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ŎƻƴŦƛƎǳǊŀǘƛƻƴǎ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ 

Figure 5.23. Example of dye calibration for new light configuration for a cell at Ø  ρȢυ Í and 

Ù  πȢφρ Í ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΦΦΧΧΧΧΧΧΧΧΧΧ 

Figure 5.24. Comparison between new and previous dye calibration for a cell at Ø  ρȢυ Í and  

Ù  πȢςυ Í ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧΦΧΦΧΧΧ 

Figure 5.25. Time-averaged concentration profiles from camera 2 for: a) before background 

ǊŜƳƻǾŀƭΤ ōύ ōŀŎƪƎǊƻǳƴŘ ƳŀǇΤ Ŏύ ƳŀǇ ǿƛǘƘ ōŀŎƪƎǊƻǳƴŘ ǊŜƳƻǾŜŘ ΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧΧΦ 

Figure 5.26. Concentration profiles located in the middle of camera 2 with and without 

ōŀŎƪƎǊƻǳƴŘ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΦΧΧΧΧ 

Figure 5.27Φ /ƻƴŎŜƴǘǊŀǘƛƻƴ ƳŀǇ ŦƻǊ ŜŀŎƘ ŎŀƳŜǊŀ ŀƴŘ Ŧǳƭƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƳŀǇ ΧΧΧΧΧΧΦΧΧΧΦΦΧΧ 

Figure 5.28. Longitudinŀƭ ǇǊƻŦƛƭŜǎ ŦƻǊ ŜŀŎƘ ŎŀƳŜǊŀ ŀƴŘ Ŧǳƭƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƳŀǇ ΧΧΧΧΧΧΧΧΧΧΧΦ 

Figure 5.29. Concentration profiles located in the middle of camera 2: a) before applied filter 1; 

b) after applied 6th-order one-dimensional median filter; c) after applied σ Ϸ threshold ΧΧΧΧΧΦ 

Figure 5.30. Mass balance factor applied for each filtering technique and water depth. Black lines 

indicate the mean mass and a deviation of  ρπ ϷȢ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ 

Figure 5.31. Final concentration maps without vegetation and h = 0.090 m test: a) without filter; 

b) using Filter 1; c) using Filter 2; d) using Filter 3; e) using Filter 4; f) using Filter 5 ΧΧΧΧΧΧΧΧΧΧ 

Figure 5.32. Comparison between experimental concentration profiles obtained using different 

filter for test È πȢπωπ Í ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΦΦΧΧΧΧΧΧΧΦ 

Figure 5.33. Mass Balance factors applied for each light configuration and water depth. Black 

lines indicate the mean mass and a deviation of  ρπ ϷȢ ΦΧΧΦΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧ 

Figure 5.34. Comparison between P/! ǿƛǘƘ ŜŀŎƘ ƭƛƎƘǘ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ŀƴŘ /ȅŎƭƻǇǎ ǾŀǊƛŀƴŎŜ ΧΧΦΦΧΦΦ 

Figure 6.1 Time-averaged longitudinal velocity maps for non-ǾŜƎŜǘŀǘƛƻƴ ǘŜǎǘǎ ΧΧΧΧΧΧΧΦΧΧΧΦΦΦ 

Figure 6.2. Time-averaged longitudinal velocity along the streamwise direction ŀǘ ȅ Ґ лΦсм Ƴ ΧΧΧ 

Figure 6.3. Mean transverse velocity profiles for non-ǾŜƎŜǘŀǘƛƻƴ ǘŜǎǘǎ ΧΧΧΧΧΧΧΧΦΧΧΦΦΧΧΦΧΦΦ 

Figure 6.4. Longitudinal velocity gradients across the flume width obtained from the mean 

ƭƻƴƎƛǘǳŘƛƴŀƭ ǾŜƭƻŎƛǘȅ ǇǊƻŦƛƭŜǎ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ. 

Figure 6.5. Optimised profiles for different pixel resolutions using both the analytical model and 

ǘƘŜ CΦ5ΦaΦ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦ 

Figure 6.6. Optimised non-dimensional transverse mixing coefficients for different pixel 

resolution usƛƴƎ ōƻǘƘ ǘƘŜ ŀƴŀƭȅǘƛŎŀƭ ƳƻŘŜƭ ŀƴŘ ǘƘŜ CΦ5ΦaΦ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦ 

Figure 6.7. Comparison between experimental profiles and optimised concentration profiles 

ƻōǘŀƛƴŜŘ ōȅ ŜŀŎƘ ƳƻŘŜƭ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ 

X 184 

X 185 

X 185 

X 186 

X 1               

X 187 

               

X 188 

X 1          X 

X 188 

               

X 189 

              

X 189 

X 190 

X 191 

               

X 192 

              

X 192 

              

X 193 

X 1            

X 194 

X 1            

X 195 

X 196 

X 197 

X 198 

X 198 

              

X 100 

                

X 101 

Xx                 

X 102 

X              X 

X 105 



A Study on Transverse Mixing in Shallow Flows within Partially Vegetated Channels 
 

 

ix 
Santiago Rojas Arques 

Department of Civil and Structural Engineering 

Figure 6.8. Time-averaged longitudinal flow velocity maps for different one vegetated bank 

ŎƻƴŘƛǘƛƻƴǎ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΧΧΧΦ 

Figure 6.9. Lengthwise average longitudinal velocity distributions along channel width for each 

vegetation configuration and water depthΦ 9ǊǊƻǊ ōŀǊǎ ǎƘƻǿ ǘƘŜƛǊ ǘŜƳǇƻǊŀƭ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ Χ 

Figure 6.10. a) Mean longitudinal velocities recorded along vegetated patch for each water 

depth. b) Velocity differences between vegetated and non-vegetated velocities for each water 

depth ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΧΦΧΧΦΦ 

Figure 6.11Φ CƛǘǘŜŘ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ǳǎƛƴƎ ²ƘƛǘŜ ŀƴŘ bŜǇŦ όнллуύ ŀǇǇǊƻȄƛƳŀǘƛƻƴ ΧΧΧΧΧΧΧΧ. 

Figure 6.12. Pearson correlation and mean absolute relative differences between longitudinal 

ǾŜƭƻŎƛǘȅ ǇǊƻŦƛƭŜǎ ƻōǘŀƛƴŜŘ ōȅ ²ƘƛǘŜ ŀƴŘ bŜǇŦ όнллуύ ŀǇǇǊƻȄƛƳŀǘƛƻƴ ŀƴŘ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ΧΧΧΦΦ 

Figure 6.13. Relationship between vegetation density (a) and the position of inflection point from 

vegetation edge (Ùύ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΦ 

Figure 6.14Φ {ŎƘŜƳŜ ǿƛǘƘ ŀƭƭ ŘƛŦŦŜǊŜƴǘ ŘƛƳŜƴǎƛƻƴǎ ǳǎŜŘ ŦƻǊ ǇǊƻǇƻǎŜŘ ƳƻŘŜƭ ΧΧΧΧΧΧΧΧΧΧΦΧΦ 

Figure 6.15. Relationship between ratio of velocity increment normalised by vegetated velocity 

and shear layer length and vegetation density a) outer region length; b) total shear layer length 

Figure 6.16. Absolute differences of longitudinal velocity at the predicted inflection point 

between experimental data and empirical model (eq. 6.9 ς 6.10ύ ΧΧΧΧΧΧΧΧΧΧ..ΧΧΧΧΧΧΧΧ 

Figure 6.17. Comparison between predicted profiles by using the original coefficients and the 

surface velocity data and those predicted with the adjusted coefficients and the expected mid-

depth velocity ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦ 

Figure 6.18. Fitted experimental data using White and Nepf (2008) approximation and model 

ǇǊƻǇƻǎŜŘ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ 

Figure 6.19. Concentration maps with vegetation at one side for water depth È πȢπσφ Í Χ..Χ 

Figure 6.20. Concentration maps with vegetation at one side for water depth È πȢπχς Í ΧΧΦΦ 

Figure 6.21Φ {ŎƘŜƳŜ ƻŦ ǎƪŜǿŜŘ Dŀǳǎǎƛŀƴ ŦǳƴŎǘƛƻƴ ƻŦ ǘǊŀƴǎǾŜǊǎŜ ƳƛȄƛƴƎ ŎƻŜŦŦƛŎƛŜƴǘ ΧΧΧΧΧΧΧΦΦΦ 

Figure 6.22. Gradients in longitudinal velocity over the channel width (ɲU/ɲy) and Reynolds 

stress distribution from White and Nepf (2008) ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΧΧΧ. 

Figure 6.23Φ {ŎƘŜƳŜ ƻŦ ƻǇǘƛƳƛȊŀǘƛƻƴ ǊƻǳǘƛƴŜ ǳǎƛƴƎ ŜŀŎƘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƳŀǇ ƛƴŘƛǾƛŘǳŀƭƭȅ ΧΧΧΧΧΦΦ 

Figure 6.24. Scheme of optimiȊŀǘƛƻƴ ǊƻǳǘƛƴŜ ǳǎƛƴƎ ŀƭƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƳŀǇǎ ǘƻƎŜǘƘŜǊ ΧΧΧΧΧΧΧΧΦ 

Figure 6.25. Comparison of $  using individual concentration maps for ᶮ πȢπςυ ΧΦΧΧΧΧΧΦ 

Figure 6.26. 2D correlations between experimental concentration maps and those obtained by 

the optimization routine based on a single $  ŦƻǊ ŜŀŎƘ Ŧƭƻǿ ŀƴŘ ǾŜƎŜǘŀǘƛƻƴ ŎƻƴŘƛǘƛƻƴ ΧΧΧΧΧ 

Figure 6.27. Comparison between experimental and optimised concentration profiles for tests 

È πȢπυτ Í ɀ ɲ πȢππφ from injection Ù πȢτψ Í to injection Ù πȢυφ Í ΧΧΧΧΦΦΧΦΧΧ 

Figure 6.28. Comparison between experimental and optimised concentration profiles for tests 

È πȢπυτ Í ɀ ɲ πȢππφ from injection Ù πȢφπ Í to injection Ù πȢφψ Í ΧΧΧΧΧΧΦΧΦ 

Figure 6.29. Comparison between experimental and optimised concentration profiles for tests 

È πȢπυτ Í ɀ ɲ πȢππφ from injection Ù πȢχς Í to injection Ù πȢψπ Í ΦΦΧΦΦΧΦΧΧΦΧΦ 
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Figure 6.30. Variable transverse mixing coefficients resulting from optimization ΧΧΧΧΧΦΦΧΦΦΧΧΦΦ 

Figure 6.31. Relationship between maximum transverse mixing coefficient and longitudinal 

velocity ŘƛŦŦŜǊŜƴŎŜ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΧΦΦ 

Figure 6.32. Relationship between maximum transverse mixing coefficient and the product of 

velocity difference and the shear layer length (right), and the product of velocity difference and 

vegetaǘƛƻƴ ŘŜƴǎƛǘȅ όƭŜŦǘύ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ 

Figure 6.33. Relationship between maximum transverse mixing coefficient and the product of 

ǾŜƭƻŎƛǘȅ ŘƛŦŦŜǊŜƴŎŜ ŀƴŘ ǿŀǘŜǊ ŘŜǇǘƘ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΦ 

Figure 6.34. Comparison between experimental concentration profiles and predictions for È

πȢπσφ Í ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ 

Figure 6.35. Comparison between experimental concentration profiles and predictions for È

πȢπχς Í ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ 

Figure 6.36. Measured flow rates for different 7  and those measured for one vegetated bank 

ǘŜǎǘǎ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ 

Figure 6.37 (a). Time-averaged longitudinal flow velocity maps for different both sides vegetation 

conditions for density ɲ πȢπςυ ǿƛǘƘ ǾŜƎŜǘŀǘƛƻƴ ŜŘƎŜ ŀǎ ǿƘƛǘŜ Řƻǘǎ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦ 

Figure 6.37 (b). Time-averaged longitudinal flow velocity maps for different both sides vegetation          

conditions for density ɲ πȢπςυ with vegetation edgŜ ŀǎ ǿƘƛǘŜ Řƻǘǎ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧ 

Figure 6.38. Lengthwise and time-averaged longitudinal flow profiles for all free open flow widths 

Figure 6.39. Absolute velocity gradients from time-averaged mean longitudinal velocity profiles 

for test configurations ɲ πȢππφÈ πȢπωπ Í ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ 

Figure 6.40. Maximum free longitudinal velocity (right) and longitudinal velocity within 

ǾŜƎŜǘŀǘƛƻƴ όƭŜŦǘύ ŦƻǊ ŀƭƭ ŘƛŦŦŜǊŜƴǘ ǘŜǎǘ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΦΦ 

Figure 6.41. Relationship between free region width ratio and maximum longitudinal velocity 

Ǌŀǘƛƻ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ 

Figure 6.42. Relationship between free region width ratio and maximum longitudinal velocity 

ratio and proposed predicted relationship (eq. 6.25ύ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΦ 

Figure 6.43. Experimental and predicted time-averaged mean longitudinal velocity profiles for 

È πȢπυτ Í ǘŜǎǘǎ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ 

Figure 6.44. Pearson correlation between predicted and ŜȄǇŜǊƛƳŜƴǘŀƭ ǾŜƭƻŎƛǘȅ ǇǊƻŦƛƭŜǎ ΧΧΧΧΧΧ 

Figure 6.45Φ wŜƭŀǘƛǾŜ ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ǇǊŜŘƛŎǘŜŘ ŀƴŘ ŜȄǇŜǊƛƳŜƴǘŀƭ ǾŜƭƻŎƛǘȅ ǇǊƻŦƛƭŜǎ ΧΧΧΧΧΧ 

Figure 6.46. Experimental concentration profiles obtained for È πȢπσφ Í  ɲ πȢππρυ test 

configuration for a) ὡ πȢχ Í, b) ὡ πȢφ Í, c) ὡ πȢυ Í, d) ὡ πȢτ Í and 

e) ὡ πȢσ Í ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦ 

Figure 6.47. Experimental concentration profiles obtained for È πȢπσφ Í  ɲ πȢπςυ test 

configuration for a) ὡ πȢχ Í, b) ὡ πȢφ Í, c) ὡ πȢυ Í, d) ὡ πȢτ Í and   

e) ὡ πȢσ Í ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦ 

Figure 6.48. Predicted transverse mixing coefficient profiles for vegetation at both sides with a 

free distance ƻŦ лΦтƳ ŀƴŘ лΦоƳ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΦ 

Figure 6.49. Predicted and experimental transversal concentration profiles for both sides 

vegetation tests for ɲ πȢπςυ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧ.. 
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Figure 6.50. Predicted and experimental transversal concentration profiles for both sides 

vegetation tests for ɲ πȢππφ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧ.. 
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ώ   Injection position within the shear layer   Í  

ᾀ  Vertical coordinate      Í  
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Greek Alphabet 

‌  F.D.M. coefficient       

‌   Parameter to obtain drag coefficient     

‍  F.D.M. coefficient       

‍   Parameter to obtain drag coefficient     

‎  F.D.M. coefficient       

       F.D.M. coefficient  ‏

‏   Inner layer length      Í  

‏   Outer layer length      Í  

ȢȢȢ  Total length of shear layer along submerged vegetated flow Í‏  

‐  Eddy viscosity       .ÓÍϳ  

–  Molecular diffusion coefficient     Í Óϳ  

—  Angle of the channel slope     Ξ 

‖  von Karman constant       

‘  Dynamic viscosity      .ÓÍϳ  

”  Density        ËÇÍϳ  

z  Solid volume fraction         

„   Variance       Í  

†  Boundary shear stress      .Íϳ  

†  Reynolds stress tensor      .Íϳ  

†  Shear stress       .Íϳ  

‡  Kinematic viscosity      Í Óϳ  

•  Centroid       Í  

ЎὈ  Total distance increment     Í  

Ўὸ  Time increment       Ó 

ЎὟ  Velocity difference      Í Óϳ  

Ўὼ  Longitudinal distance increment    Í  

Ўώ  Transversal distance increment     Í  
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Abstract 

Increasing instances of river pollution and sewer overflows, coupled with more stringent 

regulatory requirements for ecological status and flood risk management; demand a deeper 

understanding of mixing processes and natural solutions to reduce peak pollutant 

concentrations while minimising flow obstruction. 

This thesis presents an experimental study of flow surface velocity and transverse mixing 

processes in open channel shallow flows with partial vegetation. A technique that 

simultaneously measures mixing processes and surface velocity fields in shallow flows using low 

cost cameras and lighting is developed and validated. 

The technique is used here to record surface velocity fields and depth averaged 

concentrations of a solute in a rectangular laboratory flume over a recorded length of τȢτψ Í. 

Artificial vegetation is installed at different densities at one bank to simulate partial coverage of 

emergent vegetation under a range of shallow flow conditions. Using the experimental results, 

a semi-empirical model for transverse mixing based on the velocity gradients across the shear 

layer is developed to relate the mixing behaviour to the velocity distribution in vegetated shear 

layers. The proposed model is validated using surface velocity and depth-averaged 

concentration of a solute recorded during experiments with two vegetated banks with the same 

vegetation density and flow depth conditions as the previous experiments.  

This thesis provides a semi-empirical predictive model that estimates longitudinal 

surface velocity and variable transverse mixing coefficient in shallow flows with vegetated 

banks. The model only requires the vegetation parameters and free flow region data such as 

velocity and water depth, producing an approach without the requirement for extensive data 

collection or complex hydrodynamic numerical models. Initial scenario testing of the model 

suggests that vegetation induced mixing may significantly reduce the impacts of acute pollution 

events, although further work is required to validate these findings in field conditions. 
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1. Introduction 

Water is arguably the most valuable resource for human life (Oki and Kanae, 2006) and 

its use and correct management is indispensable for human activities from irrigation and 

industry use to supply for consumption. In many areas of the world, the growth of human 

population and the development and industrialization of nations are producing an increase of 

clean water demand, whilst an increase of sewage and polluted water discharge, resulting in a 

large stress on water resources (Vörösmarty et al., 2000). 

The safe preservation of natural resources is crucial for local ecosystem and habitat. 

Therefore, a full understanding of pollution dynamics in natural watercourses becomes crucial. 

Examples regarding water pollution and its negative impacts on water resources are the wash-

off nutrients such as phosphates and nitrogen components from farmland as well as sewage 

from cities, which produce the eutrophication of rivers; or the presence of pesticides, which can 

produce malformations and the death of species (Jasim et al., 2006). As a result, there is an 

increased need to understand pollutant transport and mixing processes within natural rivers, 

particularly the movement and spreading of pollution in rivers. 

Solute transport in natural rivers is a phenomenon on which several researchers have 

focused, especially due to its significance in modelling of the fate of contaminant discharge into 

a river and how its concentration changes across the width, length, depth and time (Rutherford, 

1994). The understanding of the mixing of pollutants becomes more relevant for outlet 

structures in sewage treatment plants or factories where it is necessary to comply with water 

quality criteria established in the EU Water Framework Directive 2000/60/EC (WFD) (Tsakiris 

and Alexakis, 2012).  

There is a large body of work regarding mixing processes in idealised open channel flows 

in which the complete mathematical description of transport and mixing processes can be 

simplified using semi-empirical models (Rutherford, 1994). However, complex and highly 

variable flow watercourses can differ from these idealised flows. One of the most influential 

parameters on mixing in rivers is the presence of vegetation. Riparian vegetation has been 

recognised as an important valuable resource due to several factors: 

¶ Dissipating flow energy: Vegetation increases the flow resistance, and thus reduces 

the local stream velocity, reducing the soil erosion (Nepf, 1999). However, this 

reduction of flow velocity produces an increase in the flow depth. 

¶ Sediment trapping: As velocity within vegetation is reduced, a decrease of 

suspended sediments in the flow is produced (Lopez and Garcia, 1998). As a result, 

there is a decrease of water turbidity and the enhancement of stream banks. 

¶ Providing wildlife habitats: the sediment trapping also results in the retention of 

nutrients, which improves habitability in rivers and oxygen production (Kadlec and 

Knight, 1996) 

¶ Increase in pollutant filtration: The deposition of sediments because of the velocity 

reduction improves the absorbance of pollutants by the deposited grains (Palmer et 

al., 2004). Moreover, the increase in oxygen improves the removal and degradation 

of pollutants by biochemical processes. 

Therefore, an understanding of the effects of vegetation in rivers is important. The 

presence of vegetation in a flow increases the flow resistance by adding extra drag. The increase 

of resistance slows the flow velocity, increasing the water depth relative to a non-vegetated 
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channel (Hoffman 2004; Shucksmith, 2008). Several previous studies (Stone and Shen, 2002; 

James et al, 2004; Lightbody and Nepf, 2006) have investigated the influence of both artificial 

and real vegetation in channel flows, showing the dependence of the resistance induced by the 

vegetation on parameters such as vegetation density, stem diameter, vegetation mass 

distribution, stem height or stem flexibility. All of these properties vary from one plant species 

to another, and change for the same species because of seasonal variation or canopy growth 

(Green, 2005). Therefore, most researchers have focused on the use of idealised stems, usually 

plastic rods or cylinders, to study the influence of vegetation in flows (Nepf, 1999; Stone and 

Shen, 2002; White and Nepf, 2008). 

Some previous laboratory studies have investigated the effects of velocity variation 

induced by vegetation in solute mixing processes. Most of these studies have focused on the 

study of mixing processes in flows with vegetation over the entire flow width. These researchers 

include both mixing processes within fully emergent vegetated flows over the entire flow width 

(Nepf et al. 1997; Serra et al., 2004; Shucksmith, 2008; Sonnenwald et al. 2017) and within 

submerged vegetated flows (Ghisalberti and Nepf, 2005). However, there are few publications 

about mixing processes in rivers with vegetated banks (Tabatabei et al., 2013; West, 2016; West 

et al., 2020) despite this vegetated configuration being present in most natural rivers (Haslam, 

1978) and having potential to improve mixing processes by the enhancing the large-scale 

turbulence structures (West, 2016).  

Mixing processes that affect the spreading of a solute can be divided into vertical, 

transversal and longitudinal mixing processes, depending on which direction the solute 

spreading is produced. For the majority of practical problems in open channel systems, the 

vertical mixing affects the region close to the solute injection, and the longitudinal mixing 

process is only important if the concentration varies significantly in time. This thesis is focused 

therefore on the study of the transverse mixing component, as it is arguably more important in 

terms of water quality management than the other two mixing processes. In reality, most 

pollutants enter the river from one side and hence the input can be considered as a point rather 

than a transversally well-mixed injection. Therefore, transverse mixing becomes an important 

term of water quality management when considering impacts in the locality of the injection 

(Rutherford, 1994). 

This thesis will investigate the effects of the vegetation located at the river banks on 

transverse mixing processes in open channel flows. This will lead to improved knowledge of the 

impacts produced by this type of vegetated configuration and its possible effect on the 

spreading of contaminant discharges. 

 

1.1 Aim of Thesis 

The aim of this study is to quantify the influence of vegetated banks on transverse mixing 

processes in open channel flows. 
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2. Literature Review 

The purpose of this section is to present a background of knowledge about flow, 

turbulence, mixing processes and the effects of vegetation on flow processes. The principles of 

these concepts are presented as well as results and findings of previous studies in order to define 

a knowledge framework from which to start the current study and identify the gaps in current 

understanding. 

