1.0 Free Surface Elevation 
(m) 

H15-BL1.0 Free Surface Elevation 
(m) 

H18-BL1.0 Free Surface Elevation 
(m) 

x y x Crest  Trough y x Crest  Trough y x Crest  Trough y 
4.00 0.2290 4.00 - - 0.3696 4.00 - - 0.3986 4.00 - - 0.4270 
4.50 0.2284 4.50 - - 0.3696 5.00 - - 0.3983 5.00 - - 0.4270 
5.00 0.2269 5.00 - - 0.3693 6.00 - - 0.3964 6.00 - - 0.4255 
5.50 0.2268 5.50 - - 0.3683 7.00 - - 0.3958 7.00 - - 0.4249 
6.00 0.2265 6.00 - - 0.3682 8.00 - - 0.3948 7.50 - - 0.4234 
6.50 0.2256 6.50 - - 0.3677 8.50 - - 0.3948 8.00 - - 0.4236 
7.00 0.2249 7.00 - - 0.3676 9.00 - - 0.3942 8.50 - - 0.4230 
7.50 0.2246 7.50 - - 0.3671 9.10 - - 0.3937 9.00 - - 0.4225 
8.00 0.2231 8.00 - - 0.3674 9.20 - - 0.3937 9.10 - - 0.4214 
8.20 0.2233 8.20 - - 0.3674 9.30 - - 0.3937 9.20 - - 0.4216 
8.40 0.2204 8.40 - - 0.3671 9.40 - - 0.3937 9.30 - - 0.4214 
8.60 0.2180 8.60 - - 0.3674 9.50 - - 0.3932 9.40 - - 0.4216 
8.80 0.2207 8.80 - - 0.3670 9.60 - - 0.3930 9.50 - - 0.4214 
9.00 0.2166 9.00 - - 0.3667 9.70 - - 0.3925 9.60 - - 0.4205 
9.10 0.2201 9.10 - - 0.3667 9.80 - - 0.3898 9.70 - - 0.4202 
9.20 0.2205 9.20 - - 0.3660 9.90 - - 0.3843 9.75 - - 0.4175 
9.30 0.2214 9.30 - - 0.3664 10.00 - - 0.3753 9.80 - - 0.4155 
9.40 0.2223 9.40 - - 0.3665 10.05 - - 0.3705 9.85 - - 0.4130 
9.50 0.2249 9.50 - - 0.3660 10.10 - - 0.3650 9.90 - - 0.4093 
9.60 0.2254 9.60 - - 0.3659 10.15 - - 0.3601 9.95 - - 0.4052 
9.70 0.2295 9.70 - - 0.3655 10.20 - - 0.3552 10.00 - - 0.3988 
9.75 0.2416 9.80 - - 0.3630 10.25 - - 0.3497 10.05 - - 0.3943 
9.80 0.2543 9.90 - - 0.3580 10.30 - - 0.3454 10.10 - - 0.3884 
9.85 0.2659 9.95 - - 0.3534 10.35 - - 0.3424 10.15 - - 0.3843 
9.90 0.2722 10.00 - - 0.3493 10.40 - - 0.3424 10.20 - - 0.3798 
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9.95 0.2780 10.05 - - 0.3451 10.45 - - 0.3445 10.25 - - 0.3762 
10.00 0.2816 10.10 - - 0.3393 10.50 - - 0.3505 10.30 - - 0.3741 
10.05 0.2812 10.15 - - 0.3339 10.55 - - 0.3562 10.35 - - 0.3714 
10.10 0.2809 10.20 - - 0.3278 10.60 - - 0.3605 10.40 - - 0.3724 
10.15 0.2810 10.25 - - 0.3205 10.65 - - 0.3627 10.45 - - 0.3812 
10.20 0.2785 10.30 - - 0.3131 10.70 - - 0.3602 10.50 - - 0.3821 
10.25 0.2706 10.35 - - 0.3072 10.75 - - 0.3568 10.55 - - 0.3865 
10.30 0.2648 10.40 - - 0.3050 10.80 - - 0.3541 10.60 - - 0.3919 
10.35 0.2541 10.45 - - 0.3063 10.85 0.3543 0.3524 0.3534 10.65 - - 0.3941 
10.40 0.2478 10.50 - - 0.3100 10.90 0.3588 0.3541 0.3565 10.70 - - 0.3943 
10.50 0.2360 10.55 - - 0.3155 10.95 0.3630 0.3600 0.3615 10.75 - - 0.3924 
10.60 0.2212 10.60 - - 0.3186 11.00 0.3702 0.3639 0.3671 10.80 - - 0.3881 
10.70 0.2205 10.65 - - 0.3193 11.10 0.3738 0.3700 0.3719 10.85 - - 0.3867 
10.80 0.2237 10.70 - - 0.3186 11.20 0.3665 0.3623 0.3644 10.90 - - 0.3845 
10.90 0.2230 10.75 0.3180 0.3150 0.3165 11.30 0.3654 0.3605 0.3630 10.95 - - 0.3870 
11.00 0.2203 10.80 0.3178 0.3136 0.3157 11.40 0.3798 0.3736 0.3767 11.00 - - 0.3900 
11.20 0.2200 10.85 0.3192 0.3155 0.3174 11.60 0.3618 0.3581 0.3600 11.05 - - 0.3972 
11.40 0.2209 10.90 0.3244 0.3196 0.3220 11.80 0.3782 0.3738 0.3760 11.10 - - 0.4029 
11.60 0.2178 11.00 0.3316 0.3258 0.3287 12.00 0.3767 0.3728 0.3748 11.20 0.4039 0.4016 0.4028 
11.80 0.2186 11.10 0.3302 0.3243 0.3273 13.00 0.3750 0.3690 0.3720 11.30 0.3977 0.3905 0.3941 
12.00 0.2189 11.20 0.3281 0.3242 0.3262 14.00 0.3668 0.3611 0.3640 11.40 0.3901 0.3870 0.3886 
12.50 0.2180 11.30 0.3334 0.3294 0.3314     11.50 0.4125 0.4010 0.4068 
13.00 0.2167 11.40 0.3328 0.3284 0.3306     11.60 0.4125 0.4064 0.4095 
13.50 0.2160 11.50 0.3288 0.3244 0.3266     11.70 0.3939 0.3871 0.3905 
14.00 0.2156 11.60 0.3356 0.3309 0.3333     11.80 0.3965 0.3869 0.3917 
14.50 0.2149 11.70 0.3329 0.3300 0.3315     11.90 0.4135 0.4030 0.4083 

15.00 0.2144 11.80 0.3299 0.3258 0.3279     12.00 0.3991 0.3940 0.3966 
  11.90 0.3339 0.3321 0.3330     13.00 0.4109 0.4031 0.4070 
  12.00 0.3325 0.3281 0.3303     14.00 0.4055 0.3961 0.4008 
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  12.50 0.3352 0.3298 0.3325         

  13.00 0.3346 0.3291 0.3319         

  13.50 0.3313 0.3256 0.3285     
    

  14.00 0.3306 0.3267 0.3287     
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Table A.4: Determination of error in free surface measurements in the 1.6 m long bar. 

H12-BL1.6 H15-BL1.6 H18-BL1.6 
Crest 
(m) 

Trough 
(m) y (m) Crest 

(m) 
Trough 

(m) y (m) Crest 
(m) 

Trough 
(m) y (m) 

0.3359 0.3335 0.3347 0.3863 0.3714 0.3789 0.4205 0.4093 0.4149 
0.3357 0.3334 0.3346 0.3906 0.3790 0.3848 0.4203 0.4114 0.4159 
0.3362 0.3330 0.3346 0.3875 0.3765 0.3820 0.4195 0.4087 0.4141 
0.3353 0.3323 0.3338 0.3835 0.3737 0.3786 0.4164 0.4069 0.4117 
0.3355 0.3331 0.3343 0.3855 0.3725 0.3790 0.4195 0.4089 0.4142 
0.3358 0.3340 0.3349 0.3873 0.3754 0.3814 0.4169 0.4090 0.4130 
0.3351 0.3336 0.3344 0.3841 0.3750 0.3796 0.4162 0.4097 0.4130 
0.3352 0.3323 0.3338 0.3859 0.3789 0.3824 0.4170 0.4089 0.4130 
0.3351 0.3334 0.3343 0.3845 0.3789 0.3817 0.4191 0.4067 0.4129 
0.3355 0.3333 0.3344 0.3852 0.3767 0.3810 0.4198 0.4074 0.4136 
0.3365 0.3343 0.3354 0.3867 0.3776 0.3822 0.4174 0.4088 0.4131 
0.3358 0.3341 0.3350 0.3896 0.3738 0.3817 0.4177 0.4075 0.4126 
0.3355 0.3337 0.3346 0.3870 0.3718 0.3794 0.4170 0.4031 0.4101 
0.3366 0.3343 0.3355 0.3875 0.3753 0.3814 0.4137 0.4069 0.4103 
0.3354 0.3339 0.3347 0.3875 0.3767 0.3821 0.4193 0.4070 0.4132 
0.3365 0.3339 0.3352 0.3874 0.3735 0.3805 0.4145 0.4103 0.4124 
0.3360 0.3335 0.3348 0.3874 0.3777 0.3826 0.4150 0.4077 0.4114 
0.3362 0.3331 0.3347 0.3845 0.3770 0.3808 0.4204 0.4044 0.4124 
0.3362 0.3331 0.3347 0.3839 0.3733 0.3786 0.4191 0.4091 0.4141 
0.3352 0.3336 0.3344 0.3840 0.3748 0.3794 0.4170 0.4080 0.4125 
0.3355 0.3340 0.3348 0.3839 0.3756 0.3798 0.4193 0.4025 0.4109 

Average  0.3346 Average  0.3808 Average  0.4128 
Standard Deviation 0.0004 Standard Deviation 0.0016 Standard Deviation 0.0014 

Maximum 0.3355 Maximum 0.3848 Maximum 0.4159 
Minimum 0.3338 Minimum 0.3786 Minimum 0.4101 
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Appendix B 

Data acquisition and processing 
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B.1 Data acquisition  

All dye injections were recorded using a Canon EOS Rebel T5i DSLR camera in 24 frames 

per second. The camera was set on a tripod placed at a distance of 1.4 m from the flume 

glass wall. This was illuminated using a fluorescent light attached to the railing on top of 

the flume and two 1720 Lumen LED lights fixed on tripods that were placed on either side 

of the camera.  

Dye injections into the bar and underlying gravel were recorded from two different 

camera locations in the x-direction (along the length of the flume) because the bar was too 

long to be captured in one frame of the camera. The concrete pillars immediately 

downstream of the bar (see Figure 2.2) created a “shadow zone” between x = 10.86 and x 

= 11.02 m, in which hyporheic flows could not be visualized. However, the flow path in 

the shadow zone could easily be inferred from the flow paths upstream and downstream of 

the shadow zone itself. Prior to video recording and processing, a reference image was 

taken from each camera location to ensure that all data was warped to the same x and y 

coordinates and scaled to the same pixel per centimeter ratio. The reference images were 

taken by ensuring that the pixel per cm ratio was the same at all four sides of the image. 

The pixel to cm ratio was determined by dividing the lengths between markings on the 

flume in pixels (measured in MATLAB) by lengths between markings on the flume in 

centimeters (measured on flume glass). This process was repeated for both camera 

locations until the pixel per cm ratios for all reference images were 11.88 pixel per cm.  

The reference images were only taken once and used for all experiments. Figure B.1 shows 

the two reference images superimposed on the 1.6 m bar.  
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Figure B.1: Reference image positions superimposed on gravel bar and surrounding 
substrate. 
 
 
B.2 Data processing  

The image processing steps undertaken to obtain the hyporheic flow paths and velocities 

from the recorded videos are described next. First the videos were divided into images and 

every sixth image was saved. Since the videos were recorded in 24 frames per second, 

images from the videos were saved at a frequency of 4 images per second. The saved 

images were then converted to grayscale. The grayscale images were registered to one of 

the reference images previously mentioned. Pixel intensity values ranging from 0 to 255 

(black to white) were assigned to each pixel in the grayscale images. Using the first image 

of the video as a base image, the pixel intensities at each pixel of every subsequent image 

were subtracted from the pixel intensities at each pixel of the first image. The pixels with 

no change in pixel intensity (i.e. no movement of dye in that area) resulted in a value of 0 

(completely black) in the subtracted image while, pixels with a change in pixel intensity 

(i.e. movement of dye in that area) resulted in a value above 0 (grey to white) in the 

subtracted image. The subtracted images enabled the tracing of the dye in the gravel, as 

illustrated in Figure B.2. 

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

variation in lighting and noise in the camera sensors. Noise appeared in the greyscale 

images as lightly shaded pixels (maximum pixel intensity of 3), whereas the pixels in the 

dye flow path were much brighter (pixel intensities between 4 and 20). The characteristics 

of noise in the experiments were studied in one video with no dye injection in order to 

Reference Image 2 Reference Image 1 
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Figure B.2: Subtracted grayscale images at times t = 0, 6.5, 16.25 and 23 seconds 
(clockwise starting from top left). The red line represents the top of the bar and the blue 
line represents the free surface. 
 
 
isolate noise. This video was produced with the same camera and lighting set-up as in the 

experiments. The video was divided into images at a frequency of 4 images per second and 

the pixel intensities in the rectangles shown in Figure B.4 were measured for the duration 

of the video (approximately 2 minutes). Here, the red, black and green rectangles are 

perfectly aligned vertically, and rectangles in a row are perfectly aligned horizontally. 

Figure B.4 shows the average pixel intensities for the red, black and green boxes in each 

row. As follows from this figure, the intensity of noise and the duration and timing of noise 

peaks are almost the same for rectangles at the same elevation. This observation was 

helpful in minimizing the effects of noise in the dye plume as discussed later in this section. 

 Hyporheic flow paths were identified by calculating the centre of mass of the dye 

plume in the direction approximately perpendicular to the hyporheic flow direction, along 

the dye plume. A series of transects were drawn from a fixed rotation point to a boundary  
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Figure B.3: Locations of rectangles where average pixel intensities were calculated over 
time. 
 

 

Figure B.4: Average pixel intensities over time in the red, black and green rectangles. The 
top, middle and bottom graphs correspond to the top, middle and bottom row of rectangles, 
respectively. 
 
 
encompassing the dye plume and the differences in pixel intensity along the transects 

were considered for the centre of mass calculation. 

A group of four transects were drawn equally spaced for each slice. A slice is a triangle 

connecting the fixed rotation point to two points on the lower boundary that are 50 pixels 

(4.2 cm) apart as shown in Figure B.5. The transects were divided into 50 equal sections 
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along x and y directions and the average pixel intensity at each section was determined. 

See Figure B.6 (a) for the pixel intensity along the x-direction of the transects shown in 

Figure B.5. A width threshold was used to eliminate data outside of the dye flow path by 

reducing all pixel intensities to 0 outside of a 23.5 cm range centered on the maximum 

pixel intensity as shown in Figure B.6 (b). This was done to ensure that noise would not 

affect the centre of mass calculation. After application of the width threshold, the four 

transect pixel intensity curves were averaged as shown in Figure B.6 (c). The centre of 

mass of pixel intensity (i.e. dye plume) was then calculated as 
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where Mx and My are the location of the centre of mass of the pixel intensity along the 

transect in their x and y components, Dx and Dy are pixel intensities at point x and point y, 

respectively, and lx and ly are the pixel locations of points x and y along the length of the 

transect. A circle with a radius of 24 pixels (2 cm) was drawn at centre of mass for each 

slice and hyporheic flow paths were determined by connecting the circles of each slice as 

shown in Figure B.7. If the circles were not placed in the middle of the dye plume, they 

were manually removed from the flow path. If the maximum pixel intensity in the transect 

profiles was less than 3, no circles were drawn in that slice (indicating no presence dye in 

that slice). 
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Figure B.5 Purple line shows the boundary encompassing the dye flow path. The green 
lines show four transects (one slice). 
 
 

 

Figure B.6: Pixel intensity in the x-direction along the four transects of the slice shown in 
Figure B.5. Plot (a) shows the actual pixel intensities measured in the image. Plot (b) shows 
the pixel intensity after application of the width threshold. Plot (c) shows the average pixel 
intensity (in red) and the calculated centre of mass for that slice using Equation B.1. 
 

50 pixels / 

4.21 cm 
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Figure B.7: Progression of flow path tracking moving clockwise starting from top left image. 
 
 

The average pixel intensity inside of each circle was determined for each subtracted 

image (i.e. determined for the duration of the video with a frequency of 4 images per 

second). These curves of average pixel intensity versus time are called breakthrough 

curves. See Figure B.8 for the complete dye path and Figure B.9 for the corresponding 

breakthrough curve for the second circle from the right. Due to the effects of noise, the raw 

breakthrough curves had a sinusoidal pattern. Since it is known that two points with the 

same elevation produce similar pixel intensities due to noise, the effects of the noise on the 

dye flow path were minimized by subtracting the average pixel intensity at each circle by 

the average pixel intensity in a rectangle (8.4 cm wide and 4.2 cm high) located horizontally 

adjacent, but outside of the dye flow path, for all subtracted images as shown in Figure B.9. 

This method captured the noise in the video and reduced the peaks of the breakthrough 

curves by that noise. 
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Figure B.8: Location of average pixel intensity measurement (second circle from the right) 
and the noise box associated with that circle. 
 
 

 

Figure B.9: The blue line shows the average pixel intensity corresponding to the second 
circle from right as shown in Figure B.8. The black line shows the average pixel intensity 
in the adjacent noise box. The red line is the noise reduced breakthrough curve of that 
circle. 
 
 

Breakthrough curves were calculated and the effects of noise were minimized for 

each circle of the flow path as shown in Figure B.10. The arrival time for each circle was 

represented by the breakthrough time at the mid-point intensity (time at which 50% of the 

maximum pixel intensity was reached). The mid-point intensity was used for the selection 

of arrival time to reduce the effects of dispersion, which influence the leading and trailing 



 

86 

 

edges of the breakthrough curve. The distance of the flow path was known using the 

locations of the circles. The average velocity for the flow path was calculated by 

considering the difference in arrival time for the first and last breakthrough curves (= 

distance / difference in breakthrough time). Note that only the first and last breakthrough 

curves were required to calculate average velocity.  