 

2.1. Open Channel Flow 

Water movement along a sloping channel is subject to gravitational forces acting over the 

water body with a component acting downstream, and resistance forces produced by channel 

boundaries and any other obstacle in the channel, such as vegetation acting in the upstream 

direction. Flow can be classified as: 

- Unsteady non-uniform flow if the water depth is variable both in time and in space. 

- Steady non-uniform flow if the water depth is constant in time but not in space. 

- Steady uniform flow if the water depth is constant both in time and in space. 

Steady uniform flow is produced when the gravitational and resistance forces are in 

equilibrium (Chow, 1959). In a free flow with no vegetation or other elements, it is commonly 

understood that the resistance force comes solely from the frictional effects of the channel 

boundaries as shown in Figure 2.1. 

 

In 1769, Antoine de Chezy proposed an expression to obtain the mean longitudinal flow 

velocity for a uniform open channel flow. Chezy (1769) considered that the resistance force is 

proportional to the square of the mean longitudinal velocity, and the longitudinal component of 

gravity force that induced the movement of the water body downstream is equal to the flow 

resistance. 

Ὂ ὑὟ                                                                  ὩήȢςȢρ 

”ὫὃὒίὭὲ— †ὖὒ                                                         ὩήȢςȢς 

Where Ὗ is the mean longitudinal flow velocity, ὑ is a constant, ” is the water density, 

Ὣ is the acceleration due to gravity, ὃ is the cross sectional area, ὒ is the length considered, — is 

the angle of the channel slope, † is the boundary shear stress and ὖ is the wetted perimeter. 

 

Figure 2.1. Force diagram in uniform flow condition. 
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As channel slope in real rivers usually is quite small, ίὭὲ— ὸὥὲ—  Ὓ, where Ὓ is 

the bed slope. Thus, eq. 2.2 becomes. 

†  ”ὫὙὛ                                                              ὩήȢςȢσ 

Where Ὑ  ὃὖϳ  is the hydraulic radius. Combining eq. 2.1 and eq. 2.3: 

Ὗ  
”ὫὙὛ

ὑ
                                                            ὩήȢςȢτ 

Considering the Chezy coefficient as: 

ὅ  
”Ὣ

ὑ
                                                                 ὩήȢςȢυ 

The mean longitudinal flow velocity can be obtained as: 

Ὗ  ὅ ὙὛ                                                             ὩήȢςȢφ 

The coefficient proposed by Chezy (ὅ Í Ⱦ Óϳ ) depends on both the bed roughness 

and the Reynolds number, which is the ratio between the inertia force and the viscous force 

acting on the flow. The Reynolds number is defined as: 

ὙὩ  
Ὗὰ

‡
                                                                  ὩήȢςȢχ 

Where ὰ is the length scale, ‡  ‘”ϳ  is the kinematic viscosity and ‘ is the dynamic 

viscosity. For wide open flows the length scale can be considered equal to the flow depth (ὰ

Ὤ. 

In 1889, Robert Manning proposed an expression to obtain the Chezy coefficient based 

on both experimental observations and previous Chezy coefficient expression (eq. 2.5). 

ὅ  
Ὑ

ὲ
                                                                 ὩήȢςȢψ 

Where ὲ ƛǎ ǘƘŜ aŀƴƴƛƴƎΩǎ ŎƻŜŦŦƛŎƛŜƴǘΦ ¢Ƙƛǎ is an empirical coefficient related to the bed 

roughness. Substituting eq. 2.8 into eq. 2.6. 

Ὗ  
Ὑ Ὓ

ὲ
                                                             ὩήȢςȢω 

This equation is frŜǉǳŜƴǘƭȅ ǳǎŜŘ ŀǎ aŀƴƴƛƴƎΩǎ ŎƻŜŦŦƛŎƛŜƴǘ ƛǎ ǎǘǊƻƴƎƭȅ ƭƛƴƪŜŘ ǿƛǘƘ ōŜŘ 

roughness. This equation only is valid for uniform flows with a constant flow depth, cross-

sectional area and cross-sectional mean velocity in which the resistance is primarily due to 

channel boundaries. 

Although these equations can be used to obtain average longitudinal flow velocity in 

open channel flows, the local velocity is not homogeneous within the full cross sectional area of 

the channel. Usually, in broad, rapid shallow channel flows or flows with a very smooth channel 

bed, maximum longitudinal velocity can be found at the free surface and in the centreline of the 

channel (Chow, 1959). As the flow resistance is produced by channel boundaries, the roughness 

of the channel bed produces a decrease of the longitudinal flow velocity in the area close to the 

boundary, resulting in a logarithmic profile of the longitudinal velocity over the water depth. 
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For fully developed open channel flows, the vertical profile of longitudinal velocity can 

ōŜ ŘŜǎŎǊƛōŜŘ ǿƛǘƘ tǊŀƴŘǘƭΩǎ ƭƻƎŀǊƛǘƘƳƛŎ ƭŀǿ ƳƻŘƛŦƛŜŘ ōȅ Nikuradse (1933). 

Ὗᾀ

όz
 
ρ

‖
ὰὲ
ᾀ

Ὧ
                                                          ὩήȢςȢρπ 

Where όᶻ is the shear velocity defined as: 

όᶻ
†

”
 ὫὙὛ ὫὬὛ                                          ὩήȢςȢρρ 

In addition, Ὤ is the water depth from the channel bed, ‖ is the von Karman constant, ᾀ 

is the vertical coordinate and Ὧ is the equivalent roughness height. Both von Karman constant 

and equivalent roughness have been studied experimentally (Bakhmeteff, 1936; Hinze, 1964; 

Middleton and Southard, 1978). The von Karman constant is usually approximated as ‖ πȢτρ 

and the equivalent roughness height, defined as the mean height above the channel bed where 

the longitudinal velocity value predicted by eq. 2.10 is zero, depends on the bed roughness. An 

approximation of the relationship between Ὧand mean sediment diameter was suggested by 

Robert (2003) for flows over granulated materials: 

Ὧ  
Ὀ

σπȢρ
                                                              ὩήȢςȢρς 

Where Ὀ  is the average grain size. 

2.1.1. Types of Flow Regimes 

Osborne Reynolds (1883) was the first person to deeply investigate the existence of 

different flow regimes. He conducted several experiments with different flows through a glass 

tube while injecting a filament of dye. He observed that for low flow rates the dye produced a 

nominally straight line, but as the flow rate was increased some variability in space and time 

appeared as shown in Figure 2.2.  

 

He classified the pipe flows based on the Reynolds number introduced previously in eq. 

2.7 by considering the length scale equal to the pipe diameter as shown in Table 2.1.  

 

 

 

Figure 2.2. Scheme of Reynolds experiment (Reynolds, 1883). 
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ὙὩ Ὂὰέύ ὙὩὫὭάὩ 
ὙὩ υππ ὒὥάὭὲὥὶ 

υππὙὩ ςπππ ὝὶὥὲίὭὸὭέὲὥὰ 
ὙὩ ςπππ ὝόὶὦόὰὩὲὸ 

 

Laminar flows can be described as a series of very thin layers of flow sliding over one 

another subject to the shearing action with the layer below. When the flow velocity increases, 

this pattern starts to break down and the different layers begin to mix at discrete points in space 

and time, this is known as the transitional regime. If the velocity increases further, the flow starts 

to enter into a turbulent behaviour where the different layers from laminar flow disappear and 

the motion of each fluid particle starts to be chaotic. This regime is dominated by turbulent 

eddies which increase mass and momentum transport within the flow. These eddies appear to 

occur randomly in space and time as irregular regions of velocity (Durbin and Petterson, 2001). 

Therefore, in a turbulent flow the velocity field can be considered as: 

Ὗ  Ὗὼȟώȟᾀȟὸ                                                         ὩήȢςȢρσ 

Where Ὗ is the time-averaged longitudinal velocity. However, if the time-averaged 

velocity of the turbulence regime remains constant with time, the flow can still be classified as 

steady. Figure 2.3 shows the longitudinal velocity signal of a flow in which, although the 

instantaneous velocity varies in time, the time-averaged longitudinal velocity remains constant. 

 

Thus, turbulent velocity at any point of the flow field can be decomposed into three 

velocity components: longitudinal velocity Ὗ (following downstream flow), transversal velocity 

ὠ (parallel to the channel bed but normal to the longitudinal component), and vertical 

ὡ (normal to the bed surface). As shown in Figure 2.3, any of these velocity components will 

not be constant in time although the time-averaged velocity will be constant. Therefore, an 

instantaneous velocity component can be defined as: 

Ὗ  Ὗ ό                                                             ὩήȢςȢρτ 

ὠ  ὠ ὺ                                                             ὩήȢςȢρυ 

ὡ  ὡ ύ                                                           ὩήȢςȢρφ 

Where όᴂ, ὺᴂ and ύᴂ are instantaneous velocity deviations in ὼ, ώ and ᾀ directions 

respectively. ὼ is the streamwise direction, ώ is the spanwise direction and ᾀ is the vertical 

Table 2.1. Flow regimes proposed by Reynolds for open channel flows. 

Figure 2.3. Example of longitudinal velocity measurement in turbulent flow. 
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direction. The average turbulence intensity for a specific spatial position of the flow field can be 

obtained by calculating the variability of the velocity deviation over time. 

ὙὓὛό όᴂ                                                           ὩήȢςȢρχ 

ὙὓὛὺ ὺᴂ                                                           ὩήȢςȢρψ 

ὙὓὛύ ύᴂ                                                         ὩήȢςȢρω 

Turbulence can be classified into different categories (Durbin and Petterson, 2001). If 

statistical values of turbulence intensities are not a function of the spatial position, they are 

classified as homogeneous turbulence, and non-homogeneous turbulence if statistical values 

depend on the spatial position. In addition, if this homogeneity of values is conserved in time, 

turbulence is classified as stationary. Finally, if turbulence is equal in all coordinate directions, it 

is classified as isotropic. In the same way, if there is a directional preference, turbulence is 

classified as anisotropic. 

In addition, a second order matrix can be considered using the average of the products 

of the velocity deviation for each component. 

†  
όᴂόᴂ όᴂὺᴂ όᴂύᴂ

ὺᴂόᴂ ὺᴂὺᴂ ὺᴂύᴂ
ύᴂόᴂύᴂὺᴂύᴂύᴂ

                                               ὩήȢςȢςπ 

Where † is the Reynolds stress tensor. This is a symmetrical matrix (όᴂὺᴂ  ὺᴂόᴂ) and 

the diagonal components (όᴂ  όόᴂ, ὺᴂ  ὺὺᴂ and ύᴂ  ύύᴂ) are the normal stresses 

while the off-diagonal components (όᴂὺᴂ, όᴂύᴂ and ὺᴂύᴂ) are the shear stresses (Pope, 2000). 

In the case of the vertical profile, assuming the longitudinal velocity follows the 

logarithmic law introduced in eq. 2.10 and by considering the maximum shear stress is produced 

at the bottom and the shear stress is zero on the surface, then: 

†  ”όύ  ”‐
ὨὟ

Ὠᾀ
  ”όᶻ ρ

ᾀ

Ὤ
                                  ὩήȢςȢςρ 

Where ‐ is the eddy viscosity and †ὸ is the total shear stress. 

 

2.2. Vegetated Flow 

A vegetated flow is one in which some portion of the flow contains vegetation such as 

reeds. In contrast to conventional open channel flows, in vegetated flows resistance is also 

produced by vegetation elements. Thus, vegetation reduces the overall channel flow capacity 

compared with non-vegetated flows and increases water depth for the same flow rate 

(Hoffman, 2004, Shucksmith, 2008). 

bŜǿǘƻƴΩǎ ǘƘƛǊŘ ƭŀǿ ƛǎ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘƛǎ ŜȄǘǊŀ ǊŜǎƛǎǘŀƴŎŜΦ ¢ƘŜ ŦƻǊŎŜ 

acting on the flow because of the presence of an immersed object is equal to the force on the 

object due to the flow. This force acting on the object that is moving through the flow is given 

by the drag equation, which can be described as (Pope, 2000). 
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Ὂ  
ρ

ς
ὅ”Ὗὃ                                                        ὩήȢςȢςς 

Where Ὂ is the drag force, ὅ  is the drag coefficient of the immersed body and ὃ is its 

frontal area. The effect of this drag force has been shown to be significant even for a small 

amount of vegetation elements (Nepf, 1999). To define resistance from vegetation properties 

(eq. 2.22), the main characteristics that must be defined are the drag coefficient ὅ , which has 

been shown to depend strongly on the vegetation morphology (James et al, 2004); and the 

frontal area ὃ, which is commonly defined based on vegetation size and density. The vegetation 

density is defined as: 

ᶮ ὔὨ
“

τ
                                                             ὩήȢςȢςσ 

ὥ ὔὨ                                                                ὩήȢςȢςτ 

Where ὔ  is the stem density, defined as the number of vegetation elements per unit 

areaÓÔÅÍÓÍϳ ; ὥ is the frontal area of vegetation per unit volume ÓÔÅÍÍϳ ;  ɲis the solid 

volume fraction of vegetation  and Ὠ is the stem diameter Í .   

Previous studies such as Järvela (2002) showed that one of the vegetated parameters 

that most affects drag resistance is the vegetation density. He ran different experiments using 

leafless willows with vegetation densities ὔ ςυφυρς ÓÔÅÍÓÍϳ , obtaining a linear 

increase in resistance with planting density.  

In rivers and vegetated channels, total flow resistance is a combination of both boundary 

roughness and vegetation drag. However, the contribution of bed resistance has been found to 

become negligible when vegetation density is high enough (Temple, 1986). Stone and Shen 

(2002) ran experiments using dowels to represent stems and different vegetation densities with 

ὔ ρχσφωφ ÓÔÅÍÓÍϳ . Their results showed that the bed contribution to flow resistance 

was less than σ Ϸ of the total. James et al. (2004) performed experiments considering both 

natural and artificial vegetation and they concluded that once vegetation density achieved a 

certain value, resistance contribution from the channel bed could be dismissed. This vegetation 

density limit was defined as. 

πȢςυὔ“ὨὬ πȢρ                                                        ὩήȢςȢςυ 

2.2.1. Vegetation Configuration 

Another factor that affects total vegetated flow resistance is the distribution of 

vegetation elements. Li and Shen (1973) reported that total resistance is higher if vegetation 

elements are in a staggered distribution rather than in rows. This is because if the elements are 

configured in a staggered distribution, there are no corridors between stems in which flow can 

accelerate. Experiments with artificial stems commonly use a staggered distribution to represent 

the randomness of real vegetation growth (Nepf, 1999, Stone and Shen, 2002). Kim and 

Stoesser (2011) performed numerical simulations to study drag coefficient under different test 

configurations. Their results suggested that there were no differences in flow resistance 

between staggered and random vegetation distributions. In Figure 2.4 a diagram is plotted to 

show row, staggered and random distributions considering a flow from left to right.  



A Study on Transverse Mixing in Shallow Flows within Partially Vegetated Channels 
 

 

- 10 - 
Santiago Rojas Arques 

Department of Civil and Structural Engineering 

 

 

2.2.2. Stem Height 

An important characteristic is the ratio between water depth and stem height. This 

coefficient classifies vegetated flows into emergent vegetated flow conditions (stem height is 

greater than water depth) and submerged vegetated flow conditions (stem height is smaller 

than water depth). 

Previous researchers have shown the vertical profile of the longitudinal flow velocity 

within emergent and submerged vegetated flows does not follow the logarithmic law (eq. 2.10). 

Submerged vegetated flows are described in Section 2.3.1. In emergent vegetation Lightbody 

and Nepf (2006) showed how the vertical profile of longitudinal velocity changes with the 

morphology of the vegetation. Figure 2.5 shows a scheme of Lightbody and Nepf (2006) 

experiments where ὃ and ὃ  are the transversal area distribution of the vegetation and ό and 

ό are the mean longitudinal velocity in two differently vegetated layers of flow. Thus, 

longitudinal velocity proportionally decreased in those regions where there was more 

vegetation mass; and proportionally increased in those regions where the mass decreased. 

However, in experiments with artificial vegetation, stems are commonly represented as rigid 

circular cylinders with a uniform mass distribution along their height. Thus, for high enough 

vegetation densities (eq. 2.25), the vertical profile of longitudinal velocity is normally found to 

be uniform over the depth apart from a small zone close to the bed, which is affected by 

boundary roughness (Kouwen et al., 1969; wƻǿƛƵǎƪƛ et al, 1998; Nepf and Vivoni, 2000). Stone 

and Shen (2002) showed that bed friction only affects the vertical profile in a small region very 

close to the channel boundary.  

 

Figure 2.4. Diagram of row, staggered and random stem distributions. 

Figure 2.5. Sample of vegetated resistance and longitudinal velocity distribution through a non-

uniform canopy height (Lightbody and Nepf, 2006). 
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2.2.3. Flow Resistance within Emergent Vegetated Flows 

Petryk and Bosmajian (1975) proposed a model to predict mean velocity within artificial 

rigid vegetation based on balancing gravitational forces and drag produced by both bed 

resistance and vegetation. In their model a new Manning coefficient (ὲ ) was defined, which 

accounts for both bed resistance and drag produced by vegetation, with vegetated resistance 

based on the sum of the drag produced by each vegetation element (eq. 2.22). Later, Hoffman 

(2004) proposed a similar equation to obtain ὲ ȟ but neglecting the effect of bed resistance 

and assuming that the drag coefficient is a function of the mean flow velocity. 

However, ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ aŀƴƴƛƴƎΩǎ Ŝǉǳŀǘƛƻƴ ŦƻǊ ǾŜƎŜtated channels has been criticised 

ōŜŎŀǳǎŜ aŀƴƴƛƴƎΩǎ ŎƻŜŦŦƛŎƛŜƴǘ ƛǎ ŀǇǇƭƛŜŘ ǘƻ ǎƛǘǳŀǘƛƻƴǎ ǿƘŜǊŜ ǊŜǎƛstance comes solely from the 

channel bed and not from drag exerted through the flow depth. In the later situation velocity is 

essentially uniform over the flow depth (Lindner, 1982) rather than being depth-dependent as 

in the former. The results of James et al. (2004) suggested a strong dependence between 

aŀƴƴƛƴƎΩǎ ὲ used for vegetated channels and flow depth in contrast with the assumption that 

the resistance in vegetated flows is produced by stem drag rather than boundaries when density 

is high enough (eq. 2.25). Therefore, the velocity is independent of flow depth, showing the 

unsuitability of aŀƴƴƛƴƎΩǎ coefficient.  

Several researchers suggested alternate expressions to obtain longitudinal velocity 

through vegetation (Stone and Shen, 2002; James et al., 2004), which are still fundamentally 

ōŀǎŜŘ ƻƴ ǘƘŜ ŘǊŀƎ Ŝǉǳŀǘƛƻƴ ōǳǘ ǿƛǘƘƻǳǘ ƭƛƴƪƛƴƎ ƛǘ ǘƻ ǘƘŜ aŀƴƴƛƴƎΩǎ ŎƻŜŦŦƛŎƛŜƴǘ. White and Nepf 

(2008) proposed an expression for this velocity based on the momentum balance between the 

drag coefficient and the bed gradient. They assumed a negligible resistance from the channel 

bed and a uniform distribution of vegetation mass over the depth, i.e. valid for artificial 

vegetation composed of vertical cylinders. 

Ὗ  
ςὫὛ

ὥὅ
                                                         ὩήȢςȢςφ 

Where ὅ  is the effective drag coefficient of the full vegetation patch. This coefficient 

depends on both the configuration and characteristics of the vegetated patch and the flow 

regime as described by the stem scale Reynolds number: 

ὙὩ  
ὟὨ

‡
                                                           ὩήȢςȢςχ 

If the stem scale Reynolds number increases, the flow regime changes from a laminar 

flow to a turbulent flow with a zone behind the obstacle with negative velocity and the 

formation of eddies. Several previous researchers have studied the drag coefficient for different 

artificial stems and its dependence on the stem scale Reynolds number (White, 1991; Pope, 

2000), showing a decrease of the drag coefficient for higher stem scale Reynolds number. 

 

2.3. Velocity Profiles in Vegetated Shear Layers 

A shear layer can be defined as a layer of the flow where there is a strong gradient of 

velocity. In flows with the presence of vegetation, a shear layer is produced when drag induced 

by stems only affects one area of the flow, but allowing free flow conditions in an adjacent area. 
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This condition can be achieved with submerged vegetation or with partially vegetated flows 

(emergent vegetation present over a portion of the width). Figure 2.6 shows a scheme of the 

time-averaged longitudinal velocity within the water depth for both emerged (a) and submerged 

vegetated flows (b). 

2.3.1. Submerged Vegetated Flows 

Several researchers have studied the vertical profile of longitudinal flow velocity above 

submerged vegetation (Stephan and Gutknecht, 2002; Järvela, 2004) by considering submerged 

vegetation height as an extension of the rough bed. Their studies were focused on the 

adaptation of PǊŀƴŘǘƭΩǎ ƭƻƎŀǊƛǘƘƳƛŎ ƭŀǿ ǘƻ ŘŜǎŎǊƛōŜ ǾŜǊǘƛŎŀƭ ǇǊƻŦƛƭŜǎ ƻŦ ǇǊƛƳŀǊȅ ǾŜƭƻŎƛǘȅ ŀōƻǾŜ 

vegetation. Stephan and Gutknecht (2002) proposed an equivalent roughness height (eq. 2.10) 

using the zero plane displacement (water depth at which the log-law begins) for different 

discharges and plant types.  

 

The study by Raupach et al. (1996) was the first to argue that turbulence structures 

generated at the top of submerged vegetation is analogous to the flow in a mixing layer. The 

mixing layer is the region produced between two co-flowing streams with different flow 

velocities. Because of this velocity difference, a shear velocity is produced between both flows, 

inducing instability processes in the form of coherent eddies within this layer. This mixing layer 

is characterised by a strong inflection in the mean longitudinal velocity profile. In submerged 

artificial vegetated flows, for high enough vegetation densities (eq. 2.25), longitudinal velocity 

within the vegetation under the shear layer can be considered constant over the depth as in 

emergent vegetated flows. Thus, bed roughness only contributes to flow resistance in a small 

region close to the channel bed. Above the vegetation, a free open flow region can be 

considered and as a result, two different flows are generated and a shear layer is produced. 

Ikeda and Kanazawa (1996) studied experimental results of longitudinal and vertical 

velocity components over flexible submerged vegetation. Their results show that the time-

averaged longitudinal velocity has an inflection point just above the top of the vegetated 

elements. They also noticed an increase of both turbulence intensity and Reynolds stress in the 

mixing layer region, recording their maximum at the top of the vegetation layer. 