 

Figure B.10: Breakthrough curves for each circle on flow path. The markers indicate the 
time at which 50% of maximum pixel intensity is reached. Red and blue lines correspond 
to the first and last circle, respectively.  
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Appendix C 

Hyporheic flow visualizations for all experiment tests 
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Figure C.1: Hyporheic flow paths and velocities Test H18-BL1.6. The injection points are 
shown as blue dots and flow paths from those injection points are shown as pink lines. The 
two black vertical lines represent the shadow zone created by the concrete pillar. The 
numbers indicate hyporheic flow velocity in cm/s.  
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Figure C.2: Hyporheic flow paths and velocities Test H15-BL1.6. The injection points are 
shown as blue dots and flow paths from those injection points are shown as pink lines. The 
two black vertical lines represent the shadow zone created by the concrete pillar. The 
numbers indicate hyporheic flow velocity in cm/s. 
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Figure C.3: Hyporheic flow paths and velocities Test H12-BL1.6. The injection points are 
shown as blue dots and flow paths from those injection points are shown as pink lines. The 
two black vertical lines represent the shadow zone created by the concrete pillar. The 
numbers indicate hyporheic flow velocity in cm/s. 
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Figure C.4: Hyporheic flow paths and velocities Test H18-BL2.5. The injection points are 
shown as blue dots and flow paths from those injection points are shown as pink lines. The 
two black vertical lines represent the shadow zone created by the concrete pillar. The 
numbers indicate hyporheic flow velocity in cm/s. 
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Figure C.5: Hyporheic flow paths and velocities Test H15-BL2.5. The injection points are 
shown as blue dots and flow paths from those injection points are shown as pink lines. The 
two black vertical lines represent the shadow zone created by the concrete pillar. The 
numbers indicate hyporheic flow velocity in cm/s. 
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Figure C.6: Hyporheic flow paths and velocities Test H12-BL2.5. The injection points are 
shown as blue dots and flow paths from those injection points are shown as pink lines. The 
two black vertical lines represent the shadow zone created by the concrete pillar. The 
numbers indicate hyporheic flow velocity in cm/s. 
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Figure C.7: Hyporheic flow paths and velocities Test H18-BL1.0. The injection points are 
shown as blue dots and flow paths from those injection points are shown as pink lines. The 
two black vertical lines represent the shadow zone created by the concrete pillar. The 
numbers indicate hyporheic flow velocity in cm/s. 
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Figure C.8: Hyporheic flow paths and velocities Test H15-BL1.0. The injection points are 
shown as blue dots and flow paths from those injection points are shown as pink lines. The 
two black vertical lines represent the shadow zone created by the concrete pillar. The 
numbers indicate hyporheic flow velocity in cm/s. 
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Figure C.9: Hyporheic flow paths and velocities Test H12-BL1.0. The injection points are 
shown as blue dots and flow paths from those injection points are shown as pink lines. The 
two black vertical lines represent the shadow zone created by the concrete pillar. The 
numbers indicate hyporheic flow velocity in cm/s. 
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Appendix D 

Variability of the hyporheic flow path depths and velocities for re-runs of the same 
tests 
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Table D.1: Distance of the flow paths originating at upstream injection points measured 
from the flume bottom; bar length = 1.6 m; measurement location x = 10.05 m; units are 
cm. 

Test H18-BL1.6 
 U1 U2 U3 U4 U5 

Re-run 1 5 10 12 15 21 

Re-run 2 5 10 12 14 22 

Re-run 3 6 11 12 15 22 

Average 5.33 10.33 12.00 14.67 21.67 

Standard Deviation 0.58 0.58 0.00 0.58 0.58 

Test H15-BL1.6 
 U1 U2 U3 U4 U5 

Re-run 1 6 7 8 12 18 

Re-run 2 5 8 10 13 19.5 

Re-run 3 5 8 10.5 13 19 

Average 5.33 7.67 9.50 12.67 18.83 

Standard Deviation 0.58 0.58 1.32 0.58 0.76 

Test H12-BL1.6 
 U1 U2 U3 U4 U5 

Re-run 1 5 9 10 11 20 

Re-run 2 6 8 8 11 18.5 

Re-run 3 5 8 9 12 20 

Average 5.33 8.33 9.00 11.33 19.50 

Standard Deviation 0.58 0.58 1.00 0.58 0.87 
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Table D.2: Distance of the flow paths originating at downstream injection points measured 
from the flume bottom; bar length = 1.6 m; measurement location x = 10.75 m; units are 
cm. 

Test H18-BL1.6 
 D1 D2 D3 

Re-run 1 8 9 15 

Re-run 2 8 10 15 

Re-run 3 8 9 15 

Average 8.00 9.33 15.00 

Standard Deviation 0.00 0.58 0.00 

Test H15-BL1.6 
 D1 D2 D3 

Re-run 1 7.5 9 15 

Re-run 2 8 10 17 

Re-run 3 9 11 16 

Average 8.17 10.00 16.00 

Standard Deviation 0.76 1.00 1.00 

Test H12-BL1.6 
 D1 D2 D3 

Re-run 1 10 11 17 

Re-run 2 9 12.5 19 

Re-run 3 8 10 17 

Average 9.00 11.17 17.67 

Standard Deviation 1.00 1.26 1.15 
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Table D.3: Velocity of flow paths originating at upstream injection points; bar length = 
1.6 m; units are cm/s.  

Test H18-BL1.6 
  U1 U2 U3 U4 U5 

Re-run 1 2.79 3.21 3.82 4.62 5.35 
Re-run 2 2.84 3.43 3.64 4.76 4.87 
Re-run 3 2.66 3.77 3.94 4.79 5.03 
Average 2.76 3.47 3.80 4.72 5.08 
Standard Deviation 0.09 0.28 0.15 0.09 0.24 

Test H15-BL1.6 
  U1 U2 U3 U4 U5 

Re-run 1 2.96 4.08 4.58 4.28 6.00 
Re-run 2 3.22 3.82 4.10 4.75 5.69 
Re-run 3 2.72 3.69 4.66 4.63 5.82 
Average 2.97 3.86 4.45 4.55 5.84 
Standard Deviation 0.25 0.20 0.30 0.24 0.16 

Test H12-BL1.6 
  U1 U2 U3 U4 U5 

Re-run 1 3.31 3.58 3.89 4.64 5.31 
Re-run 2 3.13 3.13 4.11 4.96 5.73 
Re-run 3 3.01 3.35 3.65 5.17 5.75 
Average 3.15 3.35 3.88 4.92 5.60 
Standard Deviation 0.15 0.23 0.23 0.27 0.25 
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Table D.4: Velocity of flow paths originating at downstream injection points; bar length 
= 1.6 m; units are cm/s.  

Test H18-BL1.6 
  D1 D2 D3 

Re-run 1 1.68 1.58 2.73 
Re-run 2 1.64 1.63 2.55 
Re-run 3 1.66 1.82 2.33 
Average 1.66 1.68 2.54 
Standard Deviation 0.02 0.13 0.20 

Test H15-BL1.6 
  D1 D2 D3 

Re-run 1 1.8 2.06 3.3 
Re-run 2 1.51 1.98 2.99 
Re-run 3 1.62 2.11 2.89 
Average 1.64 2.05 3.06 
Standard Deviation 0.15 0.07 0.21 

Test H12-BL1.6 
  D1 D2 D3 

Re-run 1 1.88 2.14 2.96 
Re-run 2 1.61 2.09 3.11 
Re-run 3 1.63 2.05 2.92 
Average 1.71 2.09 3.00 
Standard Deviation 0.15 0.05 0.10 
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Appendix E 

Observed hyporheic velocities vs. hyporheic velocities obtained through image 
processing 
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Table E.1: Processed and observed velocities for all upstream to downstream dye injections in the 1.6 m bar. 

Injection point Distance 
(cm) 

Processed 
velocity 
(cm/s) 

Observed in video Difference 
(Observed v- 
Processed v) / 
Processed v 

Absolute 
difference 

Injection 
start 
frame 

First frame 
with full 
flow path 

Time 
(seconds) 

Velocity 
(cm/s) 

18 cm 

U1 
Re-run 1 56.5 2.66 20 93 18.25 3.10 16.4% 16.4% 
Re-run 2 60.3 2.84 16 96 20.00 3.02 6.2% 6.2% 
Re-run 3 53.0 2.79 32 103 17.75 2.99 7.1% 7.1% 

U2 
Re-run 1 89.5 3.77 4 98 23.50 3.81 1.0% 1.0% 
Re-run 2 71.2 3.43 20 118 24.50 2.91 -15.2% 15.2% 
Re-run 3 84.4 3.21 24 129 26.25 3.21 0.1% 0.1% 

U3 
Re-run 1 72.9 3.94 17 93 19.00 3.84 -2.6% 2.6% 
Re-run 2 59.2 3.64 15 80 16.25 3.64 0.1% 0.1% 
Re-run 3 66.9 3.82 28 95 16.75 4.00 4.6% 4.6% 

U4 
Re-run 1 44.3 4.79 9 46 9.25 4.79 0.0% 0.0% 
Re-run 2 49.8 4.76 9 44 8.75 5.69 19.6% 19.6% 
Re-run 3 52.0 4.62 31 74 10.75 4.84 4.8% 4.8% 

U5 
Re-run 1 23.9 5.03 9 26 4.25 5.63 11.8% 11.8% 
Re-run 2 26.8 4.87 8 30 5.50 4.87 -0.1% 0.1% 
Re-run 3 26.8 5.35 23 40 4.25 6.30 17.7% 17.7% 

15 cm 

U1 
Re-run 1 59.7 2.72 18 95 19.25 3.10 14.1% 14.1% 
Re-run 2 63.6 3.22 25 102 19.25 3.30 2.6% 2.6% 
Re-run 3 64.3 2.96 36 118 20.50 3.14 6.0% 6.0% 

U2 
Re-run 1 56.3 3.69 13 86 18.25 3.09 -16.4% 16.4% 
Re-run 2 86.0 3.82 22 111 22.25 3.87 1.2% 1.2% 
Re-run 3 88.6 4.08 23 124 25.25 3.51 -14.0% 14.0% 
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U3 
Re-run 1 79.2 4.66 14 85 17.75 4.46 -4.3% 4.3% 
Re-run 2 78.9 4.10 12 87 18.75 4.21 2.6% 2.6% 
Re-run 3 82.5 4.58 18 92 18.50 4.46 -2.6% 2.6% 

U4 
Re-run 1 49.8 4.63 5 50 11.25 4.43 -4.4% 4.4% 
Re-run 2 65.3 4.75 10 58 12.00 5.44 14.6% 14.6% 
Re-run 3 67.4 4.28 12 69 14.25 4.73 10.5% 10.5% 

U5 
Re-run 1 42.2 5.82 8 34 6.50 6.49 11.5% 11.5% 
Re-run 2 34.1 5.69 9 31 5.50 6.21 9.1% 9.1% 
Re-run 3 37.5 6.00 15 37 5.50 6.82 13.7% 13.7% 

12 cm 

U1 
Re-run 1 68.5 3.01 26 97 17.75 3.86 28.1% 28.1% 
Re-run 2 69.7 3.13 14 97 20.75 3.36 7.3% 7.3% 
Re-run 3 66.2 3.31 17 90 18.25 3.63 9.6% 9.6% 

U2 
Re-run 1 80.5 3.35 9 116 26.75 3.01 -10.2% 10.2% 
Re-run 2 73.6 3.13 17 111 23.50 3.13 0.0% 0.0% 
Re-run 3 94.0 3.58 19 121 25.50 3.69 3.0% 3.0% 

U3 
Re-run 1 73.0 3.65 9 82 18.25 4.00 9.5% 9.5% 
Re-run 2 83.1 4.11 10 99 22.25 3.74 -9.1% 9.1% 
Re-run 3 79.8 3.89 17 102 21.25 3.75 -3.5% 3.5% 

U4 
Re-run 1 73.7 5.17 6 65 14.75 4.99 -3.4% 3.4% 
Re-run 2 71.9 4.96 13 76 15.75 4.57 -8.0% 8.0% 
Re-run 3 63.8 4.64 7 68 15.25 4.18 -9.8% 9.8% 

U5 
Re-run 1 43.1 5.75 10 48 9.50 4.54 -21.0% 21.0% 
Re-run 2 42.9 5.73 17 50 8.25 5.21 -9.2% 9.2% 
Re-run 3 33.2 5.31 17 43 6.50 5.11 -3.8% 3.8% 

      
 Average 2.1% 8.2% 
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Table E.2: Processed and observed velocities for all downstream to upstream dye injections in the 1.6 m bar. 

Injection point Distance 
(cm) 

Processed 
velocity 
(cm/s) 

Observed in video Difference 
(Observed v- 
Processed v) / 
Processed v 

Absolute 
difference 

Injection 
start 
frame 

First frame 
with full 
flow path 

Time 
(seconds) 

Velocity 
(cm/s) 

18 cm 

D1 
Re-run 1 89.5 1.68 15 242 56.75 1.58 -6.1% 6.1% 
Re-run 2 80.3 1.64 20 222 50.50 1.59 -3.0% 3.0% 
Re-run 3 94.1 1.66 21 220 49.75 1.89 14.0% 14.0% 

D2 
Re-run 1 81.2 1.58 14 208 48.50 1.67 6.0% 6.0% 
Re-run 2 76.9 1.63 6 209 50.75 1.52 -7.0% 7.0% 
Re-run 3 81.2 1.82 14 211 49.25 1.65 -9.4% 9.4% 

D3 
Re-run 1 45.0 2.73 14 80 16.50 2.73 -0.2% 0.2% 
Re-run 2 33.2 2.55 21 83 15.50 2.14 -16.0% 16.0% 
Re-run 3 42.5 2.33 18 104 21.50 1.97 -15.2% 15.2% 

D4 
Re-run 1 29.9 2.39 8 61 13.25 2.26 -5.5% 5.5% 
Re-run 2 29.6 2.15 13 68 13.75 2.15 0.1% 0.1% 
Re-run 3 30.5 2.30 11 69 14.50 2.10 -8.7% 8.7% 

D5 
Re-run 1 23.2 2.11 10 60 12.50 1.85 -12.1% 12.1% 
Re-run 2 16.7 2.48 11 47 9.00 1.86 -25.1% 25.1% 
Re-run 3 19.0 2.45 10 45 8.75 2.17 -11.4% 11.4% 

15 cm 

D1 
Re-run 1 100.2 1.80 23 260 59.25 1.69 -6.1% 6.1% 
Re-run 2 82.1 1.51 20 236 54.00 1.52 0.7% 0.7% 
Re-run 3 89.3 1.62 18 251 58.25 1.53 -5.4% 5.4% 

D2 
Re-run 1 76.6 2.06 26 162 34.00 2.25 9.3% 9.3% 
Re-run 2 67.2 1.98 14 154 35.00 1.92 -3.0% 3.0% 
Re-run 3 74.0 2.11 17 170 38.25 1.93 -8.4% 8.4% 
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D3 
Re-run 1 37.1 3.30 15 62 11.75 3.16 -4.3% 4.3% 
Re-run 2 32.9 2.99 24 70 11.50 2.86 -4.2% 4.2% 
Re-run 3 34.6 2.89 16 65 12.25 2.83 -2.1% 2.1% 

D4 
Re-run 1 26.4 1.96 9 59 12.50 2.11 7.8% 7.8% 
Re-run 2 27.5 2.29 6 58 13.00 2.12 -7.6% 7.6% 
Re-run 3 27.1 2.21 8 59 12.75 2.12 -3.9% 3.9% 

D5 
Re-run 1 17.4 2.33 12 40 7.00 2.49 6.9% 6.9% 
Re-run 2 17.3 2.16 12 40 7.00 2.47 14.2% 14.2% 
Re-run 3 19.2 2.33 14 44 7.50 2.56 10.0% 10.0% 

12 cm 

D1 
Re-run 1 97.1 1.88 8 246 59.50 1.63 -13.2% 13.2% 
Re-run 2 79.9 1.61 30 217 46.75 1.71 6.1% 6.1% 
Re-run 3 82.7 1.63 25 247 55.50 1.49 -8.6% 8.6% 

D2 
Re-run 1 64.1 2.14 12 129 29.25 2.19 2.5% 2.5% 
Re-run 2 66.9 2.09 10 148 34.50 1.94 -7.2% 7.2% 
Re-run 3 68.2 2.05 4 137 33.25 2.05 0.1% 0.1% 

D3 
Re-run 1 30.4 2.96 31 77 11.50 2.64 -10.8% 10.8% 
Re-run 2 18.6 3.11 34 57 5.75 3.24 4.3% 4.3% 
Re-run 3 24.1 2.92 20 51 7.75 3.11 6.6% 6.6% 

D4 
Re-run 1 22.2 1.85 21 66 11.25 1.97 6.8% 6.8% 
Re-run 2 23.2 1.78 11 62 12.75 1.82 2.2% 2.2% 
Re-run 3 19.6 1.96 13 53 10.00 1.96 -0.2% 0.2% 

D5 
Re-run 1 17.6 1.61 11 50 9.75 1.81 12.3% 12.3% 
Re-run 2 16.7 2.16 14 44 7.50 2.23 3.1% 3.1% 
Re-run 3 17.4 2.40 21 50 7.25 2.40 0.0% 0.0% 

       Average -2% 7% 
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Appendix F 

Glass side wall effects on hyporheic flow visualizations 
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All hyporheic flow visualizations correspond to only one longitudinal plane through the 

width of gravel (at the gravel-glass interface). Therefore, a question that arises is the extent 

to which the results (flow lines and velocities) might have been affected by wall effect, 

either directly or indirectly via its effect on the free surface flow. Considering this, an effort 

was made to assess possible effects of the glass wall on hyporheic flow. Because hyporheic 

flow velocities at the flume centerline could not be measured with the method of flow 

visualization used in this thesis, the author limited himself to observe whether dye 

injections at points near the wall and equivalent points at the flume centreline yielded the 

same exit locations of the dye plume along the length of the flume. This was done only for 

test H15-BL1.6 and for the injection points near the gravel top (U2, U3, U4, U5, D1, D2 

and D3). 