Figure 2.6. Vertical profiles of longitudinal velocity for both emergent vegetated and submerged 

vegetated flows (Kubrak et al., 2008). 
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In addition, Ghisalberti and Nepf (2002) observed the creation of coherent large-scale 

eddies within the shear layer, which dominate the momentum transfer between the vegetated 

and free flow regions. Poggi et al. (2004) argued that the presence of the inflection point in the 

vertical profile of longitudinal velocity is a necessary condition for the creation of these 

instabilities. In addition, the magnitude of the Reynolds stress produced at the inflection point 

is related with the intensity of these instabilities. The increase of vegetation density for a given 

flow rate will decrease the flow velocity within the vegetation, and thus the velocity over the 

submerged canopies will increase. As a result, the velocity gradient between two constant 

velocity flows increases, enhancing the creation of instabilities. For dense vegetation, these 

vortices can only penetrate a limited distance into the vegetated layer (Ghisalberti and Nepf, 

2009) as shown in Figure 2.7. This phenomenon allows the creation of two different regions 

within the submerged vegetation. The upper-zone is governed by large-scale eddies generated 

by the velocity gradient, and the lower-zone is governed by smaller stem-scale eddies. These 

stem-scale vortices are scaled to either stem diameter or mean stem spacing and produce a 

lower turbulence and solute transport compared with the upper-zone (Nepf, 2012).  

Huai et al. (2008) studied both longitudinal velocity and Reynolds stress over the water 

depth in submerged vegetation. Their experimental results showed that the maximum Reynolds 

stress is located at the interface between the vegetated layer and the free flow above it. This 

maximum Reynolds stress was shown to be dependent on the velocity gradient, which increases 

for denser vegetation. In addition, they showed a strong linear decay of Reynolds stress in both 

the vegetated and free flow regions.  

 

Stoesser at al. (2009) performed a large eddy simulation for a flow through an idealized 

submerged vegetation. Then, they proposed a scenario similar to the experiments performed 

by Liu et al. (2008) to validate their results, with a ratio between the water depth and the plant 

height of ρȢυ, a stem diameter of φȢσυ ÍÍ and a vegetation density of τωφ ÓÔÅÍÓȾÍ . Their 

results showed that presence of the submerged vegetation produces an additional drag that 

strongly affects the mean longitudinal velocity averaged across the entire cross section, the 

turbulence and the Reynolds stress. In accordance with Huai et al. (2008), they noticed a 

retardation of the mean flow within the submerged layer and an acceleration of the mean flow 

above the canopy. This strong variation in the velocity causes the creation of large coherent 

eddies that affect the free flow up to the canopies until the free surface. In addition, their results 

showed that the inflection point of the mean flow is located at the boundary of the vegetated 

layer and that the maximum Reynolds stress is produced at the same location. This shear stress 

decays rapidly within the vegetation because of the drag force and in a linear way within the 

free flow. In addition, Stoesser at al. (2009) observed a recirculation of the flow at the top of 

Figure 2.7. Vertical profile schemes of longitudinal velocity for submerged vegetated flows for 

sufficient density condition. Red circles represent the generated large-scale eddies. 



A Study on Transverse Mixing in Shallow Flows within Partially Vegetated Channels 
 

 

- 14 - 
Santiago Rojas Arques 

Department of Civil and Structural Engineering 

the vegetation between consecutive stems due to the difference of pressure between the region 

upstream and downstream of a cylinder. When the flow approaches a stem, it is forced out of 

the vegetation layer by the presence of the stems. Then, the flow separates at the free layer and 

re-joins at the top of the cylinder, producing a small recirculation. 

Battiato and Rubol (2014) proposed a two-domain approach to predict the longitudinal 

velocity profile in submerged vegetated flows. Although this model cannot predict the stem 

scale turbulence, it allows the quantification of the mean longitudinal flow velocity over the 

entire depth of a submerged vegetated flow, as well as the momentum transfer over the flow 

depth. They proposed a modified log ς law, similar to those proposed in previous work (Stephan 

and Gutknecht, 2002; Järvela, 2004), but with the novelty of defining all the required 

parameters based on the permeability of the canopy layer. Then, they validated their model 

with experimental data recorded by Ghisalberti and Nepf (2004) and Nepf et al, (2007). This 

model only requires the water depth, the height of the stem vegetation, the channel slope and 

the permeability of the vegetated layer to estimate the rest of parameters, such as the length 

of the shear layer into the vegetated layer, the bulk velocity or the flow rate. Moreover, Rubol 

et al. (2018) used this approach to predict the mean longitudinal flow velocity in submerged 

vegetated flows and compared the results with those recorded by previous work using real 

vegetation (Shi et al., 1995; Nepf and Vivoni, 2000; Baptist, 2003; Wilson et al., 2003; Velasco 

et al., 2008; Righetti, 2008; Shucksmith et al., 2010; Siniscalchi et al., 2012 and Cassan et al., 

2015). Their results fitted with the experimental data and suggest that the most important 

parameters that affects the flow are the vegetation density and the flexibility of stems. 

Guo and Zhang (2016) also proposed an approach to estimate the mean longitudinal 

velocity in submerged vegetated flows using a hyperbolic sine law for the vegetation layer 

combined with a log function for the free flow region. The results were validated against the 

experimental results recorded by Nikora et al. (2013). The Guo and Zhang (2016) approach 

divides the vegetated layer into the near bed region and the canopy region. The first is governed 

by the shear stress produced by the channel bed and the second by the drag force produced by 

stems. For very sparse vegetation scenarios the near bed region is extended until the vegetation 

boundary, producing a variable longitudinal velocity within the stem height; and for very dense 

flows the near bed region becomes negligible and the canopy region is extended until the 

channel bed, producing a constant longitudinal velocity over most of the stem height. 

 Yan et al. (2017) presented a large eddy simulation to predict the flow velocity and the 

scalar transport within submerged vegetated flows. They observed from their results successive 

events of ejection and sweep along the vegetation boundary. This coherent motion was almost 

extended until the water surface in the free flow region, but it decayed rapidly into the 

vegetated region. These results were in accordance with the predicted Reynolds stress 

distribution, which decayed rapidly toward zero bellow the vegetation boundary. Moreover, 

their results showed the presence of important secondary currents in the vertical direction. 

These secondary circulations decreased with the increase of the ratio between the water depth 

and the stem height. Yan et al. (2017) suggested that the secondary currents interfere with the 

velocity at the top of the vegetated layer and enhance the vertical transport, particularly into 

the canopy.  

 Caroppi et al (2018) and Gualtieri et al. (2018) studied the influences of the vegetated 

submergence ratio on the longitudinal velocity distribution in submerged vegetated flows. 

Caroppi et al. (2018) carried out several physical experiments for a fixed solid volume fraction 

(ᶮ πȢπςπ) and four different aspect ratios (ςȢτ, ςȢψ, σȢρ and σȢτ). For all experimental results, 
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they observed the sharp decrease of the longitudinal velocity within the vegetation and the 

presence of a shear layer at the interface between this and the free flow region. Moreover, they 

recorded that the inflection point was located at the vegetated boundary, matching with the 

peak Reynolds stress distribution. Based on their results, Caroppi et al. (2018) conclude that the 

aspect ratio does not significantly affect the flow structure over the range tested, but the 

vegetation density seems to play the major role in the hydrodynamic structure. Gualtieri et al. 

(2018) studied the main flow structure of submerged vegetated flows for high aspect ratios 

(higher than υ). They used conventional flow resistance equations, such as Chezy and Manning 

equations, to predict different submerged vegetated flow scenarios recorded by previous 

research. They conclude that, although these equations are not usually suitable to predict the 

flow conditions, they can fit experimental data for high submergence ratios as the difference 

between a rough bed and a vegetated bed can be considered indistinguishable.  

2.3.2. Partially Vegetated Flows 

In a similar way to submerged vegetated flows, in partially vegetated flows, emergent 

vegetation only covers some areas of the channel. Vegetated banks are one form of partial 

vegetation, where vegetation covers the part of the channel close to the banks of the river, 

allowing free open flow conditions in the centre of the channel. This configuration creates a 

variation of flow resistance along the transverse direction that affects the distribution of the 

longitudinal flow velocity. Nezu and Onitsuka (2002) measured the longitudinal velocity and the 

turbulence in an open channel with half of its width covered by artificial vegetation. The 

transverse profile of longitudinal velocity showed a strong inflected region near the vegetation 

edge and two regions with different primary velocities on either sides (a lower velocity region 

within the vegetation and a higher one in the free open region). This inflection profile matched 

with an increase of the Reynolds stress profile. A well-defined peak was found at the vegetation 

edge, which increased for higher vegetation densities and for higher Froude numbers. Nezu and 

Onitsuka (2002) showed that, due to the shear instability produced by the flow resistance 

differences, horizontal vortices are created in the shear layer between the vegetated and non-

vegetated layers. These instabilities increase in strength for higher densities. In addition, their 

results recorded strong secondary currents in the shear layer, which also increased with Froude 

number.  

White and Nepf (2007) performed experiments with artificial vegetation to record 

velocity and turbulence data for shallow flows with an emergent vegetation patch located at 

one side of the flume. Figure 2.8 has been taken from their work and shows the recorded 

longitudinal velocity and the Reynolds stress within vegetated bank flow. Figure 2.8 (left) shows 

the longitudinal velocity profile normalised by the free open flow for different vegetation 

densities (ɲ πȢπςȟπȢπτυ and πȢρπ). Figure 2.8 (right) shows the Reynolds stress recorded for 

the same flow conditions normalised by the friction velocity. The measurements were taken at 

mid-depth using a Laser Doppler Velocimetry (LDV) and the transversal position of the 

vegetation boundary is referred to ώ  π ÃÍ. The experimental results of White and Nepf 

(2007) plotted in Figure 2.8 show a low velocity region within the vegetation, a region in the free 

flow with higher primary velocity and a shear layer between both, similar to the velocity profiles 

recorded by Nezu and Onitsuka (2002). In addition, the Reynolds stress recorded shows a sharp 

increase within the shear layer and lower values within the vegetated and the free flow regions. 

Moreover, White and Nepf (2007) recorded an inflection point in the longitudinal velocity 

profiles close to the vegetation edge (ώ  π ÃÍ).  
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Based on their experimental results, White and Nepf (2007) defined two different 

lengths within the shear layer. The inner length is defined from the inflection point to the 

constant flow region within the vegetation and relates to the penetration of instabilities into the 

vegetated patch. The outer length goes from the inflection point to the constant free open flow 

and relates to the size of horizontal vortices generated in the shear layer. White and Nepf (2007) 

pointed out that these two lengths were different, showing an asymmetry of the shear layer. 

They related the length scale of the inner region to the vegetated resistance. 

‏   ὅὥ                                                        ὩήȢςȢςψ 

Where ‏  is the length of the inner layer. However, the outer lengths obtained were 

found to be independent of vegetation density, suggesting the small influence of vegetation 

elements in the outer region. In addition, the outer length seemed to be dependent on the water 

depth and the bed roughness, although a clear relationship was not found. In addition, the 

position of the velocity inflection point matched with maximum Reynolds stress recorded for all 

experiments.  

White and Nepf (2008) proposed two expressions to define the transversal profile of 

longitudinal velocity in shear layers generated by partial vegetation. A scheme of this model is 

plotted in Figure 2.9. They ran several experiments using artificial stems to simulate vegetation 

with different vegetation densities and shallow water depths, recording longitudinal velocity 

and shear stress. This data was obtained by measuring instantaneous 2-D velocity components 

with a Laser-Doppler Velocimeter (LDV) at mid-depth.  

They considered four different layers along transversal direction with different 

longitudinal flow velocities. A constant velocity within the vegetation was considered as a 

momentum balance between gravity and the combination of drag and bed resistance (eq. 2.26). 

In addition, a constant longitudinal velocity was considered in the open flow region far from the 

vegetation. This velocity was obtained by a balance between bed resistance and gravity force 

όaŀƴƴƛƴƎΩǎ ŀƴŘ /ƘŜȊȅ Ŝǉǳŀǘƛƻƴǎύ introduced in Section 2.1. 

Within the interface between vegetation and the free open flow region, a high shear 

produces a sharp transition between the vegetated velocity and the faster velocity outside the 

vegetation. White and Nepf (2008) described this velocity profile in the inner region by a 

hyperbolic tangent shear profile. 

Figure 2.8. Normalised longitudinal velocity and Reynolds stress data along transversal direction for 

partially vegetated flow (White and Nepf, 2007). 
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Ὗ  Ὗ  Ὗ  zρ ÔÁÎÈ
ώ  ώ

‏
                             ὩήȢςȢςω 

Where ώ is the position of the inflection point and Ὗ Ὗώ  Ὗ  is the slip 

velocity. They estimated values of ‏ , ώ and Ὗ using a non-linear regression (using the 

aŀǘƭŀō ŦǳƴŎǘƛƻƴ άb[LbCL¢Φaέύ based on their experimental values. The results of White and 

Nepf (2008) showed that the inflection point was located at the vegetation limit except for the 

sparse case (ᶮ πȢπς) where it was located at ώ ςὨ. In addition, their results suggested a 

dependence between  ‏  and the length scale of vegetated drag, with a minimum inner 

length that penetrated at least into the first row of stems. Thus, they suggested the following 

empirical expression to obtain the length of the inner layer. 

‏ ÍÁØὧὅὥ ȟὧὨ                                           ὩήȢςȢσπ 

Where parameters ὧ πȢυ and ὧ ρȢψ were obtained from experimental results. The 

outer layer was considered independent of the inner layer. The size of the shear layer outside 

the vegetation was obtained from the balance between the pressure gradient and the surface 

slope and considering a constant eddy viscosity (White and Nepf, 2007). Thus, the solution 

follows a quadratic function. 

Ὗ  Ὗ  Ὗ  Ὗ ᶻ
ώ ώ

‏
 
ρ

τ

ώ ώ

‏
                 ὩήȢςȢσρ 

 Where ‏  is the length of the outer layer, ώ  is the position at which inner and outer 

slopes match, and Ὗ  Ὗ ώ . Using experimental data, an initial value for ώ  was 

considered and the value of ‏  was obtained using a quadratic regression. This process was 

repeated until the slopes of the inner and outer layers matched at ώ . A scheme with the 

different parameters introduced by White and Nepf (2008) is plotted in Figure 2.9. 

 

Later, Tang et al (2009) and Cheng et al (2010) proposed analytical solutions for partially 

vegetated compound channels. In both cases, authors considered effects from secondary 

currents whereby the transverse velocity gradient of secondary currents and the eddy viscosity 

should be known and introduced into their models. This assumption matched with previous 

results obtained in shear layers generated in compound channels (Huai et al., 2008). However, 

this assumption was not considered in White and Nepf (2007) work, where secondary currents 

were neglected to obtain the mean longitudinal velocity profile, for an experimental range of 

ᶮ πȢπςπȢρ, Ὤ πȢπυυπȢρσω Í and Ὗ πȢπσψςπȢςσωχ Í ÓϳȢ 

Figure 2.9. Scheme of model proposed by White and Nepf (2008). 
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More recently, Meftah and Mossa (2016a and 2016b) proposed a different approach to 

define the longitudinal velocity profile in partially vegetated flows. They ran several experiments 

in an open channel of τ Í width and installed a uniform patch of artificial cylinders in the centre 

of the channel with a length of σ Í, allowing a free flow region at each side between the channel 

wall and the patch. Different vegetated patch widths and water depths were established, and a 

solid volume fraction of  ɲ πȢππςψ was fixed. For each flow condition, the three velocity 

components were recorded for several transverse profiles using an ADV located at mid-depth.  

Their experimental data show that, once the flow enters in the partially vegetated 

region, the flow within the arrays starts to decelerate due to the increase of drag and the flow 

velocity within the unobstructed region starts to increase. These effects continue until the flow 

reaches a point in which both the flow velocity within the obstructed region and within the free 

flow region no longer change in the lengthwise direction and the shear layer produced between 

the two constant layers is completely developed. Experimental results with the same flow depth 

and flow rate, but different contraction ratios (the ratio between the obstructed and the 

unobstructed widths) show that higher velocities were recorded in the free flow region for 

higher ratios, and thus narrower unobstructed widths. These results suggest that in real rivers 

an increase of the contraction ratio could increase the erosion of the riverbanks. Moreover, 

experimental results show that the peak of the Reynolds stress was shifted away from the 

vegetation boundary. This displacement of the maximum Reynolds stress is in accordance with 

that observed by White and Nepf (2008) for sparse vegetation densities. 

 Based on their experimental results, Meftah and Mossa (2016a and 2016b) proposed a 

modified logςlaw to describe the longitudinal velocity profiles within the fully shear layer in the 

outer region (between the free flow region and the inflection point) and a polynomial expression 

to define the shear layer within the inner region (between the inflection point and the vegetated 

velocity region). For these proposed expressions, different physical variables were defined using 

empirical relationships obtained from the experimental data. However, some of the proposed 

parameters were found to be constant, which may not be applicable to other scenarios, (i.e. 

with different vegetation densities).  

 

2.4. Mixing Processes 

Mixing processes are all mechanisms involved when a solute is introduced into a flow 

and it starts to spread out from of the source. The key processes that interact in the transporting 

and spreading of the solute include: 

Advection 

 άAdvection is the bodily movement of a parcel of fluid resulting from an imposed 

currentέ Rutherford, 1994. For a given flow, a tracer injected into it will move downstream with 

a certain velocity, which depends on the velocity of the flow and the buoyancy of the tracer. In 

a scenario with pure advection without any boundary effect, the cloud of tracer would only 

move with the flow, without any mixing. 
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Molecular and Turbulent Diffusion 

If a tracer with no buoyancy is introduced into a stagnant water body far enough from 

any boundary, it will spread out slowly in all directions at the same rate due to random molecular 

ƳƻǘƛƻƴǎΦ ¢Ƙƛǎ ǇǊƻŎŜǎǎ ƛǎ ŎŀƭƭŜŘ ƳƻƭŜŎǳƭŀǊ ŘƛŦŦǳǎƛƻƴ ŀƴŘ Ŏŀƴ ōŜ ŘŜǎŎǊƛōŜŘ ōȅ CƛŎƪΩǎ ŦƛǊǎǘ ƭŀǿΦ 

ὐ  –
‬ὧ

‬ὼ
                                                             ὩήȢςȢσς 

Where ὐ is the mass flux (in this case in the ὼ direction), ὧ is concentration and – is the 

molecular diffusion coefficient. 

 However, in most rivers flow is characterised by high Reynolds number and is fully 

turbulent apart from a small area close to boundaries. When flow is turbulent, the velocity at 

each spatial point exhibits random fluctuations in time with respect to the time-averaged 

velocity. These fluctuations increase local concentration gradients by shearing the flow and 

hence increasing the molecular diffusion. This process is called turbulent diffusion and it can be 

defined as the accelerated process of molecular diffusion due to the shearing of flow in 

turbulence regimes. 

Shear Dispersion 

In a flow with no obstacles, transversal and vertical profiles of longitudinal velocity are 

not constant due to resistance from channel boundaries (Section 2.1). Thus, the tracer near the 

banks and bed will travel slower than the tracer in the centre of the channel. If an initial 

transversal line of tracer is considered as it is shown in Figure 2.10, this effect mentioned will 

cause the tracer to take a non-linear shape due to differences in longitudinal velocity. As a result, 

the transverse concentration gradient increases, promoting transverse mixing. Shear dispersion 

can be defined as the spreading of tracers due to velocity gradients on the flow velocity profiles 

(Rutherford, 1994). This effect is produced in both transversal and vertical directions, although 

in most open channel flows the transversal velocity shear is greater than the vertical shear as 

higher velocity gradients are produced (Fischer, 1967).  

 

In order to define a governing equation for mixing in open channels, a laminar flow 

condition is first considered. In this flow, there is no diffusion produced by turbulence so only 

ƳƻƭŜŎǳƭŀǊ ŘƛŦŦǳǎƛƻƴ ŘŜŦƛƴŜŘ ōȅ CƛŎƪΩǎ ŦƛǊǎǘ ƭŀǿ όeq. 2.32) and advection affect mixing. Considering 

a body of fluid moving with the flow and a solute passing through it, both molecular diffusion 

and advection processes can be combined by considering conservation of mass as: 

Figure 2.10. Plan view scheme of shear dispersion effect. 
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‬ὧ

‬ὸ
 
‬ὐ

‬ὼ
π                                                            ὩήȢςȢσσ 

/ƻƳōƛƴƛƴƎ ǘƘƛǎ Ŝǉǳŀǘƛƻƴ ǿƛǘƘ CƛŎƪΩǎ ŦƛǊǎǘ ƭŀǿ όeq. 2.32) 

‬ὧ

‬ὸ
 
‬

‬ὼ
–
‬ὧ

‬ὼ
π                                                      ὩήȢςȢστ 

Assuming that mixing is constant along the distance ὼ 

‬ὧ

‬ὸ
  –

‬ὧ

‬ὼ
                                                            ὩήȢςȢσυ 

Eq. 2.35 is known as the diffusion equation and defines the transport of a solute by a 

Fickian diffusion process. This expression can be applied to an open channel flow element by 

considering a steady laminar flow and defining it for all three orthogonal directions. For each 

direction, the total flux can be defined as: 

ὐ όὧ –
‬ὧ

‬ὼ
                                                         ὩήȢςȢσφ 

ὐ ὺὧ –
‬ὧ

‬ώ
                                                         ὩήȢςȢσχ 

ὐ ύὧ –
‬ὧ

‬ᾀ
                                                         ὩήȢςȢσψ 

Where the components όὧ, ὺὧ and ύὧ represent the advection process for each 

direction. In addition, the mass variation of solute can be defined as: 

‬ὧ

‬ὸ
ЎὼЎώЎᾀ                                                              ὩήȢςȢσω 

The total flux (ὝὊ) in each coordinate direction can be defined as. 

ὝὊ  
‬ὐ

‬ὼ
ЎὼЎώЎᾀ                                                     ὩήȢςȢτπ 

ὝὊ  
‬ὐ

‬ώ
Ўώ ЎὼЎᾀ                                                    ὩήȢςȢτρ 

ὝὊ  
‬ὐ

‬ᾀ
ЎᾀЎὼЎώ                                                     ὩήȢςȢτς 

Considering that the total flux produced in all directions must be equal to the mass 

change of the solute within the fluid element. 
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If expressions in eq. 2.36, 2.37 and 2.38 are combined and molecular diffusion is 

considered uniform in all coordinates. 
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Eq. 2.44 is the advection diffusion equation and predicts the concentration of a 

conservative solute within laminar flow conditions at any position if the molecular diffusion 

coefficient is known. 

However, most of flows in rivers and channels have a turbulence regime and hence 

turbulent diffusion must also be considered. Taylor (1921) analysed theoretically the spreading 

of a cloud of tracer particles in a stationary homogeneous turbulence field. In this analysis, a 

coordinate system in which the origin moves with the cloud was considered and the mixing 

process was studied.  This analysis shows that, after a time Ὕ from the injection of the tracer, 

ǘƘŜ ǾŀǊƛŀƴŎŜ ƻŦ ǘƘŜ ŎƭƻǳŘ ƛƴŎǊŜŀǎŜǎ ƭƛƴŜŀǊƭȅ ǿƛǘƘ ǘƛƳŜ ŀƴŘ CƛŎƪΩǎ ƭŀǿ Ŏŀƴ ōŜ ŀǇǇƭƛŜŘ ǘƻ ǘǳǊōǳƭŜƴǘ 

flows. Thus, by analogy based on ¢ŀȅƭƻǊΩǎ ŀƴŀƭȅǎƛǎ ǘƘŜ ǘǳǊōǳƭŜƴǘ ŘƛŦŦǳǎƛǾŜ ŦƭǳȄ Ŏŀƴ ōŜ ŘŜǎŎǊƛōŜŘ 

as. 

ὐ όὧ Ὡ
‬ὧӶ

‬ὼ
                                                     ὩήȢςȢτυ 

ὐ ὺὧ Ὡ
‬ὧӶ

‬ώ
                                                     ὩήȢςȢτφ 

ὐ ύὧ Ὡ
‬ὧӶ

‬ᾀ
                                                     ὩήȢςȢτχ 

Where Ὡ, Ὡ and Ὡ are the turbulent diffusion in each direction and ὧӶ denotes the 

temporally averaged concentration. Using the same steps as followed for the advection diffusion 

equation for laminar flows, the following equation can be obtained. 
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In this equation both molecular diffusion and turbulent diffusion are described. 

However, in turbulent flow molecular diffusion is negligible compared with turbulent diffusion 

(turbulent diffusion is of the order of ρπ Í Óϳ, whereas the molecular diffusion is typically 

ρπ Í Óϳ). Thus, either if molecular diffusion is neglected or if it is considered into the 

turbulent diffusion term, eq. 2.48 becomes: 
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Where ὅ  ὧӶ and Ὀ , Ὀ  and Ὀ are the longitudinal, transversal and vertical mixing 

coefficients respectively. This is the general three-dimensional Advection ς Diffusion Equation 

(ADE) conventionally used (Rutherford, 1994). However, this equation requires a lot of 

information about the velocity and mixing coefficients and in most practical cases, eq. 2.49 can 

be simplified depending on the scenario studied. 

In most real rivers, the channel width is greater than the water depth. With this 

consideration, three different zones can be defined. If an instantaneous point source is 

considered, the region just downstream is considered as the near field. In this region the tracer 

is mixed in all three directions and the full 3-D equation is required (Rutherford, 1994). As the 

water depth is smaller than the channel width, the concentration becomes well mixed first in 

the vertical direction. The mid field is the region where the concentration gradients in the 

vertical direction are negligible. Thus, the equation can be averaged over the depth, neglecting 

vertical components and becoming a 2D equation, where both transverse and longitudinal 

mixing components are studied.  
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Finally, in the far field the tracer becomes well mixed also transversally, and eq. 2.49 can 

be simplified into a 1D form where only the longitudinal components are studied. In addition, if 

the problem assumes a steady source rather than an instantaneous one, time dependant 

elements can be removed and hence longitudinal components can be neglected for each field 

explained previously. Therefore, after fully cross sectional mixing, concentration at each point 

in time and space becomes uniform. 

2.4.1. Vertical Mixing 

In rivers, the main mechanism that promotes vertical mixing is turbulence generated by 

velocity shear at the channel bed. In a wide open channel flow, where effects from walls are 

negligible, the vertical mixing coefficient depends on the turbulence generated by the channel 

bed. Reynolds analogy defines the vertical mixing as a function of the eddy viscosity (‐): 

Ὀ Ὓὧ‐                                                                ὩήȢςȢυπ 

Where Ὓὧ is the Schmidt number. While a universal value for this parameter has not 

been found, it is commonly assumed that by analogy between momentum and mass transport 

(Prandtl analogy) Ὓὧ ρ. However, Gualtieri et al. (2017) reviewed different values of Schmidt 

number obtained from previous work. They noticed that most of the discussed work proposed 

a Ὓὧ value between πȢρ and ρ (Arnold et al., 1989; Lin and Shiono, 1995 and Simoes and Wang, 

1997), although results from sediment-laden open channel flows suggest a value of Ὓὧ between 

ρȢτ and ςȢρ. Djordjevic (1993) presented a mathematical model for transport processes 

validated with his own experiments, obtaining a Ὓὧ ρ, same result as that obtained by Simoes 

and Wang (1997) for the vertical mixing. Finally, Gualtieri et al. (2017) obtained a value of Ὓὧ

ρȢσ to best predict the transverse mixing in a rectangular open channel flow.  

If a value of Ὓὧ ρ is taken for neutrally buoyant tracers (Rutherford, 1994) Shear stress 

(eq. 2.21) can be considered as  

†  ”όᶻ ρ
ᾀ

Ὤ
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ὨὟ

Ὠᾀ
                                             ὩήȢςȢυρ 

Substituting eq. 2.50 into eq. 2.51. 
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                                                      ὩήȢςȢυς 

Assuming the vertical profile of longitudinal velocity follows a logarithmic law (eq. 2.10). 

Ὀ  ‖όᶻᾀρ
ᾀ

Ὤ
                                                      ὩήȢςȢυσ 

Finally, Jobson and Sayre (1970) suggested that vertical concentration profiles are not 

sensitive to the vertical variation of Ὀ and hence they defined the overall vertical mixing 

coefficient over the water depth as. 

Ὀ
‖

φ
Ὤόᶻ  πȢπφχὬόᶻ                                                  ὩήȢςȢυτ 

The distance needed for a tracer to become vertically well mixed depends on the water 

depth, the vertical mixing coefficient and the location of the source (Rutherford, 1994). 
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ὒ πȢρστ
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                                                    ὩήȢςȢυυ 

ὒ ὒ πȢυσφ
ὟὬ

Ὀ
                                           ὩήȢςȢυφ 

Where U is the depth-averaged longitudinal velocity, ὒ  is the distance needed for 

the solute to become vertically well mixed if the point source is located in the middle of the 

water depth, and ὒ   and ὒ  are the distance if the injection point is located at the 

bottom depth or at the surface respectively (Rutherford, 1994).  

2.4.2. Transverse Mixing 

For a steady-state injection (‬ὅ‬ὸϳ π) of a homogeneous vertical line of solute, the 

vertical concentration gradient becomes negligible and thus the vertical mixing component can 

be neglected. Therefore, the ADE can be considered as a depth-averaged process. 

ό
‬Ὤὅ

‬ὼ
 ὺ
‬Ὤὅ

‬ώ
 
‬

‬ὼ
ὬὈ
‬ὅ

‬ὼ
 
‬

‬ώ
ὬὈ
‬ὅ

‬ώ
                          ὩήȢςȢυχ 

If a straight channel is considered, transverse mean velocity is negligible compared with 

the longitudinal component. In addition, the steady-source injection produces a constant rate 

of solute injected into the flow and hence the longitudinal mixing component can be neglected 

(Rutherford, 1994). 
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                                                   ὩήȢςȢυψ 

Under the assumption of all constant longitudinal velocity, water depth and transverse 

mixing coefficient along the spanwise direction, eq. 2.58 can be solved as: 

ὅὼȟώ  
ὓ

Ὤ τ“ὈὟὼ
Ὡὼὴ

Ὗώ ώ

τὈὼ
                              ὩήȢςȢυω 

Where ώ  is the transversal location of the injection and ὓ is the injection rate. Solute 

transversal profiles under eq. 2.59 exhibit a Gaussian shape. Transverse mixing becomes 

especially important in scenarios where the injection can be considered continuous and 

longitudinal processes can be neglected. In most wide channels, the velocity gradient is assumed 

to be zero in the centre of the channel and thus eq. 2.52 cannot be resolved. 

Different methods have been proposed to determinate the transverse mixing 

coefficients (Baek and Seo, 2016). A widely used method for the calculation of transverse mixing 

coefficient is the moment-based method. This method is based on the growth in the streamwise 

direction of the second moment (variance) of the concentration data. Sayre and Chang (1968) 

proposed an expression to calculate the transverse mixing coefficient under steady-state 

conditions by assuming a linear increase of variance with distance.  

Ὀ  
Ὗ

ς

Ὠ„

Ὠὼ
                                                            ὩήȢςȢφπ 

Where „ is the variance of the transversal solute profile and therefore Ὠ„ Ὠὼϳ  is the 

variation of variance along the channel length. This variance was obtained using the standard 

method of moments (Rutherford, 1994) for each transversal concentration profile. 
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ὓ  ὅ Ὠώ                                                          ὩήȢςȢφρ 
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ὓ  ὅ Ὠώώ                                                      ὩήȢςȢφσ 
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ὓ
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ὓ

ὓ
 •                                             ὩήȢςȢφυ 

Where ὅ is the concentration value at each spanwise position ώ. However, when this 

method is used, errors in the calculation of the transverse mixing coefficient are susceptible to 

be produced. These errors may be produced as the transverse mixing coefficient is obtained 

from evaluating the rate of change of the variance of the concentration profiles. This rate is quite 

sensible to the accurate identification of the end of the concentration profile tails, and thus the 

άŎǳǘ ƻŦŦέ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ŘŜƭƛƳƛǘŀǘŜ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƭŜǾŜƭǎ ŦǊƻƳ ǘƘŜ 

instrumentation noise critically affects the variance evaluation (Shucksmith, 2008; Baek and 

Seo, 2016). 

The use of optimization procedures improves the accuracy obtaining of the mixing 

coefficients by eliminating the errors produced in the variance calculation. These procedures are 

based on the comparison of experimental concentration data with those predicted using any 

equation or set of equations that properly describe the behaviour of the pollutant plume under 

certain conditions (e.g. eq. 2.59). Boxall (2000) and Dennis (2000) suggested that using these 

optimization procedures the dependence of mixing coefficient results on the cut off level chosen 

becomes relatively insensitive. Moreover, Boxall (2000) argued that a cut off level up to a ρπ Ϸ 

of the peak concentration value can still produce accurate mixing coefficients using these 

optimization procedures. More complex methods rely on fitting models of various complexity 

to data and calibrating the transverse mixing coefficient directly, such as the Computational 

Fluid Dynamics (CFD) models, which use numerical methods and algorithms to solve fluid 

dynamics problems (Sonnenwald et al., 2019, Ghani et al., 2019). These solutions require a high 

computational capacity and they typically require the use of experimental data for their 

validation.  

Webel and Schatzman (1984) ran several experiments in a straight channel to measure 

transverse mixing coefficients. The solute was injected in the centre of the channel and results 

showed that for a width-depth ratio large enough (ὡ Ὤϳ υ) to avoid any effect of the wall-

shear zone in the plume, the transverse mixing coefficient is independent of ὡ Ὤϳ . In addition, 

for ὡ Ὤϳ υ their results suggested a constant dimensionless transverse mixing value of 

Ὀ Ὤόᶻ πȢρσϳ  in straight, uniform and rectangular channel flows. 
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Rutherford (1994) collected and compared several previous research data of transverse 

mixing in natural straight channels and concluded that the value seems to be around. 

πȢρυ
Ὀ

Ὤόz
πȢσ                                                        ὩήȢςȢφφ 

However, this range of values is affected by variations in both geometry (meanders) and 

flow field (secondary currents). In meandering channels, experimental transverse mixing results 

collected by Rutherford (1994) seemed to fall in the range: 

πȢσ
Ὀ

Ὤόz
πȢω                                                         ὩήȢςȢφχ 

Moreover, for strong curved channels transverse mixing coefficients found are higher. 

ρȢπ
Ὀ

Ὤόz
σȢπ                                                         ὩήȢςȢφψ 

Chau (2000) ran several experiments in straight channels using different bed roughness 

and flow conditions and used a continuous injection of dye located in the centre of the channel 

width. Average dimensionless transverse mixing coefficient obtained for all conditions was 

Ὀ Ὤόᶻ πȢρψϳ , with an error band of ρυ Ϸ. 

 Lau and Krishnappan (1977) studied transverse mixing in straight laboratory channels 

and they suggested that coefficients are affected by the ratio between water depth and width. 

However, Webel and Schatzmann (1984) argued that this assumption is only valid for small 

ratios and they concluded that the most important factor in straight channels is the turbulent 

diffusion. Shiono and Feng (2003) studied both rectangular and compound channels to study 

the effect of secondary currents. They suggested that for weak secondary currents found in 

rectangular channels (with secondary current vectors below ρ Ϸ of the main flow), turbulent 

diffusion is the main factor that affects transverse mixing processes. However, in compound 

channels, secondary currents become more important (with secondary current vectors around 

τ υ Ϸ of the main flow), and they strongly affect the transverse mixing processes. These 

secondary currents are also produced in channels with a high sinuosity, increasing the overall 

transverse mixing coefficient (eq. 2.68) and producing a displacement of the position of the 

concentration peaks and a skew in the concentration distribution (Shiono and Feng, 2003). 

 

2.5. Transverse Mixing within Emergent Vegetation 

As explained in Section 2.2, vegetation reduces velocity by increasing drag resistance. 

In the same way, the dominant turbulent length scale is also reduced from that produced in 

open channels (no vegetation) to the smaller of the stem diameter (Ὠ) or the mean distance 

between stems (Tanino and Nepf, 2008b). 

Nepf et al. (1997) measured transversal mixing in vegetated flows using artificial 

emergent cylinders as vegetation. Their results showed that for ὙὩ ςππ diffusivity in 

vegetated flows increased compared with non-vegetated scenarios with the same flow velocity. 

Nepf (1999) described diffusion within vegetation as a combination of two processes: turbulent 

diffusion produced by stem-scale vortices created by vegetation and mechanical diffusion 

produced by tortuosity paths that the solute follows through between the stems. Her results 

showed a decrease of diffusivity within emergent vegetated flows compared with non-
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vegetated flows with the same water depth. Nepf (1999) argued this decrease is related to the 

decrease of eddy size produced by stems although the turbulence intensity may increase. This 

is in accordance with experimental results obtained by De Serio et al. (2018), who used artificial 

rigid emergent cylinders in a row distribution, and measured turbulent intensities and dispersion 

coefficients at different positions within the vegetation.  

  Tanino and Nepf (2008a) studied the relationship between transverse mixing and 

vegetation density by running several tests using random artificial arrays and different stem 

densities from ɲ πȢπρπȢσυ for high stem-scale Reynolds numbers (ὙὩ ςυπ). Their 

results are shown in Figure 2.11, where the experimental results are plotted in addition to the 

proposed expression for the net lateral dispersion and the corresponding dispersions produced 

by each phenomenon (turbulent diffusion and heterogeneous velocity). Tanino and Nepf 

(2008a) suggested a rapid increase of the dimensionless transverse mixing (Ὀ Ὗ Ὠϳ ) for 

densities between ɲ π πȢπσρ. However, for denser vegetation the dimensionless 

transverse mixing decreases for values between ɲ πȢπσρπȢς. Finally, for the densest cases 

(ᶮ πȢς πȢσυ), the transverse mixing increases again, although this trend is more gradual 

than for sparse cases.  

 

Nepf (2012) argued that for densities smaller than ɲ πȢρ turbulent diffusion is the 

dominant effect on transverse mixing, whilst for higher densities ɲ πȢρυ or for vegetated 

flows without turbulence (ὙὩ ρππ) mechanical diffusion is the main contributor. Two 

different expression were proposed, consistent with previous studies (Nepf et al., 1997, Nepf, 

2004, Tanino and Nepf, 2008a), to describe transverse mixing in emergent vegetated flows: 

Ὀ πȢςὟ Ὠ                                            ὭὪ ɲ πȢρ                                               ὩήȢςȢφω 

Ὀ Ὗ ὥὨ                                              ὭὪ ɲ πȢρυ έὶ ὙὩ ρυπ           ὩήȢςȢχπ 

However, previous studies suggested a large variability in transverse mixing results 

within emergent vegetation. One of the factors that results in this variability is produced by the 

random distribution of vegetation stems, which affects the creation of turbulence structures 

Figure 2.11. Dimensionless transverse mixing coefficients versus vegetation density (Tanino and Nepf, 

2008a). 
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within the vegetated flow, and thus the mixing processes. Whilst the periodic distance between 

stems for staggered configurations generated periodic turbulence structures (Meftah and 

Mossa, 2013), in random vegetation the variation of space between stems produces a 

breakdown of these structures and thus affects the local transverse mixing. This effect is also 

noticed in the experimental results of Serio et al. (2018). Their results showed that different 

turbulent length scales and dispersion coefficients were obtained depending whether the data 

was measured between two consecutive stems in the flow direction or within the free corridors 

allowed between rows. Therefore, different transverse mixing may be expected between row, 

staggered and random vegetation distributions (Sonnenwald et al., 2017). This fact was also 

discussed by Sonnenwald et al. (2017), who compared different results from previous 

researchers (Nepf et al., 1997, Nepf, 1999, Serra et al, 2004 and Tanino and Nepf, 2008a) as 

well as results obtained from their own experiments. They discussed the variability of the 

dimensionless transverse mixing coefficient (Ὀ Ὗ Ὠϳ ), showing that although the model 

proposed by Nepf (2012) is the most accurate, significant variability is found between results 

from other experiments and those predicted by this model under the same flow and vegetation 

conditions. 

 

2.6. Mixing in Vegetated Shear Layers 

As explained in Section 2.3, shear layers are characterised by two co-flowing layers with 

different main flow velocities, creating a velocity gradient between both flow layers and thus a 

shear layer characterised by coherent eddy structures. Therefore, mixing coefficients cannot be 

considered constant within the shear layer. 

Ghisalberti and Nepf (2005) studied the vertical variation of vertical mixing along a 

shear layer produced by submerged artificial stems. They conducted repeated experiments with 

the same water depth but with different vegetation densities, producing an increasing shear 

layer velocity gradient with increasing stem density. They first applied a two-box model to study 

the exchange coefficient between vegetated and free open flow layers. Their results show that 

for a given mean flow, the exchange coefficient increases for higher stem densities due to the 

increase of eddy intensity, obtaining a vertically well-mixed profile more rapidly. They also 

applied a flux-gradient model to study vertical variability of vertical mixing coefficient along the 

full water depth. This model assumes that the mass of solute upstream of the control volume 

(ὃ) must be equal to the mass of solute downstream of the control volume (ὄ) plus the mass 

flux produced in the vertical direction in the control volume.  

Ὀ ᾀ  
Ў᷿ὟὅὨᾀ

Ўὼộ‬ὅ‬ᾀỚ
                                                    ὩήȢςȢχρ 

Where ộỚ denotes a longitudinal average between ὃ and ὄ (ộ‬ὅ‬ᾀϳ Ớ ‬ὅ‬ᾀϳ

 ‬ὅ‬ᾀϳ Ⱦς). Their results are shown in Figure 2.12, where data for each vegetation density 

shows a significant variability of vertical mixing coefficient along the shear layer, achieving a 

maximum value close to the top of vegetation (dash line) at the location of maximum Reynolds 

stress. These results were scaled by the velocity increase (ЎὟ) and the length of the shear layer 

 suggesting that transport within shear layers can be characterised by properties of the ,(ȢȢȢ‏)

shear layer. In addition, Ghisalberti and Nepf (2005) stated two constrain criteria (ὅὶ and ὅὶ) 

to identify the regions of applicability of this model, described in eq. 2.72 and 2.73 respectively.  
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Rubol et al. (2016) proposed a semi-empirical model to estimate the variable vertical 

mixing in submerged vegetated flows. The mean velocity was estimated using the model 

proposed by Battiato and Rubol (2014), which only requires the value of the permeability of the 

vegetation and the stem height. Based on their results, Battiato and Rubol (2014) suggested 

that the increase of the vegetation density, and thus the increase of the velocity shear, produces 

an increase of the asymmetry of the concentration profile. Moreover, they observed that an 

increase of the vegetation density enhances the vertical mixing, reducing the peak concentration 

of the plume. Battiato and Rubol (2014) concluded that the most important parameter that 

controls the solute mixing, its asymmetry and the decrease of the peak concentration is the 

permeability of the vegetated layer. In addition, Rubol et al. (2016) used the experimental 

results obtained by Ghisalberti and Nepf (2005) to validate their model. The vertical mixing 

coefficients were obtained by fitting the experimental concentration data to their proposed 

model. Their results suggest that a constant value of the vertical mixing coefficient may be 

accurate enough to reproduce the concentration profiles through and over submerged 

vegetated flows for dense vegetation. They obtained a constant vertical mixing coefficient of 

Ὀ ρȢω ÃÍȾÓ for the first concentration profile that increased for downstream profiles until 

reaching a constant value of Ὀ τȢυ ÃÍȾÓ. These values agree with the overall vertical mixing 

obtained by Ghisalberti and Nepf (2005) and with those results obtained by Termini (2019), 

who obtained an overall vertical mixing of Ὀ υ ÃÍȾÓ for submerged vegetated flows with a 

vegetation density ɲ πȢρσυ. 

Figure 2.12. Dimensionless variable vertical mixing coefficient within shear layer in submerged 

vegetated flows (Ghisalberti and Nepf, 2005). 
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Variable mixing coefficients were also studied in shear layers generated in compound 

channels.  Zeng et al. (2008) studied eddy viscosity in a compound channel. They measured 

instantaneous longitudinal and transversal velocity component using a 2D Laser Doppler 

Anemometry (LDA) along the spanwise direction. From this data, turbulent velocity was 

obtained and eddy viscosity was calculated using the analogy between the Reynolds stress and 

the viscosity shear stress. 

‐  
όὺ

‬Ὗ
‬ώ

                                                           ὩήȢςȢχτ 

The eddy viscosity results were averaged for each sub section (the main channel, the 

floodplain and the side slope between them). In addition, they injected Rhodamine WT 

constantly and ten transversal tracer profiles were measured by sample tubes connected to a 

fluorometer. Three different injection locations were considered along the spanwise direction 

to record tracer concentrations along each subsection, and a constant transverse mixing 

coefficient was obtained for each sub-section using eq. 2.59. Results suggested an increase of 

transverse mixing processes within the side slope between the two channel sub-sections. 

 From the same study, Guymer and Spence (2009) studied the longitudinal velocity and 

the variable transverse mixing coefficient in compound channels. Profiles of longitudinal velocity 

along the channel width presented a similar shape to those obtained in previous studies for 

partially vegetated flows (Knight and Shiono, 1996). The longitudinal velocity results showed a 

velocity shear layer between two constant velocity regions and an inflection point located at the 

edge between the floodplain and the side slope. The transverse mixing coefficients were 

obtained using the generalized change of moment method proposed by Holley et al. (1972), 

which relates the variation of the transverse mixing coefficient with the longitudinal rate of 

change of mass flux variance. The variation of the variance between consecutive transverse 

concentration profiles was studied by assuming three sections with different transverse mixing 

coefficient (the main channel, a region on the floodplain far from the slope and sloping the 

region between them). Results suggested an increase of the transverse mixing coefficient for 

the region located at the side slope, matching with the increase of the Reynolds stress. However, 

the generalised change of moment method accounts for the variance of narrow portions of the 

concentration profiles. This parameter is quite sensitive to the values of concentration at each 

position, and thus small errors or variations in the measurement of the concentration profile 

may produce high variations in the variance. Moreover, as it was discussed in Section 2.4.2, the 

variance obtained from the concentration profiles is quite sensible to the cut-off level applied 

to the profiles, and thus errors in the calculation are susceptible to be produced. 