In all cases, it was observed that the dye emerged into the free surface flow at the 

same x-location along the flume, irrespective of the dye being injected near the flume wall 

or centreline. From this observation, it follows that the flow divide line is also at the same 

x-location along the flume when comparing hyporheic flows at the centreline and at the 

glass wall. This provides a strong indication that the hyporheic flow paths are unaffected 

by the glass wall. Subsequently, there was an attempt to measure hyporheic flow velocity 

at the flume centerline. However, the travel time of the dye plume from injection into the 

gravel to emergence into the free surface flow could not be accurately measured. Due to 

the effects of dispersion, dye started to emerge from the gravel before the dye plume centre 

of mass reached the outlet location. The visualization techniques used in the present work 

overcame this problem by selecting the mid-point intensity of breakthrough curves to 

determine arrival time. Since such techniques could not be utilized at the flume centreline, 

the travel time could not be approximated and hence the hyporheic flow velocities at the 

flume centreline are unknown. 
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 An area of particular concern was the region of standing waves downstream of the 

bar (x = 11 to 12 m) because the waves were invariably more prominent at the flume 

centerline than near the glass wall. This is illustrated in Figure F.1, showing the measured 

longitudinal free surface profiles from x = 11 to 12 m for test H15-BL1.6, acquired at 

different distances from the left glass wall (1.3, 12.7, 24.3 and 38 cm). Although Section 

2.5.2 of Chapter 2 shows a trend between hyporheic flows and hydraulic gradients imposed 

by the free surface, it should be noted that local hydraulic gradients imposed by standing 

waves have little to no effect on hyporheic flow paths, as proven by the emergence location 

of dye injected at the flume centerline (as described above). In addition, the standing waves 

were always downstream of the flow divide line and hence, the standing waves did not 

impact the upstream to downstream hyporheic flow.   

  

 

Figure F.1: Free surface elevations measured at different distances from left glass wall 
(LW). Measurements correspond to test H15-BL1.6 (�  = 1.6 m; h = 15 cm). 

  

0.345

0.35

0.355

0.36

0.365

0.37

0.375

0.38

11 11.2 11.4 11.6 11.8 12D
is

ta
nc

e 
fr

om
 b

ot
to

m
 o

f f
lu

m
e 

(m
)

Distance from flume entrance (m)

1.3 cm from LW

12.7 cm from LW

24.3 cm from LW

38 cm from LW



 

110 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix G 

Hyporheic flow visualizations and additional figures 
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Figure G.1: Hyporheic flow paths and velocities for the experiments conducted with the 
bar of length 2.5 m. The injection points are shown as blue dots and flow paths from those 
injection points are shown as pink lines. The flow divide is shown as green line. Flow from 
upstream to downstream to the left of the flow divide; and downstream to upstream to the 
right of the flow divide. The two black vertical lines represent the shadow zone created by 
the concrete pillar. The numbers indicate hyporheic flow velocity in cm/s. (a) Test H18-
BL2.5; (b) Test H15-BL2.5; (c) Test H12-BL2.5. 
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Figure G.2: Hyporheic flow paths and velocities for the experiments conducted with the 
bar of length 1.0 m. The injection points are shown as blue dots and flow paths from those 
injection points are shown as pink lines. The flow divide is shown as green line. Flow from 
upstream to downstream to the left of the flow divide; and downstream to upstream to the 
right of the flow divide. The two black vertical lines represent the shadow zone created by 
the concrete pillar. The numbers indicate hyporheic flow velocity in cm/s. (a) Test H18-
BL1.0; (b) Test H15-BL1.0; (c) Test H12-BL1.0. 
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Figure G.3: Plot of distance to the flume floor of flow lines originating at specific injection 
points versus depth of free surface flow for: (a) �  = 2.5 m and (b) �  = 1.0 m. These data 
points were determined at the bar top location (x = 10.05 m). 
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Figure G.4: Plot of distance to the flume floor of flow lines originating at specific injection 
points versus depth of free surface flow for the 1.0 m bar. These data points were 
determined from the distance to flume entrance of 10.75 m. 
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Figure G.5: Plot of distance to the flume entrance of the point of dye emergence of flow 
lines originating from injection points upstream of bar top, with regard to depth of free 
surface flow for: (a) �  = 2.5 m and (b) �  = 1.0 m. 
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Figure G.6: Plot of distance to the flume entrance of the point of dye emergence of flow 
lines originating from injection points downstream of bar top, with regard to depth of free 
surface flow: (a) �  = 2.5 m and (b) �  = 1.0 m. 
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Appendix H 

Hydraulic gradient calculations 
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The hydraulic gradient ( H/ l) was calculated for each flow path.  H is the difference in 

heights of the free surface at the entry and exit locations of the hyporheic flow path and  l 

is the length of the hyporheic flow path from the entry location to the exit location. There 

were many free surface oscillations caused by the standing waves immediately downstream 

of the bar where most of the hyporheic flow paths exited from the gravel which lead to 

inaccurate calculations of the hydraulic gradient. Hence, the free surface elevations were 

smoothed to obtain accurate hydraulic gradients. The free surfaces were smoothed by 

averaging high and low points in the free surface. The smoothed free surface data is shown 

in Table H.1, Table H.2 and Table H.3 and the free surfaces are presented in Figure H.1. 

Table H.4 shows the hydraulic gradient calculations for hyporheic flow paths which could 

be extended to the bar top at entry and exit locations. 
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Table H.1: Bed and smoothed free surface elevations for �  = 1.6 m. 

Bed Elevation (m) 

H18-BL1.6 
Smoothed Free 

Surface Elevation 
(m) 

H15-BL1.6 
Smoothed Free 

Surface Elevation 
(m) 

H12-BL1.6 
Smoothed Free 

Surface Elevation 
(m) 

x y x y x y x y 
4.00 0.229 4.00 0.421 4.00 0.396 4.00 0.370 
4.50 0.228 4.50 0.421 4.50 0.396 4.50 0.369 
5.00 0.227 5.00 0.420 5.00 0.395 5.00 0.368 
5.50 0.227 5.50 0.420 5.50 0.394 5.50 0.368 
6.00 0.227 6.00 0.419 6.00 0.394 6.00 0.368 
6.50 0.226 6.50 0.418 6.50 0.393 6.50 0.368 
7.00 0.225 7.00 0.418 7.00 0.393 7.00 0.367 
7.50 0.225 7.50 0.418 7.50 0.392 7.50 0.367 
8.00 0.223 8.00 0.417 8.00 0.392 8.00 0.367 
8.20 0.223 8.50 0.417 8.50 0.392 8.50 0.366 
8.40 0.223 9.00 0.416 9.00 0.391 9.00 0.366 
8.60 0.224 9.10 0.415 9.10 0.391 9.10 0.366 
8.80 0.224 9.20 0.415 9.20 0.391 9.20 0.366 
9.00 0.224 9.30 0.415 9.30 0.390 9.30 0.365 
9.10 0.224 9.40 0.415 9.40 0.390 9.40 0.365 
9.20 0.225 9.50 0.414 9.50 0.390 9.50 0.365 
9.30 0.228 9.60 0.413 9.60 0.389 9.60 0.364 
9.40 0.231 9.70 0.412 9.70 0.387 9.70 0.363 
9.50 0.236 9.75 0.411 9.75 0.387 9.75 0.362 
9.60 0.240 9.80 0.410 9.80 0.387 9.80 0.362 
9.70 0.247 9.85 0.408 9.85 0.385 9.85 0.361 
9.75 0.251 9.90 0.407 9.90 0.382 9.90 0.359 
9.80 0.255 9.95 0.404 9.95 0.380 9.95 0.357 
9.85 0.260 10.00 0.401 10.00 0.376 10.00 0.353 
9.90 0.266 10.05 0.395 10.05 0.370 10.05 0.348 
9.95 0.274 10.10 0.392 10.10 0.364 10.10 0.340 
10.00 0.281 10.15 0.386 10.15 0.357 10.15 0.332 
10.05 0.284 10.20 0.381 10.20 0.350 10.20 0.327 
10.10 0.284 10.25 0.377 10.25 0.344 10.25 0.320 
10.15 0.281 10.30 0.376 10.30 0.342 10.30 0.315 
10.20 0.275 10.45 0.390 10.35 0.341 10.35 0.313 
10.25 0.269 10.70 0.394 10.48 0.351 10.40 0.312 
10.30 0.265 10.90 0.396 10.70 0.356 10.45 0.312 
10.40 0.259 11.10 0.398 10.90 0.360 10.50 0.314 
10.50 0.252 11.30 0.403 11.10 0.364 10.55 0.317 
10.60 0.247 11.50 0.403 11.30 0.366 10.60 0.320 
10.70 0.241 11.70 0.400 11.50 0.367 10.70 0.324 
10.80 0.235 13.00 0.391 11.65 0.367 10.80 0.327 
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10.90 0.229 14.00 0.399 11.80 0.368 10.90 0.330 
11.00 0.224    11.95 0.368 11.00 0.331 
11.20 0.222    13.00 0.369 11.20 0.334 
11.40 0.221    14.00 0.369 11.35 0.334 
11.60 0.219      11.50 0.336 
11.80 0.219      11.65 0.337 
12.00 0.219      11.75 0.338 
12.50 0.218      11.85 0.338 
13.00 0.217      11.95 0.338 
13.50 0.216      13.00 0.338 
14.00 0.216      14.00 0.336 
14.50 0.215       
15.00 0.214       
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Table H.2: Bed and smoothed free surface elevations �  = 2.5 m. 