 Besio et al. (2012) ran several experiments to measure variable transverse mixing 

coefficients in compound channels by injecting the solute in the main channel or in the 

floodplain. From these experiments, they calculated different constant transverse mixing 

coefficients for the main channel and the floodplains respectively. Their results suggest a 

dependence between constant transverse mixing coefficients and depth ratio between the main 

channel and the floodplain. Results showed high transverse mixing coefficients for higher depth 

ratios and a decrease of the coefficients when the depth ratio became close to ρ. This trend 

suggests a dependence between the increase of the overall transverse mixing processes and the 

increase of the longitudinal flow velocity gradient between the main channel and the floodplain. 
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Tabatabei et al. (2013) measured constant values of transverse mixing coefficients in 

channels with dunes introduced into the bed. They ran different experiments with and without 

vegetation at the channel walls to study the variation of the overall transverse mixing with the 

presence of riparian vegetation. This riparian vegetation was located at each channel wall with 

a water depth range of ςψ ɀ σφ ÃÍ and a mean longitudinal velocity flow range of ςτ

ςτȢψχ ÃÍȾÓ. Instantaneous longitudinal, transversal and vertical velocity components were 

recorded for each test. Their results showed an increase of the overall transverse mixing 

coefficient if the riparian vegetation was installed at both sides of the channel.  

West (2016) studied variable transverse mixing coefficients in channels with vegetation 

at one bank using both artificial and real vegetation. The vegetated bank of artificial vegetation 

was designed using two different vegetation densities (ᶮ πȢπς and ɲ πȢππυ). In the same 

way, two different scenarios were studied using real vegetation. For these cases, Cattail reeds 

(typha) were cultivated in winter and summer seasons to study real vegetation at two different 

stages. Real vegetation presented a non-homogenous distribution over the vegetated bank with 

an average vegetation density of ᶮ πȢπρς and ɲ πȢπσχ for the winter and summer stages 

respectively. 

 The applicability of the flux gradient model proposed by Ghisalberti and Nepf (2005) 

(eq. 2.71) was studied considering the constraint criteria defined in eq. 2.72 and 2.73, and using 

new experimental data. Experimental data recorded for the lowest, artificial vegetation density 

(ᶮ πȢππυ) was fitted for both upstream and downstream concentration profiles with a 3rd 

order Gaussian distribution. The constraint criteria were applied to the fitted concentration 

profiles within the shear layer and the regions where the flux gradient model cannot be applied 

were studied. First, two small violating regions close to the maximum concentration were 

observed. These two regions were attributed to differences in the sign of the concentration 

gradients. These regions produced a discontinuity between the regions where the criteria were 

not violated, resulting in a transverse mixing profile with a reduced physical meaning. In 

addition, two violating regions were observed at the tails of the concentration profiles, these 

regions being wider than those obtained at the peak of concentration profiles.  

Moreover, West (2016) noticed that the violating regions influenced the estimation of 

the transverse mixing coefficients within the non-violating regions, distorting the  Ὀ ώ profile. 

Furthermore, the flux gradient model cannot be used in those regions where there is a change 

in the concentration gradient sign from upstream to downstream concentration profiles, and 

thus the model produced unreliable values of Ὀ ώ in the vicinity of the shear layer. As a result, 

the flux gradient model cannot be certified as an accurate method to quantify a variable 

transverse mixing coefficient profile in partially vegetated flows. Therefore, West (2016) 

proposed a Finite Difference Model (F.D.M.) to simplify the ADE for a steady-source and 

considering a vertically well-mixed concentration profile. 

ὟώὬώ
‬ὅὼȟώ

‬ὼ
 
‬

‬ώ
ὬώὈ ώ

‬ὅὼȟώ

‬ώ
                            ὩήȢςȢχυ 

Steps considered for the F.D.M. are further described in Section 2.6.1. An optimization 

routine was performed in order to obtain the variable transverse mixing profiles Ὀ ώ that 

maximised the fit between the predicted concentration profiles and the experimental 

concentration profiles. However, in order to reduce computational demand and to give a 

physical meaning to the variable Ὀ ώ, West (2016) proposed some initial shapes of Ὀ ώ 

based on results obtained by Ghisalberti and Nepf (2005), and Guymer and Spence (2009).  
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Three different shapes were proposed by West (2016) as shown in Figure 2.13, including 

two constant transverse mixing layers within the vegetation and in the free open flow 

respectively, a triangular transverse mixing profile and a Gaussian transverse mixing profile. For 

the last two types of profile, results obtained based on the optimization showed a peak of Ὀ  

within the shear layer. The length of variable transverse mixing region was fixed using the shear 

layer length (‏ ‏  ).  

 

Results obtained by West (2016) by assuming two constant Ὀ  regions (Figure 2.13 a) 

showed a trend between the increase of the overall Ὀ and the increase of the velocity 

difference (ЎὟ  Ὗ  Ὗ ). These results agree with previous results obtained by 

Ghisalberti and Nepf (2005) for submerged vegetation and those obtained by Zeng et al. (2008), 

Guymer and Spence (2009) and Besio et al. (2012) in compound channels as explained 

previously in this section. 

For the results obtained by assuming the triangular and the Gaussian shapes, the 

optimization routine was designed to find the maximum transverse mixing value (Ὀ ) and its 

position. The results for the variable Ὀ ώ profile agreed with previous results, with better fits 

between predicted and experimental concentration profiles. For all different flow conditions, an 

increase of the transverse mixing coefficient was obtained within the shear layer, with a 

Ὀ  Ὀ . This maximum value seems to increase for higher vegetation density and 

velocity differences for artificial vegetation cases, although a clear relationship was not found 

for all conditions tested. However, the maximum transverse mixing obtained for real vegetation 

tests laid within the range of those obtained for artificial vegetation, even when higher densities 

were considered for real vegetation experiments. In addition, although slightly higher maximum 

transverse mixing coefficients were obtained for the summer season compared with the winter 

season for triangle shapes, higher Ὀ  values were obtained for winter seasons using the 

Gaussian shape. In addition, the position of Ὀ  was expected to be found close to the 

vegetation edge, matching with the location of peak turbulence as found by Ghisalberti and 

Nepf (2005). This match was observed for results obtained by assuming the triangular shape, 

where position of Ὀ  matched with the limit of the vegetated region for both artificial and 

Figure 2.13. Schemes of $ Ù proposed by West (2016). 
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real vegetation tests. However, for results obtained by assuming the Gaussian shape, the 

position of Ὀ  for sparse artificial vegetation density (ɲ πȢππυ) seemed to be moved 

πȢρςρ Í to πȢρττ Í further from the vegetation boundary, although no trend was found in this 

displacement. No displacement of the Ὀ  value was observed for the dense artificial 

vegetation case. However, a different behaviour was observed for real vegetation cases, where 

a displacement of the Ὀ  value was observed for both densities, being higher for denser 

scenarios (πȢπχς Í for the winter season and πȢπωυ Í for the summer season respectively). 

Finally, the best fit between predicted and experimental concentration profiles were 

obtained by assuming the Gaussian shape. A higher correlation was obtained for artificial 

vegetation (Ὑ πȢωρρψ and Ὑ πȢωχπς for high and low density respectively) than for those 

obtained for real vegetation, where a high correlation was obtained for the winter season (Ὑ

πȢωφπσ) but a low correlation was obtained for the summer season (Ὑ πȢρπρς). This poor 

correlation for summer real vegetation was attributed to the split of the peak concentration into 

two local peaks, which was translated across the length of the channel. West (2016) argued that 

the presence of local peaks in the concentration profiles were produced as a result of the 

heterogeneous stem distribution of the real vegetation. This heterogeneous distribution 

produces a poorly defined vegetation limit with the free flow region. Therefore a more complex 

longitudinal velocity profile within the shear layer is produced, which induces the presence of 

local concentration peaks. 

Later, West et al. (2020) studied the sensitivity of the results obtained by this model to 

possible numerical errors caused by the spatial discretization. In addition, they compared the 

results with those obtained by two analytical solutions proposed by Rutherford (1994) and Kay 

(1987) to test the model. Results show an independence of the grid scale and a successfully 

reproduction of 2D concentration distributions compared with those obtained by the analytical 

solutions. Moreover, West et al. (2020) proposed a skewed-Gaussian shape to describe the 

variable transverse mixing profile within the shear layer. They assumed that the maximum 

transverse mixing coefficient value (Ὀ ) is achieved at the vegetation boundary and that two 

constant transverse mixing values are achieved within the vegetation and in the free flow region 

at large distances from the vegetation boundary. They used the same optimization routine and 

experimental results as West (2016). However, no trend was found in the variation of the Ὀ  

with the vegetation density. 

2.6.1. Finite Difference Model Analysis 

A Finite Difference Model (F.D.M.) was proposed by West (2016) for those scenarios in 

which the longitudinal velocity and the transverse mixing coefficient should be considered 

variable in the spanwise direction Ὀ ώȟὟώ . The governing equation used for the F.D.M. 

was obtained from the ADE equation by considering a steady source injection ‬ὅ
‬ὸπȟὈ

π and vertically well-mixed concentration profiles Ὀ π along the length: 

Ὤώ Ὗώ 
‬ὅὼȟώ

‬ὼ
 
‬

‬ώ
 Ὤώ Ὀ ώ 

‬ὅὼȟώ

‬ώ
                         ὩήȢςȢχφ 
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For eq. 2.76, a finite difference solution was used considering the channel as a uniform 

rectangular grid with Ὥ Ὦ nodes where ὬώȟὟώ and Ὀ ώ were available at each node. 

Then, the equation was discretised for each node. The transversal mixing part of the equation 

(right part) was discretised using a central approximation, and the longitudinal advection part 

(left part) was discretised using an upwind approximation.  

The central approximation is a tool used to solve a function Ὢὼ which can be computed 

but from which there is no information about how to solve Ὢȭὼ. Thus, Ὢȭὼ is solved using 

small interval values ὼ at each side of a specific point ὼ. 

Ὢ ὼ  
Ὢὼ ὼ  Ὢὼ ὼ

ςὼ
                                         ὩήȢςȢχχ 

Meanwhile, the upwind approximation considers node values in the direction of 

propagation to solve it. Applying both discretization methods to eq. 2.76 for each node in which 

Ὥ and Ὦ represent the node location in the ὼ and ώ direction respectively, both left and right parts 

of the equation become: 

Ὤ Ὗ ὅȟ  ὅ ȟ

Ўὼ
                                                     ὩήȢςȢχψ 

ρ

Ўώ

Ὤ Ὀ  ὬὈ

ς
 
ὅȟ  ὅȟ

Ўώ
 
ὬὈ  Ὤ Ὀ

ς
 
ὅȟ  ὅȟ

Ўώ
     ὩήȢςȢχω 

Then, terms from eq. 2.78 and eq. 2.79 were grouped: 

‌ ὅȟ  ‍ὅȟ  ‎ ὅȟ  ὩήȢςȢψπ                                     ‏ 

Where: 

‌  
Ὤ Ὀ  ὬὈ

ς Ўώ
                                          ὩήȢςȢψρ 

‍  
Ὤ Ὗ

Ўὼ
 
Ὤ Ὀ ςὬὈ  Ὤ Ὀ

ς Ўώ
                          ὩήȢςȢψς 

‎  
Ὤ Ὀ  ὬὈ

ς Ўώ
                                          ὩήȢςȢψσ 

‏  
ὬὟ

Ўὼ
ὅ ȟ                                                         ὩήȢςȢψτ 

Considering a grid with N nodes in the transversal direction and boundary conditions for 

Ὦ ρ and Ὦ ὔ, a system with ὔ ς equations was generated. This system was solved using 

the Thomas algorithm approach (Lee, 2011) to solve the tri-diagonal matrix generated. Then eq. 

2.80 for Ὦ ς became: 

‌ὅ  ‍ὅ  ‎ὅ  ὩήȢςȢψυ                                               ‏ 
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As ὅ was given by the transverse boundary condition, it was moved to the right part 

of equation: 

‍ὅ  ‎ὅ ‏  ‌ὅ                                                ὩήȢςȢψφ 

And this equation was re-written as: 

ὴὅ  ήὅ  ὶ                                                       ὩήȢςȢψχ 

Then, eq. 2.80 for Ὦ σ was: 

‌ὅ  ‍ὅ  ‎ὅ  ὩήȢςȢψψ                                               ‏ 

Then, substituting ὅ using eq. 2.87: 

‌
ὶ  ήὅ

ὴ
 ‍ὅ  ‎ὅ  ὩήȢςȢψω                                       ‏ 

And, as ὶ was known, it was moved to the right part of the equation and the rest of 

terms were substituted in the same way as eq. 2.87: 

ὴὅ  ήὅ  ὶ                                                       ὩήȢςȢωπ 

Then, following the same process for Ὦ τ and follows: 

ὴὅ  ήὅ  ὶ                                                       ὩήȢςȢωρ 

In the same way, eq. 2.80 for Ὦ ὔ was re-written as: 

ὴ ὅ  ήὅ  ὶ                                                ὩήȢςȢως 

And, as ὅ  was also given by transverse boundary conditions; ὅ  was solved as: 

ὅ  
ὶ  ήὅ

ὴ
                                                   ὩήȢςȢωσ 

This process was applied for all different longitudinal profile locations ὭȢ 

2.6.1.1. Model Modification 

West (2016) proposed this modification to consider the lateral boundary condition 
Ὠὅ
Ὠώ π. So, instead of considering the value ὅ, the value ὨὅὨώ was specified. So, using 

eq. 2.80 for node Ὦ ρȡ 

‌ὅ  ‍ὅ  ‎ὅ  ὩήȢςȢωτ                                               ‏ 

Thus, the new boundary condition established ὅ  ὅ: 

 ‍ὅ  ‌ ‎ ὅ  ὩήȢςȢωυ                                                ‏ 

Then for the node Ὦ ς, the eq. 2.80 became: 

‌ὅ  ‍ὅ  ‎ὅ  ὩήȢςȢωφ                                               ‏ 

Replacing the value ὅ from eq. 2.95: 

‌
‏  ‌ ‎ ὅ

‍
 ‍ὅ  ‎ὅ  ὩήȢςȢωχ                                ‏ 
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Then: 

‌ ‌ ‎ ὅ

‍
 ‍ὅ  ‎ὅ ‏   

‏‌

‍
                            ὩήȢςȢωψ 

Grouping terms, the following equation was obtained: 

ὴὅ  ήὅ  ὶ                                                       ὩήȢςȢωω 

Where: 

ὴ  

‌ ‌ ‎

‍
 ‍                                                ὩήȢςȢρππ 

ή  ‎                                                              ὩήȢςȢρπρ 

ὶ  ‏  
‏‌

‍
                                                      ὩήȢςȢρπς 

The same modification was applied to the other boundary condition at ὅ , where the 

new condition ὨὅὨώ π was considered, resulting in ὅ  ὅ  

ὴ ὅ  ήὅ  ὶ                                              ὩήȢςȢρπσ 

ὴὅ  ή ὅ  ὶ                                              ὩήȢςȢρπτ 

Since ὅ  ὅ  for the new boundary condition, ὅ  was solved: 

ὴ  ὶ ὴὅ

ή
 ήὅ  ὶ                                    ὩήȢςȢρπυ 

ὴ ὴ

ή
ὅ  ήὅ  ὶ  

ὴ ὶ

ή
                             ὩήȢςȢρπφ 

ὅ
ὴ ὴ

ή
 ή  ὶ  

ὴ ὶ

ή
                             ὩήȢςȢρπχ 

Solving for ὅ : 

ὅ  
ή ὶ  ὴ ὶ

ὴ ὴ  ή ή
                                          ὩήȢςȢρπψ 

For ὅ : 

ὅ  
ὶ  ήὅ

ὴ
                                                 ὩήȢςȢρπω 

Iteratively all different concentration values were solved from node  Ὦ ὔ ς to Ὦ

ς. Finally, concentration value ὅ was obtained from eq. 2.95: 

ὅ  
‏  ‌ ‎ ὅ

‍
                                               ὩήȢςȢρρπ 

In addition, as ὅ  ὅ, then ‌  ‌, ‎  ‎, Ὤ  Ὤ and Ὀ  Ὀ  
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2.7. Previous Measurement Techniques 

As explained in Section 2.4, experimental studies are commonly used to study solute 

transport and quantify mixing processes in open channel flows under different complex 

hydraulic situations such as compound or sinuous channels, or vegetated flows (Seo et al., 1994; 

Boxall et al., 2003; Zeng et al., 2008). Turbulent diffusion is one of the most important processes 

that drives mixing, as well dispersion effects due to shear layers and secondary currents. 

Therefore, it is desirable to obtain simultaneous information of both mixing processes and 

velocity fields and coherent structures in complex flows.  

The most common method to quantify mixing processes is to inject a fluorescing dye or 

saline tracer into the flow and measure the concentration downstream, where the dye 

concentrations are measured by the florescence emitted under a constant light of a given 

wavelength and the saline concentration is measured by conductivity. These measurements are 

typically taken as point measurements by devices such as fluorometers (Pilechi et al., 2016; Seo 

et al., 2016) or conductance meters (Colombani et al., 2015). However, these techniques can 

be time-consuming and require of lots of individual measurement points, which also increases 

the experimental complexity and cost. Moreover, for those situations in which the tracer 

injected is both temporally and spatially variable, the use of these techniques can become 

particularly difficult as numerous measurements may be required to understand the spread of 

solute in time and space. Finally, these techniques generally preclude the measurement of 

velocity at the same time due to obstructions produced by tracer measurement devices. 

Other techniques are used to measured velocity and mixing processes at the same time 

without the use of intrusive devices, such as thermographic cameras (Cardenas et al., 2009; 

Andrews et al., 2011). However, this method is limited by the differential of temperature 

needed between the tracer and the main flow, which is usually around υπ degrees Celsius. 

Moreover, the temperature difference may produce convection effects, which can increase the 

flow complexities.  

In previous research, Laser Induced Fluorescence (LIF) technique has also been applied 

to study mixing processes in laboratory channels under different conditions such as partially 

vegetated channels (West, 2016), sinuous channels (Hilderman and Wilson, 2006) and 

vegetated flows (Nepf et al., 1997). This technique consists of the use of a laser directed at a 

section of the flow (usually a spanwise laser transversal to the main flow direction). When dye 

flows through the light sheet, a proportion of the light power is absorbed and re-emitted by the 

tracer, hence allowing the distribution of concentration over the width/depth to be quantified. 

A camera located below a glass panel under the bed records the resulting light intensity within 

ǘƘŜ ŘȅŜΩǎ ŜȄŎƛǘŀǘƛƻƴ ǿŀǾŜƭŜƴƎǘƘǎ, relating the measured light intensity with the dye 

concentration via a calibration. These laser techniques can record very low concentration values 

(in the order of ρπÍÇȾ,) and a positive linear relationship between light intensity and 

concentration values can be obtained. However, this technique requires the use of expensive 

lasers and associated equipment and only narrow regions of the flow can be studied. 

An additional method to study mixing processes in shallow water is by using 

conventional video cameras to observe the spreading of tracer over a large area. In contrast 

with laser-induced fluorescence techniques, where the recorded fluorescence intensity is 

produced by a laser, the direct measurement of dye concentration using cameras is based on 

the light absorption by the dye and hence an inverse relationship between light intensity and 

concentration is obtained. Using this technique higher dye concentrations are required and the 
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relationship between measured intensity and concentration is not linear, with the resulting 

measurement sensitive to both flow depth and lighting conditions, hence requiring more 

complex calibration steps. The first description of such techniques can be found in Ward (1973) 

who was the first to measure concentration of a dye in a laboratory channel using cameras. 

Then, Balachandar et al. (1999) and Balu et al. (2001) obtained instantaneous dye concentration 

measurements by using a video imaging technique in shallow water. Rummel et al. (2002) ran 

an experiment to analyse a depth-averaged mass concentration in shallow turbulent flow by a 

single camera recording an area of ρȢτ ρ Í . This experiment provided a new time/cost 

effective measuring technique called Planar Concentration Analysis (PCA) to measure depth-

averaged concentrations of a conservative tracer in shallow water conditions.  

Zhang and Chu (2003) and Chu and Zhang (2004) measured the spreading of mass of a 

shallow jet injected into a stagnant water body by a video imaging technique. They performed 

a spatially averaged calibration over the recorded area to quantify concentration levels of dye 

injected. Both Balachandar et al (1999) and Zhang et al (2003) applied a fitting to relate spatially 

averaged brightness values to know concentration values, while Balu et al (2001) applied a 

neural network approach to obtain dye concentration from red/green/blue (ὙὋὄ) image values. 

Carmer et al. (2009) designed a PCA experiment to study both mixing processes and the 

shape of the large-scale eddy structures around a large cylinder obstacle in a shallow water flow 

by injecting a conservative tracer. However, they measured separately the surface velocity using 

a PIV technique. Their experiment used a similar technique as Rummel et al. (2002) by using a 

single camera video at three different positions to record an area of ρȢφ ρȢς Í  for each 

position. 

To obtain measurement of velocity-fields, Particle Image Velocimetry (PIV) is a 

technique performed quite often, using lasers to illuminate a plane of neutrally buoyant 

particles in the flow to obtain velocity fields. With this technique, one or more cameras record 

the movement of tracer particles. Then, the technique tracks windows of particle patterns 

between two temporary consecutive frames and displacement is calculated from the spatial 

variation of the particle patterns. If particles over the water surface are recorded, a Surface 

Particle Image Velocimetry (SPIV) can be used (Weitbrecht et al., 2002, Muste et al., 2014, 

Novak et al., 2017). This surface technique is easier to implement than the conventional PIV 

technique as buoyant particles are used instead of neutrally buoyancy tracers. Moreover, the 

recorded area and scales can be greater and no complex laser or camera arrangements are 

required. This technique has been used previously to study processes associated with large 

stream areas (Juez et al., 2019).  The main disadvantage of the SPIV technique is that only 

surface velocities can be recorded, and thus only 2D measurements can be obtained and hence 

is generally used in shallow water flows. However, this technique allows the recording of larger 

experimental area compared with 3D PIV techniques. In addition, the SPIV technique is more 

efficient in terms of time, increasing the number of experiments and thus the amount of 

recorded data. 
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2.8. Literature Review Summary 

Previous literature discussed in this section shows that the presence of vegetation in an 

open channel flow produces a reduction in flow velocity due to an increased drag. The resistance 

added by vegetation depends on several parameters such as the vegetation density, the stem 

diameter, the canopy configuration and the stem height. All of these parameters vary from one 

plant species to another and thus artificial vegetation offers a repeatable approach to simulate 

vegetated flows.  

Further researchers have demonstrated the creation of shear layers in flows where 

vegetation partially covers the flow area, such as submerged vegetated flows or flows with a 

vegetated bank. These configurations produce two co-flows with different primary velocities 

and a shear layer that originates between these two regions. This shear layer is associated with 

the creation of large-scale coherent eddies, which increase the turbulence intensity along the 

shear layer. 

Some researchers have studied the influence of this shear layer in the mixing processes. 