Bed Elevation 

H18-BL2.5 
Smoothed Free 

Surface Elevation 
(m) 

H15-BL2.5 
Smoothed Free 

Surface Elevation 
(m) 

H12-BL2.5 
Smoothed Free 

Surface Elevation 
(m) 

x y x y x y x y 
4.00 0.229 4.00 0.428 4.00 0.398 4.00 0.373 
4.50 0.228 4.50 0.429 4.50 0.397 4.50 0.372 
5.00 0.227 5.00 0.428 5.00 0.398 5.00 0.372 
5.50 0.227 5.50 0.427 5.50 0.397 5.50 0.371 
6.00 0.227 6.00 0.426 6.00 0.397 6.00 0.371 
6.50 0.226 6.50 0.426 6.50 0.395 6.50 0.371 
7.00 0.225 7.00 0.425 7.00 0.395 7.00 0.371 
7.50 0.225 7.50 0.424 7.50 0.395 7.50 0.371 
8.00 0.223 8.00 0.424 8.00 0.395 8.00 0.371 
8.20 0.223 8.50 0.424 8.50 0.394 8.50 0.370 
8.40 0.223 9.00 0.422 9.00 0.392 9.00 0.368 
8.60 0.222 9.10 0.420 9.10 0.391 9.10 0.368 
8.80 0.226 9.20 0.419 9.20 0.390 9.20 0.367 
9.00 0.237 9.30 0.418 9.30 0.390 9.30 0.366 
9.10 0.240 9.40 0.417 9.40 0.388 9.40 0.366 
9.20 0.243 9.50 0.415 9.50 0.386 9.50 0.364 
9.30 0.250 9.60 0.413 9.60 0.384 9.60 0.362 
9.40 0.254 9.70 0.412 9.70 0.383 9.70 0.361 
9.50 0.259 9.75 0.411 9.75 0.382 9.75 0.361 
9.60 0.265 9.80 0.410 9.80 0.381 9.80 0.360 
9.70 0.266 9.85 0.409 9.85 0.380 9.85 0.359 
9.75 0.268 9.90 0.407 9.90 0.379 9.90 0.358 
9.80 0.270 9.95 0.405 9.95 0.377 9.95 0.355 
9.85 0.271 10.00 0.402 10.00 0.374 10.00 0.353 
9.90 0.277 10.05 0.399 10.05 0.369 10.05 0.350 
9.95 0.278 10.10 0.397 10.10 0.366 10.10 0.347 
10.00 0.280 10.15 0.394 10.15 0.362 10.15 0.343 
10.05 0.282 10.20 0.391 10.20 0.360 10.20 0.342 
10.10 0.281 10.25 0.388 10.25 0.356 10.25 0.339 
10.15 0.279 10.30 0.388 10.30 0.353 10.30 0.337 
10.20 0.279 10.35 0.388 10.35 0.351 10.35 0.335 
10.25 0.278 10.40 0.388 10.40 0.348 10.40 0.332 
10.30 0.278 10.45 0.388 10.45 0.345 10.45 0.330 
10.40 0.277 10.50 0.388 10.50 0.343 10.50 0.328 
10.50 0.273 10.55 0.390 10.55 0.340 10.55 0.327 
10.60 0.267 10.60 0.390 10.60 0.337 10.60 0.325 
10.70 0.262 10.65 0.390 10.65 0.336 10.65 0.324 
10.80 0.259 10.70 0.391 10.70 0.334 10.70 0.324 
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10.90 0.251 10.75 0.391 10.75 0.334 10.75 0.325 
11.00 0.243 10.80 0.392 10.80 0.334 10.80 0.326 
11.20 0.234 10.85 0.393 10.85 0.336 10.85 0.328 
11.40 0.225 10.90 0.394 10.90 0.338 10.90 0.330 
11.60 0.219 10.95 0.396 10.95 0.340 11.00 0.333 
11.80 0.219 11.00 0.397 11.00 0.343 11.10 0.334 
12.00 0.219 11.05 0.398 11.10 0.348 11.20 0.336 
12.50 0.218 11.10 0.399 11.20 0.350 11.30 0.338 
13.00 0.217 11.15 0.400 11.30 0.351 11.40 0.338 
13.50 0.216 11.20 0.400 11.40 0.353 11.50 0.341 
14.00 0.216 11.40 0.403 11.50 0.356 11.60 0.342 
14.50 0.215 11.60 0.403 11.60 0.357 11.80 0.342 
15.00 0.214 11.75 0.405 11.70 0.358 12.00 0.342 

   11.90 0.406 11.80 0.359 13.00 0.344 
   13.00 0.405 11.90 0.360 14.00 0.343 
   14.00 0.405 12.00 0.362   

     13.00 0.362   

     14.00 0.360   
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Table H.3: Bed and smoothed free surface elevations for �  = 1.0 m. 

Bed Elevation 

H18-BL1.0 
Smoothed Free 

Surface Elevation 
(m) 

H15-BL1.0 
Smoothed Free 

Surface Elevation 
(m) 

H12-BL1.0 
Smoothed Free 

Surface Elevation 
(m) 

x y x y x y x y 
4.00 0.229 4.00 0.427 4.00 0.399 4.00 0.370 
4.50 0.228 5.00 0.427 5.00 0.398 4.50 0.370 
5.00 0.227 6.00 0.426 6.00 0.396 5.00 0.369 
5.50 0.227 7.00 0.425 7.00 0.396 5.50 0.368 
6.00 0.227 7.50 0.423 8.00 0.395 6.00 0.368 
6.50 0.226 8.00 0.424 8.50 0.395 6.50 0.368 
7.00 0.225 8.50 0.423 9.00 0.394 7.00 0.368 
7.50 0.225 9.00 0.423 9.10 0.394 7.50 0.367 
8.00 0.223 9.10 0.421 9.20 0.394 8.00 0.367 
8.20 0.223 9.20 0.422 9.30 0.394 8.20 0.367 
8.40 0.223 9.30 0.421 9.40 0.394 8.40 0.367 
8.60 0.224 9.40 0.422 9.50 0.393 8.60 0.367 
8.80 0.224 9.50 0.421 9.60 0.393 8.80 0.367 
9.00 0.224 9.60 0.421 9.70 0.393 9.00 0.367 
9.10 0.224 9.70 0.420 9.80 0.390 9.10 0.367 
9.20 0.225 9.75 0.418 9.90 0.384 9.20 0.366 
9.30 0.228 9.80 0.416 10.00 0.375 9.30 0.366 
9.40 0.231 9.85 0.413 10.05 0.371 9.40 0.367 
9.50 0.236 9.90 0.409 10.10 0.365 9.50 0.366 
9.60 0.240 9.95 0.405 10.15 0.360 9.60 0.366 
9.70 0.247 10.00 0.399 10.20 0.355 9.70 0.366 
9.75 0.251 10.05 0.394 10.25 0.350 9.80 0.363 
9.80 0.255 10.10 0.388 10.30 0.345 9.90 0.358 
9.85 0.260 10.15 0.384 10.35 0.342 9.95 0.353 
9.90 0.266 10.20 0.380 10.40 0.342 10.00 0.349 
9.95 0.274 10.25 0.376 10.53 0.353 10.05 0.345 
10.00 0.281 10.30 0.374 10.75 0.358 10.10 0.339 
10.05 0.284 10.35 0.371 10.98 0.363 10.15 0.334 
10.10 0.284 10.53 0.383 11.20 0.367 10.20 0.328 
10.15 0.281 10.80 0.389 11.35 0.370 10.25 0.321 
10.20 0.275 11.00 0.394 11.50 0.368 10.30 0.313 
10.25 0.269 11.25 0.396 11.80 0.376 10.35 0.307 
10.30 0.265 11.80 0.399 12.00 0.375 10.40 0.305 
10.40 0.259 13.00 0.399 13.00 0.372 10.53 0.312 
10.50 0.252 14.00 0.401 14.00 0.369 10.73 0.318 
10.60 0.247      10.90 0.322 
10.70 0.241      11.10 0.327 
10.80 0.235      11.25 0.329 
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10.90 0.229      11.40 0.329 
11.00 0.224      11.55 0.330 
11.20 0.222      11.70 0.331 
11.40 0.221      11.85 0.330 
11.60 0.219      12.00 0.330 
11.80 0.219      12.50 0.333 
12.00 0.219      13.00 0.332 
12.50 0.218      13.50 0.330 
13.00 0.217      14.00 0.329 
13.50 0.216       

14.00 0.216       

14.50 0.215       

15.00 0.214       
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Figure H.1: Smoothed bed and free surface profiles along the flume centreline for bar 
length: (a) 1.6 m, (b) 2.5 m and (c) 1.0 m. 
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Table H.4: Hydraulic gradient calculations. 