The results of Ghisalberti and Nepf (2005) in submerged vegetated flows show that the creation 

of coherent turbulence structures enhance the mass transport, increasing the vertical mixing 

compared with non-vegetated flows. In addition, some researchers have studied the transverse 

mixing processes in shear layers produced by compound channels (Guymer and Spence, 2009; 

Besio et al., 2012), where a differential of primary velocity is produced between the main 

channel and the floodplain, generating a shear layer. Results suggest an overall increase of the 

transverse mixing coefficient is produced within the sloping region between the main channel 

and the floodplain, compared with those observed within the main channel and the floodplain. 

In addition, the increase of the transverse mixing coefficient seems to depend on the increase 

of the velocity gradient between the main channel and the floodplain. 

West (2016) studied the variable Ὀ ώ profile within the shear layer produced by a 

vegetated bank flow and proposed different shapes to represent the variable Ὀ ώ profile. His 

results showed that a Gaussian shape is a good approximation to represent the variation of 

Ὀ ώ. Moreover, his results showed an increase of Ὀ  for higher velocity gradients and a 

displacement of the position of Ὀ  far from the vegetation boundary for sparser densities. 

However, a direct relationship between the transverse mixing coefficient and the variation of 

the vegetation density and resulting velocity gradient was not found for vegetated bank flows. 

Therefore, the shear layer produced in these flows requires experimental data to further study 

its effects on the transverse mixing processes. 

This thesis aims to use experimental data gathered from vegetated bank flows with 

different vegetation densities to study both transverse mixing processes and 2D velocity fields 

in shallow water flows. To obtain this experimental data, a PCA technique is applied to measure 

the concentration distribution of dye downstream of the injection, and a SPIV technique is 

applied to record the 2D velocity fields. These techniques are considered as: 

- They allow the characterization of spreading over the length and width of the flume, 

obtaining data over a large studied area. 

- They allow more experiments to be carried out, which allows sufficient data to perform 

predictive analytical relationships. 
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- Previous work suggest that in flows with vegetated banks the dominant processes occur 

over the width, and charactering the vertical processes is not that critical for 

understanding the mixing processes.   

The variation of the transverse mixing coefficient within the shear layer is obtained in a 

similar way as previous researchers. Then, the relationship between this variation and the 

velocity fields produced in this type of flow is studied to propose an easy-to-apply model to 

predict the effects of a vegetated bank on the transverse mixing processes. In addition, previous 

researchers have studied these effects only for one vegetated bank, but there is a current lack 

of knowledge regarding the influence of two vegetated banks and the potential overlapping of 

their associated shear layers on the longitudinal velocity and the mixing processes. Therefore, a 

set of experiments with two vegetated banks is analysed to provide a new understanding of the 

shear layer interaction and its effects on transverse mixing. In addition, analytical relationships 

provided from previous experiments are validated in this new configuration. 

Finally, most previous experimental studies obtained the tracer concentration profiles 

using laser techniques such as the Laser Induced Fluorescence (LIF) or direct sampling and 

measurement by fluorometers. However, these techniques limit the number of concentration 

profiles that can be recorded along the streamwise direction, increasing the demand of time and 

precluding the simultaneous measurement of velocity. Therefore, a new measurement 

technique is required to record the tracer concentration distribution along a large studied area. 

This technique would allow to increase the number of concentration profiles available for 

further analysis and to improve the understanding of processes happening under different flow 

conditions. 
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3. Objectives of Thesis Study 

The aim of this thesis introduced previously in Section 1.1 is to quantify the influence of 

vegetated banks on transverse mixing processes in open channel flows. To achieve this, and 

based on the knowledge gaps in previous research identified in Section 2, the objectives 

proposed during this study are the follows: 

1. Development of a new measurement technique to obtain rapid synchronous 

measurement of velocity and concentration at high resolution across the full 2D surface 

area of the flow. 

2. Using the output of objective ρ, collect a rigorous and novel data set of time-averaged 

longitudinal velocity and depth-averaged concentration distributions of a neutral tracer 

in flows with a vegetated bank. 

3. Using the data set demanded by objective ς, develop a model to predict both time-

averaged longitudinal velocity and transversal mixing coefficients based on the 

experimental results obtained in the previous step. 

4. Using the output of objective ρ, collect a novel first data set of time-averaged 

longitudinal velocity and depth-averaged concentration distribution of a neutral tracer 

in flows with two vegetated banks. 

5. Using the data obtained from objective τ, validate the proposed model obtained in 

objective σ. 

6. Using the proposed model from objective σ in a hypothetical scenario, study whether 

the increase of mixing caused by a vegetated bank is of sufficient scale to have a notable 

and considerable impact on the mixing of a soluble material over and above that of a 

non-vegetated channel. 
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4. Experimental Design and Methodology 

In this section, the new measurement technique is explained in detail, including the set-

up used and calibrations required. Then, a detailed description and the purpose of the 

experimental set ups are described. Finally, measurements from a first set of experiments are 

compared against data obtained by conventional measurement techniques to validate results, 

as well as some improvements discussed in the last section. Several sections of this chapter have 

been published in Rojas-Arques et al. (2018). 

 

4.1. Measurement Strategy 

Based on previous work introduced in Section 2 and in order to achieve the objectives 

explained in Section 3, surface velocity fields and depth-averaged concentration distributions 

were obtained for different shallow flow conditions. The velocity study was focused on the 

measurement of 2-D velocity fields to study vertically-oriented coherent structures produced 

within the shear layer (White and Nepf, 2008; West, 2016). Depth-averaged concentration 

distributions were studied by injecting a tracer (Rhodamine WT), later explained in Section 4.2.3, 

into the flow. The variation of the distribution of tracer concentration downstream of the 

injection point provided information about transport and mixing processes for different flow 

conditions. 

The system explained below was designed to measure this velocity and mixing processes 

along the open channel. The velocity fields were obtained using a Large-Scale PIV technique and 

the concentration distribution using a PCA technique.  

The successful use of Large-Scale PIV measurements depends on the particles used and 

their distribution along the recorded area. These particles must produce a clear contrast against 

the channel bed and their size should be sufficient to allow their identification. Moreover, 

particles density should be lower than of water to avoid settlement, but not too low to avoid 

buoyancy effects. Based on Weitbrecht et al. (2002) work, ς ÍÍ black polypropylene particles 

with a density of πȢω ÇÃÍ ϳ are considered, which produce a sufficient contrast using the 

cameras setup described below (Section 4.2.2). In addition, particles should be uniformly 

distributed in the streamwise and spanwise directions, with a distribution dense enough to 

identify the particle patterns for each instantaneous frame. Weitbrecht et al. (2002) considered 

a minimum of φ particles for each tracked window. In previous work, a homogenous particle 

distribution in uniform flows was achieved using a particle dispenser to release uniformly the 

particles upstream of the recorded area (Rojas-Arques et al., 2018). However, for tests with high 

velocity flow gradients along the spanwise direction, a homogeneous particle density was found 

to be difficult to control. Therefore, the particles were released manually upstream of the 

recorded area, avoiding any turbulence derived from this process, and raw recorded frames 

were further analysed to remove spurious high velocities and zero velocities obtaining from 

tracked windows with not a dense enough particle distribution. 
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These PIV and PCA techniques mostly require the use of cameras to record the 

movement of surface particles and the distribution of an injected tracer respectively along a 

continuous area. Therefore, experimental data along a continuous studied area can be recorded, 

providing more information for further analysis. In addition, these techniques provide an easy 

and quick way to record the information, reducing the time demand and increasing the number 

of tests that can be performed. 

 

4.2. Set-up Description 

4.2.1. Channel Set-up 

Experiments were conducted within the University of Sheffield hydraulics laboratory. All 

tests described used an open channel constructed of reinforced glass fibre panels. The channel 

had a constant width of ρȢςς Í, a maximum depth of πȢυ Í and an experimental length 

of ρτȢυ Í. The channel slope was πȢππρςσ, which was verified by measuring the water depth of 

a stationary body of water along the channel length. 

To allow the installation of vegetation of different densities, a ρȢυ ÍÍ thick stainless 

steel panel was installed over the channel bed, with a ρππ ÍÍ layer of stryofoam beneath the 

steel panel to ensure the securely installation of stems. This steel panel was perforated by φ ÍÍ 

holes in a hexagonal arrangement with a ω ÍÍ pitch. This arrangement allows the installation 

of artificial stems in a staggered distribution, which is commonly used to represent the 

randomness of real vegetation growth (Nepf, 1999; Stone and Shen, 2002). In addition, this 

arrangement allows a maximum stem density of ɲ πȢρυ, which is higher than those used in 

previous work (White and Nepf, 2008 and West, 2016) and is in the range of real vegetation 

studied in rivers (Huang et al., 2008 and Sun et al., 2010). Finally, this homogeneous distribution 

of perforations provides a homogeneous bed roughness over the channel width and length. In 

addition, the smooth surface of installed walls decreases the effects of wall roughness in the 

overall channel. 

A constant-head tank controlled by a valve supplied a constant discharge into the flume. 

The constant-head tank was fed from the main laboratory sump by a pump. A scheme of the 

laboratory flume is plotted in Figure 4.1. A flow baffle was fitted at the upstream end of the 

channel to dissipate turbulent structures produced by flow injection and a tailgate weir was 

fitted downstream to control downstream boundary conditions. The flow rate was measured by 

an additional cistern downstream of the channel to which the full flow could be deflected by a 

manual gate. The measurement cistern could be blocked at outlet using a manual gate, and the 

rise in water level, and hence steady flow rate, could be monitored by a float level. For each test, 

ρπ different flow rate measurements were recorded and the mean flow rate value was 

calculated from these. 
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4.2.2. Cameras 

As shown Figure 4.1, four GoPro Hero 4 Black Edition cameras were installed above the 

channel to record video images during experiments for Particle Image Velocimetry (PIV) and 

Planar Concentration Analysis (PCA) techniques. Cameras were installed using a structure fixed 

to the channel with aluminium beams with a double T section called Rexroth Aluminium struts. 

 Cameras were set to record video frames with a frequency of ψπ (Ú and an image size 

of ρττπρωςπ ÐÉØÅÌÓ. Cameras were positioned above the centreline of the channel width at 

a height of ρȢς Í above the stainless steel perforated sheet, obtaining an image resolution of 

approximately ρ ρ ÍÍȢ Each camera was located at ρȢς Í intervals along the streamwise 

direction. However, the edges of each frame were strongly distorted due to lens distortion and 

hence the edges were overlapped and cropped. The cameras recorded the videos in ὙὋὄ 

format, therefore from each frame three matrices were generated with the red, green and blue 

components of each pixel respectively. The intensity value of each matrix was in the range of 0 

ς 255 (ψ bit image), where a value of π means no representation of the colour and ςυυ means 

the highest possible concentration of the colour. A ὙὋὄ value of πȟπȟπ would hence be black, 

and a value of ςυυȟςυυȟςυυ would be white. For PIV videos, all three colour components were 

considered. However, for PCA videos only the green matrix was used, hence measuring the 

absorbance of the injected dye as explained in the following section. 

4.2.3. Dye Injection 

The dye used for all tests was Rhodamine WT. This fluorescent component had an 

absorption/fluorescence spectrum as shown in Figure 4.2 obtained from Melton and Lipp 

(2003). Its absorption has a maximum at a wavelength of υυυ ÎÍ and its maximum fluorescence 

is at υψσ ÎÍ. Based on this, commercial green LEDs were used to illuminate the full recorded 

area. The green spectrum was around υςπ ÎÍ to υφπ ÎÍ, a range that was strongly absorbed 

by Rhodamine WT and it was away from the maximum Rhodamine WT fluorescence region. 

Therefore, the dye used in experiments absorbed green light along the recorded area, producing 

a lower green intensity where the dye is present. This intensity decrease was related with the 

local amount of Rhodamine WT present for each water depth (explained in more details in 

Section 4.4).  

Figure 4.1. Longitudinal scheme profile of the experimental model. 
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This fluorescent dye was found to have low background fluorescence, which allowed a 

higher sensitivity and lower concentrations to be recorded (Smart and Laidlaw, 1977; Trudgill, 

1987). However, it was found to be affected by water temperature and water pH, and also 

presented a decay due to sunlight. Due to these reasons, tap water was used for calibration to 

avoid any reaction with chemicals that could have been added into the water system, such as 

bleach; which could distort the calibration. Moreover, regular temperature recordings were 

taken to ensure a constant water temperature and Rhodamine WT was stored into an opaque 

bottle far from sunlight. Nevertheless, the decay of Rhodamine WT is not significant over the 

time-scale of a measurement. 

A constant head tank was installed at τ Í upstream the recorded area to supply the 

Rhodamine WT dye to a vertical pipe with an internal diameter of τ ÍÍ. This pipe was 

perforated with ρ ÍÍ diameters holes separated a distance of ρπ ÍÍ along the pipe height. 

For each test, holes along the water depth released several continuous injections into the stream 

along the water depth, promoting a uniform vertically well-mixed condition in the measurement 

area. In addition, holes above the water surface were covered to avoid a higher concentration 

at the top of the water depth. The injector was located at a distance of τ Í upstream of the 

recorded area to ensure vertically well-mixed conditions. This distance was obtained by 

considering the expression to obtain the distance for complete vertical mixing (Rutherford, 

1994). If a point source at mid-depth was considered, the expression to obtain the vertically 

well-mixed distance could be obtained as: 

ὒ πȢρστ
ὟὬ

Ὀ
                                                       ὩήȢτȢρ 

Where ὒ is the distance needed for a vertically well-mixed condition, Ὤ is the 

water depth, Ὗ the depth-averaged longitudinal velocity and Ὀ  πȢπφχὬόᶻ is the vertical 

mixing coefficient, where  όᶻ the shear velocity. This shear velocity could be considered as     

όᶻ ὬὛὫ, where Ὓ is the channel slope and Ὣ is the acceleration due to gravity. If the 

deepest water depth Ὤ πȢπω Í was considered (see Section 4.5.1) and its corresponding time-

averaged longitudinal velocity for non-vegetated flow conditions Ὗ πȢτρ ÍȾÓ (see Section 

6.1.1, Table 6.1), a minimum distance for a vertically well-mixed condition for a point source 

Figure 4.2. Absorbance and fluorescence spectra for Rhodamine WT from Melton and Lipp (2003) and 

green spectra (the wavelength emitted by LED lights). 
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located at mid-depth is ὒ ςȢςτ Í. This result suggests that the distance used in these 

tests (τ Í) was enough to ensure a vertically well-mixed condition. 

4.2.4. PCA Illumination 

Commercial green LED lights were used to illuminate the flume. Light strips were 

installed along the channel at different positions to ensure an approximately homogeneous 

distribution of green intensity over the recorded area. An initial configuration schematised in 

Figure 4.3. was designed with two LED strips along the top of each channel wall and one strip 

located on the beam used to fix the cameras, facing the channel bed. 

                            

 

 

4.3. Image Calibration 

Camera set-up is described in Section 4.2.2. A procedure for spatial calibration, 

synchronization and stitching between cameras was conducted to obtain a full frame video of 

the entire measurement area. These procedures are described below. 

4.3.1. Spatial Calibration 

Each frame produced by the cameras was distorted due to the fisheye effect of the 

camera. This effect was corrected by using a chequerboard pattern placed on the channel bed 

under each camera. These chequerboards consisted of an ρψ ÍÍ thick marine wood sheet and 

an area of ρψπρρπ ÃÍ, with black and white rectangles of ρπρπ ÃÍ applied via a precision 

vinyl decal sticker. The centre of the sheet was located in the centre of the recorded frame for 

each camera, so that the flume area recorded by each camera was covered by the 

chequerboard. In addition, the black and white pattern was placed a distance from the channel 

bed equal to each water depth planned for the tests. This was achieved using wood strips with 

a thickness of ρψ ÍÍ as packing pieces. Once the chequerboard was placed correctly under the 

camera, a video of ς Ó was recorded, obtaining the mean frame of the video. For each mean 

ŦǊŀƳŜΣ ǘƘŜ aŀǘƭŀō ŀƭƎƻǊƛǘƘƳ άŘŜǘŜŎ/ƘŜŎƪŜǊōƻŀǊŘtƻƛƴǘǎέ ŘŜǘŜŎǘŜŘ ǘƘŜ chequerboard pattern 

giving the ὼ and ώ coordinates of each vertex as it was shown in Figure 4.4. 

Figure 4.3. First light configuration. 



A Study on Transverse Mixing in Shallow Flows within Partially Vegetated Channels 
 

 

- 46 - 
Santiago Rojas Arques 

Department of Civil and Structural Engineering 

 

Once the coordinates of each vertex were identified, the real world positions of them 

without fisheye distortion were introduced with the same resolution as frame pixels (ρ

ρ ÍÍ), into Matlab program to relate the positions of vertex recorded with their real positions 

along the channelΦ ¢ƘŜƴΣ ǘƘŜ aŀǘƭŀō ŦǳƴŎǘƛƻƴ έŦƛǘƎŜƻǘǊŀƴǎέ ƛƴŦŜǊǊŜŘ ŀ ƎŜƻƳŜǘǊƛŎ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ 

to convert the vertices located by ǘƘŜ άdetecCheckerboardPointsέ algorithm (known as άaƻǾƛƴƎ 

tƻƛƴǘǎέύ ƻƴǘƻ ǘƘŜ ǊŜŀƭ ƻƴŜǎ όknown as άCƛȄŜŘ tƻƛƴǘǎέύΦ In this case, a 2D Piecewise Linear 

Transformation was applied, obtaining a spatial transformation as observed in Figure 4.5.  

 

 

Note that in Figure 4.5 the frame produced after spatial calibration was flipped 

horizontally. This change was considered later for PIV and PCA techniques. Once the mean frame 

was obtained without fisheye distortion, the image was cropped so that only the calibrated 

region where the chequerboard appeared was used finally. The final calibrated example frame 

is shown in Figure 4.6. 

Figure 4.4. Mean frame recorded by the first upstream camera of the chequerboard pattern with 

corners identified by άŘŜǘŜŎ/ƘŜŎƪŜǊōƻŀǊŘtƻƛƴǘǎέ ŀƭƎƻǊƛǘƘƳ for a water depth of υτ ÍÍ. 

Figure 4.5. Mean frame of chequerboard before (a) and after (b) spatial calibration. 
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Figure 4.6 shows how the outer perimeter of squares includes some distortion as they 

are outside the area of detected vertices, therefore the spatial transformation is extrapolated 

in this region. This extrapolation can induce some spatial errors in analysed data. However, dye 

plume is not studied close to the channel walls (upper and lower outer perimeter regions) and 

left and right outer perimeter regions are neglected later during stiching process (see Section 

4.3.3). 

Next, the quality of the transformation was assessed. Once the spatial calibration was 

performed for each camera and water depth, coordinates of new corners were again obtained 

ǳǎƛƴƎ ǘƘŜ aŀǘƭŀō ŀƭƎƻǊƛǘƘƳ άŘŜǘŜŎǘ/ƘŜŎƪŜǊōƻŀǊŘtƻƛƴǘǎέ ŀƴŘ ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ǘƘŜǎŜ ƴŜǿ 

points and the real corner positions were obtained. Results are shown in Table 4.1, where ЎὈ

 Ўὼ  Ўώ. Results suggest a good calibration with mean displacement errors smaller 

than πȢς ÍÍ and maximum displacement errors smaller than πȢχυ ÍÍ. 

 

$ÅÐÔÈ #ÁÍÅÒÁ -ÅÁÎ ЎØ ÍÍ -ÅÁÎ ЎÙ ÍÍ -ÅÁÎ Ў$ ÍÍ -ÁØ ЎØ ÍÍ -ÁØ ЎÙ ÍÍ -ÁØ Ў$ ÍÍ 

σφ ρ πȢππχ πȢπςτ πȢρπς πȢσπχ πȢσπρ πȢτστ 
 ς πȢπσσ πȢπςτ πȢπψυ πȢςπψ πȢςρφ πȢςωυ 
 σ πȢππσ πȢππω πȢπχω πȢρωπ πȢςςπ πȢςφω 
 τ πȢππσ πȢπςφ πȢπψψ πȢρφω πȢςτπ πȢστσ 
υτ ρ πȢππψ πȢπχυ πȢπψψ πȢρωφ πȢρςφ πȢφςσ 

 ς πȢπςω πȢππς πȢπψψ πȢρχψ πȢςςψ πȢςψπ 
 σ πȢπςπ πȢπρσ πȢρπυ πȢςσς πȢρτρ πȢτφω 
 τ πȢπσυ πȢπσσ πȢπψχ πȢρφω πȢρψτ πȢςψτ 
χς ρ πȢπρχ πȢπςυ πȢρπψ πȢςςς πȢσψσ πȢσυω 

 ς πȢπςχ πȢπρτ πȢρρω πȢςφφ πȢςτφ πȢχτυ 
 σ πȢπςχ πȢππρ πȢπψψ πȢςςχ πȢσσς πȢσυφ 
 τ πȢπρσ πȢπτυ πȢπψρ πȢςρς πȢςφτ πȢσππ 
ωπ ρ πȢππχ πȢππψ πȢπψω πȢςρρ πȢςπς πȢςωψ 

 ς πȢπσπ πȢππω πȢπψψ πȢςσρ πȢρφπ πȢσςχ 
 σ πȢπςφ πȢπρσ πȢπψυ πȢρσσ πȢσψσ πȢσςπ 
 τ πȢπρπ πȢπψφ πȢπωψ πȢςψρ πȢστρ πȢσωχ 

 

 

 

 

Figure 4.6. Mean frame of chequerboard after spatial calibration and edges cropped. 

Table 4.1. Differences between calibrated and real chequerboard corners. 
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4.3.2. Synchronization 

Once instantaneous frames recorded by each camera were calibrated spatially, a 

synchronization between cameras was needed in order to combine the frames from all cameras 

such that they aligned in time. For each test, cameras were controlled by a GoPro Wi-Fi Remote 

control. However, this trigger only could synchronize cameras to within πȢρ Ó, which in this case 

meant within ψ ÆÒÁÍÅÓ. In order to reduce this recorded time difference between cameras, a 

LED timer was used to provide an external absolute time for each camera. This timer consists on 

φ columns of ρπ LEDs, so each column represents a different rate of time. From right to left, 

each column is set to switch at a rate ten times slower than the previous column. In this manner, 

each LED for first column represents ρ ÍÓ and each one of the last column measures ρππ Ó. 

For each test and once τ cameras started to record, the LED timer was switched on and 

placed in the field of view of each camera in turn, leaving it enough time under each camera to 

record the LEDs (approx. ς Ó. Then, for each camera, one frame with the LED timer was 

analysed, obtaining the absolute time reference for that frame. The delayed between cameras 

was calculated considering the absolute time showed by the LED timer for each camera and the 

frame in which the timer was recorded (eq. 4.2). 

Ўὸ  
ὸ   ὸ   

ὊὶὥάὩ  ὊὶὥάὩ 
ψπ

                                     ὩήȢτȢς 

Where Ўὸ was the desynchronization between two cameras, ὸ   was the time 

recorded by LEDs timer for camera B and ὊὶὥάὩ  the frame number. Frame differences 

were divided by the frequency (ψπ (Ú to obtain time units. An example is visualised in Figure 

4.7. 

 

 

 

 

Figure 4.7. Example of frames recorded for camera synchronization. 
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4.3.3. Stitching 

Once the recorded frames were calibrated and synchronised, a junction between 

consecutive frames was needed to convert four ρττπρωςπ ÐÉØÅÌÓ frames into a full 

frame that covered the recorded area. For this, it was necessary to obtain the number of pixels 

overlapping between each adjacent pair of cameras (pixels for a single position which were 

recorded by two cameras). A ρψ ÍÍ thick marine wood plank with a black and white rectangle 

pattern of ωυφυ ÍÍ was placed on the channel bed between two consecutive cameras and 

it was recorded for υ Ó as shown Figure 4.8. The plank was placed at the same level as the 

calibration chequerboards for each water depth using the ρψ ÍÍ spacers. Then, the overlapped 

area was obtained from each mean frame recorded by each camera, using the pattern as help. 

As a result, four synchronised frames generated individually by each camera were 

merged to generate a final frame for the full recorded area with a dimension of ρȢςςτȢτψ Í 

(ρςςπττψπ ÐÉØÅÌÓ). In addition, Figure 4.8 shows the resulting stitching of two consecutive 

cameras. Coins were used to identify better the overlapped area and to demonstrate that the 

stitching method worked appropriately. 

 

 

For each pair of frames recorded by two consecutive cameras, it was observed that 

approximately χπ ÃÍ were recorded by both cameras. In order to avoid the spatial distortions 

along the outer perimeter described in Section 4.3.1, the first and last ρψ ÃÍ of each frame were 

neglected, as these sections were recorded reliably by the adjacent camera. As a result, an 

overlapped area of στ ÃÍ length was finally considered. Pixel values inside this region were 

generated using a function that combined ὙὋὄ values for the same spatial pixel recorded by 

both cameras. This function created values based on a weighted average of the ὙὋὄ values of 

the two frames so there was a gradual transition from one camera to the next. The weighting 

Figure 4.8. Example of two frames recorded by consecutive cameras and the final frame as the 

combination of them. 
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value of one camera increased sinusoidally from π to ρ, while the weighting value of the other 

camera decreased in the same way. A graphical example of this weighted function and a real 

case are illustrated in Figure 4.9. To more clearly illustrate the method, the example (Figure 4.9 

a) considers a hypothetical image pair where all intensity pixels for Camera 1 are equal to ρ and 

all intensity values for Camera 2 are equal to ς. As a result, a transition function is created 

between the values of the two cameras. Figure 4.9 b shows a real stitching between two arrays 

of two consecutive cameras. The same weighted function was applied and the result obtained 

was a transitional set of data between both cameras based on the recorded pixel values from 

each one. The black line (result) matches the blue line (Camera 1) on the left, and gradually 

transitions to matching the red line (Camera 2) on the right. 

 

 

In order to reduce the high computation demand induced by full concentration maps 

obtained after the stitching process (ρςςπττψπ ÐÉØÅÌÓ), and to reduce errors produced by 

small light reflections, concentration map dimensions were reduced by calculating the average 

of ρπρπ ÃÅÌÌÓ. Therefore, concentration frames recorded by each camera had a dimension of 

ρςςρψπ ÃÅÌÌÓ with a resolution of ρπρπ ÍÍ.  

Figure 4.9. Sinusoidal weight function examples. (a) considering a hypothetical image pair and (b) two 

recorded  arrays of two consecutive cameras with a concentration pixel resolution of ρπρπ ÍÍ. 
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4.4. Dye Calibration 

Rhodamine WT concentration for each single spatial position was related with light 

intensity recorded by each camera via a dye calibration. A length of the channel of χȢυω Í, which 

contained the recorded channel area, was isolated using two vertical plywood panels sealed 

with silicone. Then the isolated flume section was filled with tap water from an external cistern 

by a submerged pump to reach each water depth selected for the tests described in Section 

4.5.1. For each water depth calibrated, cameras recorded eleven different Rhodamine WT 

concentrations (including the zero concentration case) with the illumination system described 

in Section 4.2.4 switched on and with camera settings as explained in Section 4.2.2. This number 

of calibration points is similar to that used in previous work using similar techniques (Rummel 

et al., 2002 and Carmer et al., 2009). Moreover, a similar number of calibrated points were used 

in previous works that used the LIF technique (West, 2016). For each concentration, a ρπ Ó video 

was recorded once the water was still and well mixed with the dye. Then, a time-averaged frame 

was obtained, spatial calibration as described in Section 4.3 was applied and average intensity 

of each ρπρπ ÃÅÌÌÓ was calculated as explained in Section 4.3.3. Thus, an intensity map of 

ρςςρψπ ÃÅÌÌÓ was obtained for each camera and concentration with a cell size of ρπ

ρπ ÍÍ.  

 

#ÏÎÃÅÎÔÒÁÔÉÏÎ ρπ ,Ⱦ, aπȢππa aρȢπχa aςȢρσa aσȢρωa aτȢςυa 

4ÅÓÔ ÎÕÍÂÅÒ ρ ς σ τ υ 
 

#ÏÎÃÅÎÔÒÁÔÉÏÎ ρπ ,Ⱦ, aυȢσρa aφȢσφa aχȢτςa aψȢτχa aωȢυρa aρπȢυφa 

4ÅÓÔ ÎÕÍÂÅÒ φ χ ψ ω ρπ ρρ 
 

For each cell, an expression was used to relate green intensity with concentration 

values. The same form of expression was used for all different cells but with different 

coefficients. Different functions were considered to fit the relationship between concentration 

values and green intensity. Rummel et al. (2002) and Carmer et al. (2009) applied an exponential 

relationship to relate intensity decay with concentration increase. This relationship was used to 

describe the behaviour recorded for very high concentrations, where the recorded intensity 

exhibits a vertical asymptote for higher concentration values. For the current dye calibration, 

the asymptote region was avoided in contrast to the work of Rummel et al. (2002) and Carmer 

et al. (2009), and only the region where a more linear relationship between the green intensity 

and the dye concentration was calibrated. As a result, and in order to avoid errors in the 

calibration produced by the sensitivity of an exponential fitting due to extreme values, a third 

order polynomial function was proposed to fit the relationship between the green intensity 

decay and the concentration increase. This function agreed with an exponential shape far from 

the asymptote region and produced good relationships for the specific range of concentrations 

used during calibration as shown in Figure 4.10. The time-averaged intensities for a 

representative cell located at ὼ  ρȢυ Í downstream of the first measurement profile location 

and in the centre of the width ώ  πȢφρ Í), for the range of water depths are plotted in Figure 

4.10 against their corresponding concentration values, along with the fitted functions. In 

addition, the fitted expressions and the Pearson correlation between the fitting and the 

experimental data are shown in the figure. The errorbars show the temporal standard deviation 

of the recorded green intensity for the total recorded range ρπ Ó). 

Table 4.2. Concentration used for dye calibration. 
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Figure 4.10 shows relationships between the green intensity and recorded dye 

concentrations avoiding the constant green intensity asymptote for very high dye 

concentrations. The variation of the pixel values are produced by the residual movement of the 

water and the dye within it, producing some concentration variations for a fixed cell over time. 

This example highlights the importance of leaving enough time after the mixing of the dye so 

that the water is completely quiet and well-mixed before the calibration videos are captured, 

reducing the variability of pixel values. In addition, Figure 4.10 shows a strong gradient of the 

green intensity values for high concentration levels and deeper water depths (and hence lower 

measurement sensitivity). These gradients could induce errors that could later affect the 

recorded concentration maps. To avoid that, maximum concentration values recorded within 

the experimental campaign were kept below υ ρπ  L/L. It should be noted that after initial 

testing and refinement of the technique, the calibration was repeated and updated (see Section 

5.5.1).  

 

4.5. Experiments 

Several sets of tests were performed to achieve the objectives proposed in Section 3.  

4.5.1. No Vegetation Tests 

A first set of experiments with no vegetation was performed using laboratory set up 

explained in Section 4.2. The aim of this set of experiments was firstly to validate method 

developed for this study (Section 4.1 to Section 4.4), and then to obtain a first set of results that 

were used and compared later with results obtained in more complex vegetated experiments. 

Experiments were undertaken using τ different uniform flow conditions (Table 4.3).  

 

 

Figure 4.10. Example of concentration calibration for ρπ ÍÍ ρπ ÍÍ cell at Ø  ρȢυ Í and Ù 

 πȢφρ Í. 
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)Ȣ$Ȣ Ὤ  Í  ὡ Ὤϳ  Ὓ  
Ὀσφ πȢπσφ σσȢψω πȢππρςσ 
Ὀυτ πȢπυτ ςςȢυω πȢππρςσ 
Ὀχς πȢπχς ρφȢωτ πȢππρςσ 
Ὀωπ πȢπωπ ρσȢυφ πȢππρςσ 

 

These water depths were selected in order to achieve a range of shallow flow conditions 

(ὡ Ὤϳ ρπͯςπ), usually found in low gradient, meandering alluvial channels with floodplain 

regions (Rosgen, 1994). For all the tests described in this thesis uniform flow conditions were 

achieved by controlling both the tailgate weir downstream and the valve for flow rate explained 

in Section 4.2.1 until a constant water depth was achieved for the full channel length. The water 

depth was measured by Vernier gauges located at a distance of πȢςυ Í upstream and 

downstream of the recorded area and with an accuracy of πȢρ ÍÍ. Before each test, the 

pointers were calibrated to zero by touching the channel bed and then they were fixed at the 

desired water depth. Then, the system was turned on and the valve and the tailgate weir were 

controlled until the flow was adjusted so that the point gauge made contact with the flow 

surface for approximately υπ Ϸ of the time.  

From this set of experiments, an injection located at the centre of the channel was 

released for each tested water depth/flow rate to ensure no effects on the plume from the 

channel walls. Then, time-averaged transversal profile of longitudinal flow velocity and 

transverse mixing were quantified. The description of analysis process and results are shown in 

Section 5 and Section 6.1.  

4.5.2. Single Vegetated Bank Tests 

Experiments were performed to study the influence of a partially vegetated channel on 

the hydrodynamic and mixing processes. These tests were configured in a similar way to those 

designed by White and Nepf (2008) and West (2016). This set of experiments allowed the 

recording of data along the full recorded area to obtain a general understanding of processes 

and the results that could be compared with those obtained in previous experiments. 

Vegetation was simulated using plastic artificial emergent arrays similar to those used 

in previous experiments (James et al, 2004; Tanino and Nepf, 2008b) with a stem diameter Ὠ

πȢππυ Í disposed in a staggered distribution, similar to those found in previous work 

(Hirschowitz and James, 2008). White and Nepf (2008) conducted similar experiments to study 

longitudinal flow velocity profiles along partially vegetated channels, using a vegetation density 

of ɲ πȢπςȟπȢπτυ and πȢρ, where ɲ  is the solid volume fraction introduced in Section 2.2. West 

(2016) also studied an emergent partially vegetated layer in ponds, using a density of ᶮ

πȢππυ and πȢπς. Huang et al (2008) and Sun et al. (2010) observed different densities for 

different real vegetation species. Based on these previous studies, three different vegetation 

densities were considered for these experiments:  

 

 

 

Table 4.3. Water depth test conditions. 
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)Ȣ$Ȣ  ɲ  
ὠὩὫ πȢππρυ 
ὠὩὫ πȢππφ 
ὠὩὫ πȢπςυ 

  

Vegetation densities shown in Table 4.4 were chosen to be similar to those used in 

previous works by White and Nepf (2008) and West (2016), so results could be compared. In 

addition, these densities were in the range of those observed by Hung et al. (2008) and Sun et 

al. (2010) in real vegetated rivers. In addition, Figure 4.11 shows a scheme of the stem 

distribution for each vegetation density. 

 

 

Where ὼ  and ώ  are the distances between stem centres in the streamwise and 

spanwise direction respectively. The corresponding values for each vegetation density are 

ὼ πȢςρ Í, πȢρπυπ Í and πȢπυςυ Í and ώ πȢρς Í, πȢπφ Í and πȢπσ Í for ᶮ

πȢππρυ, πȢππφ and πȢπςυ respectively. 

A constant vegetated bank width (ὡ ) was installed along the flume for each density. 

This vegetated width was designed in order to ensure the creation of a fully developed shear 

layer for all different water depth and density conditions. 

In order to achieve this, data from previous experiments performed by White and Nepf 

(2008) and West (2016) were considered. The minimum vegetated bank width should allow the 

full development of the inner layer. White and Nepf (2007) proposed that this length depends 

on the stem drag properties (‏   ὅὥ ) and White and Nepf (2008) obtained a 

maximum inner length of πȢπφς Í corresponding to ɲ πȢπς, Ὤ πȢπφψ Í and Ὗ

πȢρχφψ Í Óϳ. They used artificial cylinders to simulate vegetation with a stem diameter Ὠ

πȢππφυ Í and a vegetated bank of width ὡ πȢτ Í. Later West (2016) also used artificial 

vegetation with a stem diameter of Ὠ πȢππτ Í, obtaining a maximum inner length ‏

πȢςψ Í for ɲ πȢππυ, Ὤ πȢρυ ά and Ὗ πȢρ Í Óϳ. 

 

Table 4.4. Vegetation density test conditions. 

Figure 4.11. Scheme of stem configuration. 
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In the same way, the maximum vegetated bank width should allow full development of 

the outer layer, allowing a region with a constant free open flow velocity with no wall effects. 

White and Nepf (2008) obtained a maximum outer length ‏ πȢςς Í and West (2016) 

of ‏ πȢσρ Í. 

Based on these results, a vegetated bank width ὡ  πȢτς Í was designed. This 

width represented ρσ of the total channel width. This width was designed to allow full 

development of both the inner and outer layer, and would leave enough space in the free open 

region to achieve a constant longitudinal free open flow with no wall effects. In addition, ρπ 

different injection positions were used to each water depth and vegetation density, shown in 

Figure 4.12 as red dots. The first injection was located at Ù πȢτψ Í from the right wall and at 

πȢπφ Í from the limit of the vegetated bank. Then the injector was moved 0.04 m each time to 

record the depth-averaged concentration distribution for different injections along the shear 

layer, and therefore, to obtain a better understanding of the mixing processes within this layer. 

The scheme of test configurations is shown in Figure 4.12 and the results from these test 

conditions are presented in Section 6.2. 

              

 

 

 

 

 

 

 

 

Figure 4.12. Scheme of one side vegetation configuration. 
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4.5.3. Two Vegetated Banks Tests 

A set of experiments was designed with vegetation at both sides of the channel width. 

The purpose of these tests was to study the behaviour and interaction of two velocity shear 

layers produced by vegetated banks. The width of free flow region (ὡ ) was considered 

based on results from previous experiments shown in Section 6.2. The initial free width region 

was first designed to allow the full development of both shear layers generated by each 

vegetated bank with no overlap. Then, in subsequent experiments the free flow region was 

narrowed gradually to force an interaction between both shear layers. The width of vegetated 

patches was fixed for all experiments as ὡ πȢςρ Í. This width of each patch was half of 

those used in previous experiments such that the total amount of vegetation remained constant 

compared with previous experiments. Therefore, the same amount of stems were used to cover 

both vegetated banks to keep a constant relationship between water depth and flow resistance 

and thus remain a quasi-constant flow rate for tests at each flow depth irrespective of vegetation 

arrangement (i.e. single or double bank). 

Rhodamine WT was injected in the centre of the channel for all different water depths 

shown in Table 4.4 (represented in Figure 4.13 as a red dot), vegetation densities and values of 

 ὡ . When  ὡ  became narrower, the injected dye entered further into the vegetated 

patches. This phenomenon affects to the recorded concentration videos as stems created visual 

barriers and concentration could not be recorded properly within the vegetated region. This 

effect also became more prominent for higher densities. Therefore, fƻǳǊ άǿƛƴŘƻǿǎέ ǿŜǊŜ 

designed to solve this problem. These windows were transversal gaps in the vegetated patch 

that allowed cameras to record the full transverse profile of dye injections. These gaps were 

located just below each camera to optimise the quality of recorded concentration profiles, with 

a longitudinal distance between gaps of ρȢς Í as shown Figure 4.13. Results from these test 

conditions are presented in Section 6.3. 

 

 

Figure 4.13. Scheme of both sides vegetation configuration. Black rectangles represent camera 

positions. 
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In order to achieve  ὡ  values (and given a constant ὡ ), a free flow region was 

created at both channel edges between vegetated patches and channel walls as shown in Figure 

4.13. In order to isolate the central studied region of the channel and to avoid any interactions 

with free flow regions created at each side; thin plastic walls were installed just outside the 

vegetated patches. These wall sections ƘŀŘ ŀƴ ά[έ ǎƘŀǇŜΣ ǿƛǘƘ ŀ ƘŜƛƎƘǘ ƻŦ πȢρ Í to avoid 

overflow, and a length of πȢως Í, so several of these wall sections were installed to cover the 

entire length of the channel. The base was perforated with holes following the same pattern as 

stem arrays and attached with four stems along their lengths as shown in Figure 4.14.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. Scheme of walls used to isolate central region. 
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5. Data Analysis and Validation of Methodology 

In this section, the processes taken to analyse the experimental data obtained by the 

methodology explained in Section 4 are described. In the first part of this section the processes 

used with PIV velocity data are explained and in the second part a brief description of those used 

to analyse PCA data are discussed. In addition, measurements of longitudinal flow velocity, 

concentration profiles and transverse mixing behaviour were obtained using different methods 

to validate the new methodology explained in Section 4. Finally, some improvements are 

discussed and further details of the techniques applied to analyse PCA data are explained. 

 

5.1. Velocity Data Analysis 

For each video recorded using the Large-Scale PIV technique, individual frames were 

dewarped to correct lens distortions and rotation produced by each camera using the spatial 

calibration described in Section 4.3.1. Then, videos were converted into black and white using 

Matlab function rgb2gray, and a mean frame for each camera was obtained by averaging over 

the ρπ ǎŜŎƻƴŘǎ ǊŜŎƻǊŘŜŘΣ ƻōǘŀƛƴƛƴƎ ŀ άōŀŎƪƎǊƻǳƴŘέ ŦǊŀƳŜ ƻǾŜǊ ǘƘŜ ŀƴŀƭȅǎed time. This frame 

was subtracted for each individual frame to delate the pattern of the metal grid used in the 

channel to fix cylinders, which otherwise could produce erroneous data during the PIV analysis. 

After this process, the main background of the channel was black and tracers were white, 

enhancing the particle identification. Finally, a single wide frame was generated for each 

instantaneous time by combining the frames for each camera considering synchronization 

explained in Section 4.3.2 and Section 4.3.3. An example of this process is shown in Figure 5.1, 

where in Figure 5.1 (a) an instantaneous black and white image from PIV videos is shown with a 

physical size of ρȢςςρȢψπ Í and a pixel resolution of ρ ρ ÍÍ.  Then, in Figure 5.1 (b), the 

time-averaged frame over ρπ Ó is shown and in Figure 5.1 (c) the resulting image from removing 

the background image (Figure 5.1 (b)) from the instantaneous frame (Figure 5.1 (a)), obtaining 

a particle density of around ω ÐÁÒÔÉÃÌÅÓÃÍϳ .  

 

 

5.1.1. Length of Videos 

For each test configuration, enough frames must be analysed to ensure all cameras 
recorded enough tracers travelling along the recorded area, and thus the time-averaged primary 
velocities obtained are representative of the flow conditions. Therefore, for each test 
configuration, a PIV video with a length of ωπ Ó was recorded and a longitudinal velocity map 
was obtained for each couple of instantaneous frames. Then, the accumulative longitudinal 
mean velocity over time was calculated for different spatial points: 

Figure 5.1. Example of background removal for PIV. a) Instantaneous black and white frame; b) mean 

black and white background over ρπ seconds and c) same instantaneous frame without background. 



A Study on Transverse Mixing in Shallow Flows within Partially Vegetated Channels 
 

 

- 59 - 
Santiago Rojas Arques 

Department of Civil and Structural Engineering 

ὃὧὧ Ὗ  
В Ὗ

Ὦ
                                                        ὩήȢυȢρ 

Where Ὗ  was the longitudinal flow velocity for a specific spatial position and time and 
Ὦ was the number of time samples used. For this temporal analysis, experimental configurations 
with the deepest water depth (Ὤ πȢπωπ Í) and the densest vegetation density (ᶮ πȢπςυ) 
were considered for each test configuration. These experiments were selected because highest 
eddies should be produced in these conditions (White and Nepf, 2007) due to the highest 
velocity gradient and hence, more time would be recorded to achieve a real time-averaged 
longitudinal velocity. 

Results for accumulative time-averaged velocities for different test configurations are 
plotted in Figure 5.2. Values are normalised by the time-averaged longitudinal velocity 
considering the full video length. For no vegetation tests, the spatial point considered in Figure 
5.2 was located at ὼ ρȢυ Í and ώ πȢφρ Í for Ὤ πȢπωπ Í experiment. The point for one 
vegetated bank test was located at ὼ ρȢυ Í and ώ πȢχπ Í for Ὤ πȢπωπ Í  ɲ πȢπςυ 
experiment and the point for both vegetated banks experiments was located at ὼ ρȢυ Í and 
ώ πȢωπ Í for Ὤ πȢπωπ Í  ɲ πȢπςυ  ὡ πȢχ Í. These transverse locations were 

chosen because this is where large eddy structures were expected to be created (e.g. for one 
and two vegetated bank flows) and therefore where more variation of the instantaneous 
primary velocity was expected. 

 

 

Figure 5.2 shows how when the recorded time used to obtain the time-averaged 
longitudinal velocity increases, the mean value obtained converges to a constant time-averaged 
value, which is representative of the real time-averaged velocity of the flow. The figure shows 
an increase of time required to achieve a quasi-constant accumulative mean velocity for one 
vegetated and two vegetated banks flow respectively, suggesting an increase of the large eddy 
structures generated for each flow condition. Based on this, for each test configuration, time 
length was selected for analysis of the PIV videos are shown Table 5.1.  

 

 

Figure 5.2. Accumulative time-averaged longitudinal velocities normalised by total time-averaged 

longitudinal velocity for different test configurations and spatial points. 
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4ÅÓÔ #ÏÎÆÉÇÕÒÁÔÉÏÎ 6ÉÄÅÏ ,ÅÎÇÔÈ !ÎÁÌÙÓÅÄ 
.Ï 6ÅÇÅÔÁÔÉÏÎ 4ÅÓÔÓ ρπ Ó 

/ÎÅ 3ÉÄÅ 6ÅÇÅÔÁÔÉÏÎ 4ÅÓÔÓ τπ Ó 
"ÏÔÈ 3ÉÄÅÓ 6ÅÇÅÔÁÔÉÏÎ 4ÅÓÔÓ φπ Ó 

 

PIV videos were supplied to the commercial PIV software Dynamic Studio, by 
DantecDynamics Ltd. In this program, all selected frames for a single test were loaded and 
dimensions of pixel frames and video frequency were introduced. The steps taken to process 
image files and obtain final velocity maps are described below. 