Test 
Injection 

Point 
Length 

(m) Hentry (m) Hexit (m)  H/ L 

H18-BL1.6 

U2 0.912 0.413 0.380 0.036 
U3 0.683 0.412 0.378 0.049 
U4 0.580 0.410 0.378 0.056 
U5 0.297 0.407 0.381 0.086 
D1 1.103 0.403 0.386 0.015 
D2 0.969 0.403 0.387 0.016 
D3 0.532 0.396 0.390 0.012 

H15-BL1.6 

U2 1.010 0.389 0.350 0.038 
U3 0.939 0.387 0.350 0.040 
U4 0.703 0.387 0.347 0.057 
U5 0.411 0.382 0.342 0.097 
D1 1.050 0.367 0.352 0.014 
D2 0.872 0.366 0.352 0.017 
D3 0.449 0.360 0.352 0.019 

H12-BL1.6 

U2 1.015 0.364 0.316 0.048 
U3 0.981 0.363 0.312 0.052 
U4 0.769 0.362 0.312 0.065 
U5 0.479 0.359 0.313 0.096 
D1 0.999 0.335 0.316 0.019 
D2 0.799 0.334 0.318 0.020 
D3 0.406 0.331 0.320 0.026 

H18-BL2.5 

U2 0.944 0.413 0.388 0.027 
U4 0.605 0.411 0.388 0.038 
U5 0.337 0.408 0.391 0.049 
D1 0.956 0.403 0.390 0.013 
D3 0.439 0.396 0.390 0.014 

H15-BL2.5 
U3 0.962 0.383 0.345 0.040 
U5 0.491 0.378 0.352 0.053 
D1 0.728 0.354 0.334 0.027 

H12-BL2.5 
U3 1.044 0.362 0.324 0.036 
U5 0.453 0.356 0.335 0.046 
D1 0.556 0.340 0.329 0.018 

H18-BL1.0 

U3 0.763 0.420 0.372 0.063 
U5 0.484 0.417 0.379 0.077 
D1 1.042 0.397 0.379 0.017 
D2 0.838 0.396 0.382 0.017 
D3 0.510 0.392 0.382 0.019 

H15-BL1.6 
U3 0.778 0.393 0.345 0.061 
U5 0.546 0.391 0.346 0.082 
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D1 0.951 0.369 0.353 0.017 
D2 0.766 0.369 0.354 0.019 
D3 0.372 0.362 0.355 0.020 

H12-BL1.6 

U3 0.921 0.366 0.312 0.058 
U5 0.636 0.364 0.306 0.091 
D1 0.881 0.329 0.314 0.017 
D2 0.708 0.329 0.315 0.020 
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Appendix I 

Calculations of flow rate in the bar 
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The flow rate through the bar was estimated as follows: 

1. The average hyporheic flow velocities were plotted against the hyporheic flow path 

location along the top of the bar as shown in Figure I.1 below. 

2. A linear relationship with a y-intercept equal to 0 was fitted for each plot. 

3. The fitted relationship was integrated over the first half of the bar (where water 

enters the bar, i.e. x = 0 to 0.8 m for the 1.6 m long bar, x = 0 to 1.25 m for the 2.5 

m long bar, x = 0 to 0.5 m for the 1.0 m long bar) and the resulting number was 

multiplied by the porosity (0.4) and the flume width (0.76 m) to obtain Qin. 

4. Qin/(L/2) represents the average flow rate per unit length entering the bar and it was 

calculated as Qin divided by half of the bar length (0.5, 1.25 and 0.5 m for the 1.6, 

2.5 and 1.0 m long bars, respectively. The ratio of Qin to the total flow rate in the 

flume (Qtotal) is also presented.  

See Table I.1 below for Qin, Qin/(L/2) and Qin/Qtotal for all tests. 
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Length along top of bar (cm) 

 

 

 
Figure I.1: Hyporheic flow velocity vs length along top of bar.  
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Table I.1: Flow rate calculations. 

Test Qin 
(m3/s) 

Qtotal 
(m3/s) 

Qin/(L/2) 
(m2/s)  Qin/Qtotal 

H18-BL1.6 0.009 0.0819 0.0114 0.11 
H15-BL1.6 0.010 0.0576 0.0124 0.17 
H12-BL1.6 0.010 0.0342 0.0122 0.28 
H18-BL2.5 0.007 0.0819 0.0054 0.08 
H15-BL2.5 0.009 0.0576 0.0075 0.16 
H12-BL2.5 0.008 0.0342 0.0062 0.23 
H18-BL1.0 0.009 0.0819 0.0187 0.11 
H15-BL1.0 0.010 0.0576 0.0202 0.18 
H12-BL1.0 0.010 0.0342 0.0191 0.28 
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Appendix J 

Model results and supplemental figures 
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Figure J.1: Model results showing equipotential lines in black and flow path lines in red 
for the 1.6 m long bar with hav = 18 cm. The colour in the bar corresponds to the value of 
hydraulic head in meters (see colourbar on right side of figure). The black lines reprsent 
equipotential lines of flow.  
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Figure J.2: Model and experimental results showing hyporheic flow paths and velocities 
for the 2.5 m long bar. White lines show the experimental results from Re-run 1. The model 
flow paths are shown as red lines and the colour in the bar corresponds to the magnitude 
of hyporheic flow velocites in cm/s (see colourbar on right side of figures). The velocity 
contours are shown as black lines. The blue line represents the measured free surface and 
the pink line represents the smoothed free surface. Free surface were not required to be 
smoothed for 15 and 12 cm flow depths. a) hav = 18 cm; b) hav = 15 cm; c) hav =12 cm. 

(c) 

(b) 

(a) 
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Figure J.3: Model and experimental results showing hyporheic flow paths and velocities 
for the 1.0 m long bar. White lines show the experimental results from Re-run 1. The model 
flow paths are shown as red lines and the colour in the bar corresponds to the magnitude 
of hyporheic flow velocites in cm/s (see colourbar on right side of figures). The velocity 
contours are shown as black lines. The blue line represents the measured free surface and 
the pink line represents the smoothed free surface. a) hav = 18 cm; b) hav = 15 cm; c) hav 
=12 cm. 
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Figure J.4: Distance to the flume floor of flow lines originating at specific injection points 
with regard to depth of free surface flow for bar lengths of a) 2.5 m and b) 1.0 m. These 
data points were determined at 10.05 m from the flume entrance. 
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Figure J.5: Distance to the flume floor of flow lines originating at specific injection points 
with regard to depth of free surface flow for the 1.0 m bar. These data points were 
determined at 10.75 m from the flume entrance. 
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Figure J.6: Hyporheic flow velocities versus distance to the flume floor for forwards flows 
in the a) 2.5 m long bar and b) 1.0 m long bar. Velocities were measured at 10.05 m from 
the flume entrance. Circles, triangles and squares show the data for 18, 15 and 12 cm flow 
depths, respectively. 
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Figure J.7: Hyporheic flow velocities versus distance to the flume floor for forwards flows 
in the 1.0 m long bar. Velocities were measured at 10.05 m from the flume entrance. 
Circles, triangles and squares show the data for 18, 15 and 12 cm flow depths, respectively. 
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Figure J.8: Hyporheic flow velocity vs. hydraulic gradient for a) �  = 2.5 m and b) �  = 1.0 
m. Data points obtained from forward hyporheic flows are unfilled and data points obtained 
from backwards hyporheic flows are filled. 
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Appendix K 

MATLAB Script for Model 
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% MATLAB SCRIPT FOR DETERMINING HYPOHREIC FLOW THROUGH A BAR USING DARCY’S LAW 
% By Avneet Button 
% October 2017 
% 
% clear all;  
% clc;  
% close all;  
 
dx=0.01; 
dy=0.01; 
startx=8; 
starty=0; 
endx=12; 
endy=0.28; 
residual=10^-7; 
k=0.01; 
filename= 'H18-BL1.6.xlsx' ; 
%% 
%This function provides a matrix of hydraulic head throughout a bar using  
%finite difference approximation. This is done thro ugh an iterative  
%approach which stops when the hydraulic head solut ion converges.  
%The outputs of the program are presented in an exc el file that contains  
%hydraulic head matrix, ux and uy matrices, a graph  showing equipotential  
%head lines and the flow path.  
% 
%   The inputs are:  
% 
%   HeadMatrix: This should be a matrix representin g the hydraulic head  
%               at each point in the bar such as:  
% 
%   NaN 15  14  13  NaN NaN NaN  
%   NaN 16  0   0   0   12  NaN  
%   17  0   0   0   0   0   13  
%   0   0   0   0   0   0   0  
%   0   0   0   0   0   0   0  
%   0   0   0   0   0   0   0  
%   0   0   0   0   0   0   0  
%   0   0   0   0   0   0   0  
% 
%   As shown above, the hydraulic head must be know n at the top boundary  
%   of the bar. All points above the boundary shoul d be "NaN". All  
%   unknown points should be 0.  
% 
%   dx and dy: These are the intervals of measureme nts in the x and y  
%              directions, respectively.  
% 
%   residual:  As the program iterates, it checks t he difference between  
%              the current iteration and the previo us iteration. The  
%              iterations continue as long as this difference is higher  
%              than the specified remainder input.  
% 
%   k:  Hydraulic conductivity of soil  
% 
%   filename: The name of the output Excel file  
  
%   Matrices, temp and error are used in the while loop. They should be  
%   the same size as the HeadMatrix  
  
temp = HeadMatrix; 
error = zeros(size(HeadMatrix)); 
  
%   The error matrix records the difference in hydr aulic head comparing  
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%   the current and previous iterations. A value gr eater than remainder  
%   (remainder + 1) is assigned somewhere in the er ror matrix to execute  
%   while loop  
  
error(round(length(HeadMatrix(:,1))/2), ...  
round(length(HeadMatrix(1,:))/2)) = (residual + 1);  
  
%   While loop continues as long as the maximum err or is greater than  
%   the remainder input  
  
%   Starting iterations counter  
it = 1; 
while  max(error(:)) > residual 
%   Two four loops (i for columns, j for rows) trav erse the matrix  
    for  i = 1:(length(HeadMatrix(:,1))-1) 
        for  j = 1:(length(HeadMatrix(1,:))) 
 
%   Special conditions are specified first  
  
%       Bottom left value of matrix  
             if  j == 1 && i == (length(HeadMatrix(:,1))-1) 
                 

if  isnan(HeadMatrix(i,j)) == false 
 
%              Impervious boundary finite differenc e method equation  

HeadMatrix(i+1,j)= ((dy^2)*(HeadMatrix(i+1, j+1)) +    … 
(dx^2)*(HeadMatrix(i,j)))/((dy^2)+(dx^2)); 

               end         
             
%       Bottom right value of matrix             

elseif  j == length(HeadMatrix(1,:)) && i ==   
(length(HeadMatrix(:,1))-1)… 

               if  isnan(HeadMatrix(i,j)) == false 
                 
%              Impervious boundary finite differenc e method equation  
               HeadMatrix(i+1,j)= ((dy^2)*(HeadMatr ix(i+1, j-1)) + …   
   (dx^2)*(HeadMatrix(i,j)))/((dy^2)+(dx^2)); 
               end       
         
%       Left end column of matrix             

     elseif  j == 1  
                if  isnan(HeadMatrix(i,j)) == false 
                 
%               Impervious boundary finite differen ce method equation  
                HeadMatrix(i+1,j)= (2*(dy^2)*(HeadM atrix(i+1,j+1)) + …   
  
 (dx^2)*(HeadMatrix(i,j)+HeadMatrix(i+2,j)))/2/((dy ^2)+(dx^2)); 
                end  
             
%       Right end column of matrix             
             elseif  j == length(HeadMatrix(1,:))            
                if  isnan(HeadMatrix(i,j)) == false 
             
%               Impervious boundary finite differen ce method equation                 

HeadMatrix(i+1,j)= (2*(dy^2)*HeadMatrix(i+1,j- …     
1)+(dx^2)*(HeadMatrix(i,j)+HeadMatrix(i+2,j)))/2/(( dy^2)+(dx^2; 

                end  
             
%       Bottom row of matrix  
            elseif  i == (length(HeadMatrix(:,1))-1) 
                if  isnan(HeadMatrix(i,j)) == false 
             



 

144 

 

%               Impervious boundary finite differen ce method equation                 
HeadMatrix(i+1,j)= ((dy^2)*(HeadMatrix(i+1,j-1)+ … 
HeadMatrix(i+1,j+1))+2*(dx^2)*HeadMatrix(i,j))/2/(( dy^2)+(dx^2); 

                end                 
             
%       All internal values are calculated      
            else  
           
%           Execute finite difference method if i,j  is at internal node           
            if  isnan(HeadMatrix(i,j)) == false 
                                    
%               Complete finite difference method e quation  
                     
               HeadMatrix(i+1,j)= ((dy^2)*(HeadMatr ix(i+1,j-1)+ …    
         HeadMatrix(i+1,j+1))+(dx^2)*(HeadMatrix(i, j)+HeadMatrix(i+2,j)))… 

  /(2*((dy^2)+(dx^2)));   
            end  
            end          
        end  
    end    
     
%   temp and error matrices calculate the differenc e between current  
%   and previous iteration  
        
for  ii = 1:(length(HeadMatrix(:,1))-1) 
     
    for  jj = 1:(length(HeadMatrix(1,:))) 
         
%       Special conditions are specified first  
  
%       Bottom left value of matrix  
        if  jj == 1 && ii == (length(HeadMatrix(:,1))-1) 
            if  isnan(HeadMatrix(ii,jj)) == false 
                 
%           Impervious boundary finite difference m ethod equation  
            temp(ii+1,jj)= ((dy^2)*(HeadMatrix(ii+1 , jj+1)) + …    
      (dx^2)*(HeadMatrix(ii,jj)))/((dy^2)+(dx^2)); 
            end         
             
%       Bottom right value of matrix       
        elseif  jj == length(HeadMatrix(1,:)) && ii==(length(HeadM atrix(:,1))-1) 
            if  isnan(HeadMatrix(ii,jj)) == false 
                 
%           Impervious boundary finite difference m ethod equation  
            temp(ii+1,jj)= ((dy^2)*(HeadMatrix(ii+1 , jj-1)) + …    
      (dx^2)*(HeadMatrix(ii,jj)))/((dy^2)+(dx^2)); 
            end       
         
%       Left end column of matrix            
        elseif  jj == 1  
            if  isnan(HeadMatrix(ii,jj)) == false 
                 
%           Impervious boundary finite difference m ethod equation  

temp(ii+1,jj)= (2*(dy^2)*(HeadMatrix(ii+1,jj+1)) + …   
(dx^2)*(HeadMatrix(ii,jj)+HeadMatrix(ii+2,jj)))/2/( (dy^2)+(dx^2)); 

            end  
             
%       Right end column of matrix             
        elseif  jj == length(HeadMatrix(1,:)) 
            if  isnan(HeadMatrix(ii,jj)) == false 
             
%           Impervious boundary finite difference m ethod equation                 
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            temp(ii+1,jj)= (2*(dy^2)*HeadMatrix(ii+ 1,jj- …                         
     1)+(dx^2)*(HeadMatrix(ii,jj)+HeadMatrix(ii+2,j j)))/2/((dy^2)+(dx^2)); 
            end  
             
%       Bottom row of matrix  
        elseif  ii == (length(HeadMatrix(:,1))-1) 
            if  isnan(HeadMatrix(ii,jj)) == false 
             
%           Impervious boundary finite difference m ethod equation               
            temp(ii+1,jj)= ((dy^2)*(HeadMatrix(ii+1 ,jj-1)+ …         
     HeadMatrix(ii+1,jj+1))+2*(dx^2)*HeadMatrix(ii, jj))/2/((dy^2)+(dx^2));    
            end                 
             
%       All internal values are calculated  
        else  
           
%           Execute finite difference method if i,j  is at internal node              
            if  isnan(HeadMatrix(ii,jj)) == false 
                                     
%           Complete finite difference method equat ion  

temp(ii+1,jj)= ((dy^2)*(HeadMatrix(ii+1,jj-1)+HeadM atrix(ii+1,jj+1))+ … 
(dx^2)*(HeadMatrix(ii,jj)+HeadMatrix(ii+2,jj)))/(2* ((dy^2)+(dx^2))); 

            end  
        end  
    end  
end  
  
%Calculating error matrix  
error = abs(temp - HeadMatrix); 
disp(max(error(:))) 
  
%Keeping track of number of iterations  
it = it + 1 
end  
  
% Outputting max difference between iterations and number of iterations  
fprintf( 'Max residual = %d \n' , max(error(:))) 
fprintf( 'Number of iterations = %d' , it) 
  
% Ux and Uy are calculated using by multiplying the  x and y gradients of  
% the hydraulic head matrix by the hydraulic conduc tivity  
[Ux,Uy] = gradient(HeadMatrix); 
Ux = -k*Ux/dx; 
Uy = k*Uy/dy; 
  
%Ux and Uy in cm/s  
Ux_cm = Ux*100; 
Uy_cm = Uy*100; 
mag = sqrt(Ux_cm.^2+Uy_cm.^2); 
  
% Saving final solutions for hydraulic head, Ux and  Uy into a spreadsheet  
xlswrite(filename, HeadMatrix, 'Hydraulic Head' ) 
xlswrite(filename, Ux, 'Ux' ) 
xlswrite(filename, Uy, 'Uy' ) 
  
% Outputting figures of equipotential lines and flo w paths  
%% 
figure 
  
[x,y] = meshgrid(startx:dx:endx,starty:dy:endy); 
  
contourf(x,flipud(y),mag) 
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colormap( 'summer' )   
axis([min(x(:)) max(x(:)) min(y(:)) max(y(:)) 0 max (mag(:))]) 
title( 'Velocity Vectors (cm/s)' ) 
hold on 
s = streamslice(x,y,flipud(Ux),flipud(Uy),[3]); 
set(s, 'color' , 'red' ) 
view(0,90) 
axis equal  
shading interp  