5.1.2. Adaptive Correlation 

Once instantaneous frames were loaded to the program, a first step was taken to obtain 
instantaneous velocity vectors based on the identification of the PIV tracer positions and their 
spatial movement between consecutive frames. A final interrogation area ὓ ὔ was selected 
from different available options. In addition, a factor Ὂ  was introduced to define the 

first interrogation area ὓ Ὂ ὔ Ὂ . The program divided each frame using 

this grid size, identifying particles movement between each consecutive pair of frames and 
obtaining a single velocity vector for each grid cell. After this first iteration, velocity vectors 
obtained for each cell were used as the starting point to calculate velocity vector in the next 

iteration with a new interrogation area with dimensions: ὓ Ὂ  ρ

ὔ Ὂ  ρ . This process was performed until final interrogation area defined was 

reached.  

Different final interrogation areas with the same Ὂ σ were studied and time-

averaged longitudinal flow velocity for three fixed point were calculated as shown Figure 5.3. 
These points were located in the centre on the channel length (ὼ ςȢς Í) and at three different 
positions along the channel width (ὖέὭὲὸ ὃ was located at ώ πȢφρ Í, ὖέὭὲὸ ὄ at ώ πȢσ Í 
and ὖέὭὲὸ ὅ at ώ πȢπυ Í). In addition, same interrogation area size (ρφψ) was studied 
considering two different factors (Ὂ σ and υ ) for the same fixed points.  

 

 

Figure 5.3 shows for both ὖέὭὲὸ ὃ ώ πȢφρ Í  and ὖέὭὲὸ ὄ ώ πȢσπ Í  that there 
was not a significant change in longitudinal flow velocity as the interrogation area size was 
varied, but nevertheless an increase of longitudinal velocity close to the wall (ώ πȢπυ Í) was 

Table 5.1. Video lengths analysed for each test configuration. 

Figure 5.3. Time-averaged longitudinal velocity for fixed points located in the middle of the channel 

length (x = 2 m) and at different transversal positions. Crosses represent same Interrogation Area but 

with a Factor = 5. Data were obtained for test h = 0.090 m without vegetation. 
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produced when the interrogation area was increased. This increase was produced because of a 
loss of precision in regions where a rapid velocity variation was expected. The same results were 
found for the same interrogation area size but with different Ὂ  values, represented in 

Figure 5.3 as crosses. In order to not to lose information in areas with high velocity gradients, 
an interrogation area of ρφψ was introduced for all tests. The ὓ dimension, corresponding to 
the channel length, was longer to ensure that particles do not move out of the interrogation 
window between the two frames. In addition, the default factor Ὂ σ was selected as 

not significant differences were found when Ὂ  was changed. 

In addition, the minimum size of the interrogation area is defined by the particle density 
inside the interrogation area.  Particle density should be sufficient such that enough particles 
are present in each interrogation area for two consecutive frames to ensure a good particle 
detection. A minimum specified density of 6 particles for each interrogation area was considered 
in previous works (Weitbrecht et al., 2002). However, a homogeneous particle density was 
found to be difficult to control for tests with high velocity flow gradients. Thus, further analysis 
explained below was applied to ensure the velocity vectors recorded over the analysed area 
were representative of the flow. 

5.1.3. Range Validation 

After the Adaptive Correlation process, a single velocity vector map with a dimension of 
ςχτυυω pixels and a pixel resolution of τȢτυψȢπρ ÍÍ was generated for each pair of 
frames. Then, a Range Validation process was performed to validate the generated vectors and 
remove spurious high velocities and zero velocities obtaining from interrogation areas with no 
PIV tracers recorded. Each single vector was validated against a defined expected range of 
velocity values, deleting all vectors outside this range.  

As different test configurations were ran, the variation of Range Validation was studied 
for no vegetated flows and for one vegetated bank flows by testing different validation ranges 
in order to find the appropriate values. The four parameters introduced in the Range Validation 
were maximum and minimum longitudinal and transversal velocity components (Ὗ  Ὗ  

and  Ὗ ). For all different options studied, same positive and negative values were 

considered for transversal velocity components.  

Three different scenarios were studied in which two of the primary velocity components 
were fixed and the other was changed. For all iterations, time-averaged and standard deviation 
of longitudinal velocity were obtained and data from same spatial points as in Figure 5.3 were 
plotted in Figure 5.4 (left axis). In addition, for all iterations, the percentage of vectors rejected 
was obtained as shown Figure 5.4 (right axis) to ensure that fewer than υ Ϸ of vectors were 
rejected (Adrian, 1991; Martins et al. 2018). 

Figure 5.4 (a) shows the variation of primary velocity when Ὗ  changes. The results 

show how for smaller Ὗ  values the primary velocity is smaller and, when Ὗ  increases, 

the longitudinal velocity flow obtained for each position increases. This behaviour is explained 
as for lower values of Ὗ  values, range validation deletes both spurious and valid velocity 

vectors, obtaining smaller time-averaged velocity values. In addition, once Ὗ  is increased, 

small variations in time-averaged longitudinal velocity are observed, showing a quasi-constant 
velocity value for higher Ὗ . This quasi-constant behaviour for higher values suggests that 

most of high velocity vector values are included in the range, and therefore the value of Ὗ  

defined for the range validation is broad enough to include most of valid velocity vectors. 

 Figure 5.4 (b) shows time-averaged primary velocity values for same spatial positions 
for different Ὗ . The results show that values remain quasi-constant for lower Ὗ  values. 
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However, if Ὗ  is too high, velocity results start to increase, with a stronger variation for the 

point closest to the wall (ώ πȢπυ Í). This trend agrees with the behaviour described previously 
for Ὗ  and suggests that for values of high Ὗ , some valid velocity vectors are deleted, 

increasing the overall time-averaged velocity. Figure 5.4 (c) shows time-averaged longitudinal 
velocity obtained for different  Ὗ . The results show a quasi-constant trend for all different 

 Ὗ  values, suggesting that there is not a strong transverse velocity component. 

 

Figure 5.4. Left axis) Time-averaged primary velocity results using different range validation values for 

three different spatial positions for test h = 0.090 m without vegetation. Right axis) Percentage of 

vectors rejected for different velocity component combinations for same flow conditions. 
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 Figure 5.4 (right axis) shows the percentage of vectors rejected for same range 
validation component combinations as in Figure 5.4 (left axis). Each graph represents the 
variation of one of the components whilst fixing the other two.  The results plotted in Figure 5.4 
show the highest variability in time-averaged primary velocity was obtained by changing the 
Ὗ , suggesting that this component is the most sensitive in order to obtain suitable results. 

In addition, percentages of rejected vectors in Ὗ  and  Ὗ  components only were higher 

than υ Ϸ when they started to reach values of πȢρυ Í Óϳ for the case of Ὗ  and close to 

πȢρ Í Óϳ for the  Ὗ  component respectively. 

The range values were also studied for longitudinal velocity for one side vegetated bank 
flows. For this case, different  Ὗ  were used and Ὗ  and  Ὗ  values were fixed. Then, 

longitudinal velocity values within the vegetated banks were compared to study how variation 
of Ὗ  could affect velocity results. As in the range comparison for no vegetated flows, three 

different spatial point were selected for each vegetation density and water depth. These three 
points were located at the same streamwise position as those considered previously (ὼ 
 ςȢς Í) and at three different spanwise positions (ὖέὭὲὸ ὃ was located at ώ πȢς Í, ὖέὭὲὸ ὄ 
at ώ πȢτς Í and ὖέὭὲὸ ὅ at ώ πȢυς Í). Therefore, ὖέὭὲὸ ὃ was located within the 
vegetated bank, ὖέὭὲὸ ὄ was located in vegetated limit and ὖέὭὲὸ ὅ was located within the 
shear layer. For each point, Ὗ  was changed from π Í Óϳ to πȢςυ Í Óϳ in increments 

of πȢπυ Í Óϳ. Time-average longitudinal velocity results for Ὤ  πȢπωπ Í for each vegetation 
density were plotted in Figure 5.5.   
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In Figure 5.5, the Ὗ  values within the vegetated patch (ώ πȢς Í) show an 

increased for tests ɲ πȢππρυ  and ɲ πȢππφ , shown in Figure 5.5 (a) and Figure 5.5 (b) 

respectively; when the limit values increase until they reach a limit value from which Ὗ  

values start to decrease. Similar behaviour was observed for the point located at the vegetated 

boundary (ώ πȢτς Í) for the same vegetation densities. This behaviour is produced because 

of the elimination of small velocities within the vegetation as the validation limit is raised. The 

decrease observed for the higher Ὗ  values is produced as most of valid velocity vectors are 

out of the defined range, and therefore they are neglected.  

Results from ɲ πȢπςυ  (Figure 5.5 (c)) only shows same behaviour for the 

ὖέὭὲὸ ὄ ώ πȢτς Í , but ὖέὭὲὸ ὃ ώ πȢς Í  only presents a decrease of velocity values 

when Ὗ  increases. This behaviour is produced as very low velocities are recorded within the 

vegetation for this density, and therefore even small increases of Ὗ  produce that most of 

recorded velocity vectors are out of the valid range. In addition, the Ὗ  values for the point 

Figure 5.5. Time-averaged primary velocity results using different range validation values for 

three different spatial positions for test È  πȢπωπ Í with one vegetated bank. 
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located within the shear layer (ώ πȢυς Í) do not decrease for the higher values for any 

vegetation density, as some higher velocity vectors are still included in the range. Results plotted 

in Figure 5.5 show a strong dependence on the Ὗ  limit of the time-averaged velocity results. 

In addition, they suggest that a Ὗ  value of π ÍȾÓ in the range validation was required to not 

to lose valid velocity information within the vegetated patch. 

Based on previous discussed results, a different Ὗ  was defined for each water 

depth. This value was chosen as the lower in the quasi-constant region discussed in Figure 5.4 
(a), which percentage of rejected values was smaller than υ Ϸ as shown in Figure 5.5 (a). In 
addition, same Ὗ  was defined for those test configurations with the same water depth but 

with different vegetation configurations (non-vegetated flow, one vegetated bank flow and two 
vegetated banks flow), as similar time-averaged free longitudinal flow velocity were expected 
to obtain. The setting for different Ὗ  for each water depth shown in Table 5.2 was based on 

the different maximum longitudinal flow velocities expected for each flow condition. Hence, the 
selected Ὗ  should be large enough to allow all real instantaneous velocities recorded by 

cameras, but not so large that any erroneous high velocity values will be included. 

The same Ὗ  was set as π ÍȾÓ for all test configurations. This value was chosen so as 
to not eliminate information within the low velocity areas, such as the vegetated banks or close 
the channel wall as shown Figure 5.5. 

Finally, the transversal velocity component was defined as  Ὗ  πȢσυ ÍȾÓ for all 

test configurations. The variation of this value did not affect to the time-averaged longitudinal 
velocity as shown Figure 5.4 (c) and allowed the correct identification of all valid vectors within 
the shear layer for the vegetated flows. Parameters are shown in Table 5.2. 

 

$ÅÐÔÈ Í  Ὗ  Ὗ  ÍȾÓ  Ὗ  ÍȾÓ 

πȢπσφ πȢυπ ɀ π  πȢσυ 
πȢπυτ πȢυυ ɀ π   πȢσυ 
πȢπχς πȢφπ ɀ π   πȢσυ 
πȢπωπ πȢφυ ɀ π   πȢσυ 

 

5.1.4. Moving Average Validation 

Finally, velocity vector maps produced were validated using the Moving Average 
Validation. This step was taken to detect any vector that its value was into the previous defined 
range but it was deviated from their neighbourhood values. These vectors can be or low velocity 
vectors recorded along the free flow region or rapid velocity vectors recorded along the 
vegetated bank. These vectors are produced during the Adaptive Correlation and they are not 
discarded during the Range Validation, but do not represent the real behaviour of the flow. 

Each velocity vector was compared with values in the neighbourhood of a defined size 
area of ὓ ὔ. If vector was deviated more than the Acceptance Factor (Ὂ ), it was 
substituted by a new value generated by a local interpolation of ὲ  iterations. Program allows 
to choose between three different size areas (ὓ ὔ σȟυ or χ). These three different options 
were studied considering the default values of Acceptance Factor Ὂ πȢρ and ὲ σ 
as shown Figure 5.6. Different size areas were considered and time-averaged longitudinal flow 
velocity was obtained for three fixed cells located at different transversal positions (ὖέὭὲὸ ὃ at 

Table 5.2. Range validation parameters used during velocity analysis for all different vegetated and 

non-vegetated tests. 
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ώ πȢφρ Í, ὖέὭὲὸ ὄ at ώ πȢσ Í and ὖέὭὲὸ ὅ at ώ πȢπυ Í) and fixed in the centre of the 
channel length (ὼ  ςȢς Í). 

 

Figure 5.6 shows longitudinal velocity results from same points represented in Figure 
5.3 and Figure 5.4. In the graph, different window sizes were selected using the rest of 
parameters as the default values. Results suggested that changes in size did not affect final 
results. Thus, a size area of ὓ ὔ σ was selected, and rest of values were defined as 
Ὂ πȢρ and ὲ σȢ 

5.1.5. Temporal Analysis 

Instantaneous velocity vector maps generated after these steps (Sections 5.1.2, 5.1.3 
and 5.1.4) were exported to Matlab, producing a matrix of longitudinal velocity data and another 
matrix of transversal velocity data. Then, a time series analysis was applied to obtain the 
temporal mean velocity field and temporal standard deviation values for longitudinal velocity to 
identify and remove any extreme outlying velocity value.  

For any single spatial position, the distribution of velocity data over time can be 
represented as a histogram as shown Figure 5.7. Figure 5.7 (a) shows the histogram related to 
a spatial point located at a streamwise position ὼ  ρȢχυ Í and in the centre of the spanwise 
(ώ  πȢφρ Í) for the water depth Ὤ πȢπωπ Í with no vegetation. In addition, Figure 5.7 (c) 
and Figure 5.7 (e) show the histograms for two different spatial points located at the same 
streamwise position for the water depth Ὤ πȢπωπ Í with the densest vegetated bank (ɲ
πȢπςυ). Figure 5.7 (c) is located within the vegetated bank (ώ  πȢς Í) and Figure 5.7 (e) is 
located within the shear layer (ώ  πȢυ Í). In addition, Figure 5.7 (b), Figure 5.7 (d) and Figure 
5.7 (f) show the longitudinal velocity signal over time for each spatial point respectively. 

The histogram plotted in Figure 5.7 (a) shows that the resulting distribution for those 
points located in the free open flow region was unimodal and roughly symmetrical. This 
distribution presents most of the velocity values (ψπ Ϸ) within a narrow velocity range 
(πȢσυ ɀ πȢτυ ÍȾÓ). Some low velocity values were recorded, represented in Figure 5.7 (b) as 
spurious velocity values in blue. These velocities may be produced as not enough PIV tracers 

Figure 5.6. Time-averaged longitudinal velocity for fixed points located in the middle of the channel 

length (Ø  ςȢς Í) for test È πȢπωπ Í without vegetation for different Moving Average size area. 
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were recorded for this specific time and position, and they were not properly removed by 
previous analysis steps (Sections 5.1.3 and 5.1.4). However, these values represent a very low 
portion ( υ Ϸ) of all instantaneous values recorded, suggesting the suitability of the technique 
and the analysis applied. 

 Moreover, the histogram distribution of longitudinal velocity within the vegetation in 
Figure 5.7 (c) presented half of a unimodal distribution, with its maximum close to zero. This 
behaviour is produced as within the vegetation very low velocity values were observed. 
Moreover, the plot shows the velocity for the densest scenario, so very low velocity values are 
expected to be recorded. Similar to previous case, Figure 5.7 (d) shows in blue that the discarded 
values represent high spurious velocities recorded in some instantaneous frames. These 
instantaneous velocities could be recorded as a results of a very low concentration of PIV tracers. 
In addition, these values could also been produced for an accumulation of PIV tracers within the 
stems, producing some velocity errors. However, both Figure 5.7 (c) and Figure 5.7 (d) show 
that these spurious values represent a very low portion ( υ Ϸ) of the full time series data. 

 Finally, for the point located within the shear layer a bimodal distribution is shown in 
Figure 5.7 (e). This bimodal distribution agrees with the histogram obtained from the ADV mid-
depth longitudinal velocity signal recorded by Dupuis et al. (2017), where the shear layer 
generated within a compound channel with vegetation along the floodplain was studied and the 
longitudinal velocity signal at the edge of the floodplain was recorded. The histogram in Figure 
5.7 (e) shows a wide range of velocity values. This is also plotted in Figure 5.7 (f) and suggests 
an increase of the turbulence within the shear layer compared with that recorded in the free 
flow region. Similar to previous cases, some very low or very high spurious velocity values seem 
to be recorded, representing a very low portion of the full time series data and suggesting the 
suitability of the technique and the analysis applied. 

 For each pixel, mean velocity value and standard deviation in time were obtained and 
values outside the region Ὗȟ σz ίὸὨὟȟ  were discarded. The allowed region represents 

ωωȢχ Ϸ of the total values inside a normal distribution.  
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The mean velocity value is represented in Figure 5.7 (b), Figure 5.7 (d) and Figure 5.7 (f) 

as the black line, and boundaries of the defined region Ὗȟ σz ίὸὨὟȟ  are represented in 

all figures as black dots. In addition, blue longitudinal velocity signals plotted in Figure 5.7 (b), 

Figure 5.7 (d) and Figure 5.7 (f) show the velocity signal for each spatial point before time series 

analysis was applied; and red signals show those values of the signals which are inside the 

defined region. As Figure 5.7 shows, this temporal analysis properly discards all extreme values 

over time for each spatial point. Once values outside the acceptable region were discarded, a 

time-averaged velocity value for each pixel was obtained. 

5.1.6. Overlapping Regions 

Time-averaged results presented a decrease of velocity values around the area where 

frames were overlapped. This decrease was produced during frame analysis due to missing and 

appearance of PIV particles between consecutive interrogation areas in the region between two 

cameras. The Matlab code ndnanfilter.m (Vargas, 2016) was used to smooth these junctions.  

Figure 5.8 (a) and Figure 5.8 (b) show the time-averaged longitudinal velocity values 

along a streamwise profile located in the centre of the spanwise (ώ  πȢφρ Í) for each water 

depth of no-vegetated flow experiments before and after the code ndnanfilter.m was applied 

respectively. In addition, Figure 5.8 (c) and Figure 5.8 (d) show the time-averaged longitudinal 

velocity map for water depth Ὤ πȢπυτ Í before and after the code was applied respectively. 

Figure 5.7. (Left) Histogram of velocity values along time for a single pixel. Dots represent  5ȟ σz

ÓÔÄ5ȟ  region and (right) time series data for the same pixel. 
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Figure 5.8 (a) shows three regions with a width of approximately πȢς Í (ςπ values) with 
an attenuation of velocity values for different tests, in agreement with the overlapping regions 
between two consecutive cameras. These areas were converted into NaN values and 
ndnanfilter.m was applied with the option ὡὔὃὔ ς and a window size of ςπ ὲ , with 
ὲ τ. This option configured the program to work as a NaN-interpolant/GAP-filling, so 
NaN values were substituted by new ones generated running a weighted mean using 
information from ὲ  considered, giving more weight to those values closer to the 
substituted NaN values. 

5.1.7. Two-dimensional Median Filter 

Finally, a 3rd-order two-dimensional median filter was applied to time-averaged velocity 

maps to delete any spikes produced during the process explained previously. For this filter, an 

area was considered using the neighbourhood given around each single pixel (σ σ ÐÉØÅÌÓ) and 

producing an ouput pixel with the median value of the selected area. Figure 5.9 (a) shows the 

time-average longitudinal velocity map for water depth Ὤ πȢπυτ Í and no-vegetated flow 

condition before the filter was applied; and Figure 5.9 (b) shows the same map after the median 

filter was applied. In addition, Figure 5.9 (c) shows the resulting averaged transverse profile for 

both velocity maps. In addition, in Figure 5.9 (c) maximum and minimum longitudinal values 

over the streamwise direction were plotted for each transverse position.  

Figure 5.8 a) Time-averaged longitudinal velocity in the centre of the channel along the channel length. 

b) shows the same velocity after ndnanfilter.m filter. 
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Both time-averaged longitudinal velocity maps (Figure 5.9 (a) and (b)) show a sharp 

decrease of velocity close the channel walls. In addition, some areas with a lower longitudinal 

velocity than that recorded in the rest of the main channel were recorded on the lower right 

zone. This decrease of velocity may be produced as not enough PIV tracers were recorded at 

certain instantaneous frames, generating lower instantaneous velocity values that later would 

affect the time-averaged ones. However, these lower areas do not affect the averaged 

transverse profiles plotted in Figure 5.9 (c). 

Moreover, transverse profiles shown in Figure 5.9 (c) indicate how median filter applied 

to the velocity did not change the mean value but decreased the variation of data along the 

channel length smoothing some spurious values. In addition, Figure 5.9 (c) shows that the 

highest spurious values before the filter was applied were obtained at the channel boundaries. 

These spurious velocities were present there as this is the region where it is more difficult to 

record a sufficient amount of PIV tracers. In addition, due the presence of the channel walls, 

there could be some accumulations of PIV tracers that would affect the recorded velocities. 

These spurious instantaneous velocities, although do not represent real velocities, may have 

values within the Range Validation defined in Section 5.1.3. However, as Figure 5.9 (c) shows, 

the amount of these false velocities that have been considered as valid values is negligible and 

they have no effect on the mean longitudinal velocity profile. 

Three different points (ὖέὭὲὸ ὃȟὖέὭὲὸ ὄ and ὖέὭὲὸ ὅ) were selected along the time-

averaged mean longitudinal velocity profiles for tests with no vegetation to show differences. 

As in previous comparisons, these points were located at ώ πȢφρ Í, ώ πȢσ Í and ώ

πȢπυ Í. For each spatial position, time-averaged mean longitudinal velocity values and their 

corresponding coefficient of variation (ὅȢὠȢ) were obtained from transversal profiles before and 

after median filter was applied. The ὅȢὠȢ was calculated to quantify the variability of velocity 

data around the mean value along the streamwise direction. Results are shown in Table 5.3. 

 

Figure 5.9. Longitudinal flow maps and mean transversal flow with maximum and minimum (dots) 

velocity with and without filters for È  πȢπυτ Í. 
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0ÏÉÎÔ ! Ὗ ÂÅÆÏÒÅ -ÅÄÉÁÎ Ὗ ÁÆÔÅÒ -ÅÄÉÁÎ ὅȢὠȢÂÅÆÏÒÅ -ÅÄÉÁÎ ὅȢὠȢÁÆÔÅÒ -ÅÄÉÁÎ 
Ὤ πȢπσφ ά πȢςτς πȢςτσ ςȢςτ Ϸ ρȢφφ Ϸ 
Ὤ πȢπυτ ά πȢσφω πȢσφω ρȢυπ Ϸ ρȢπς Ϸ 
Ὤ πȢπχς ά πȢσωω πȢτπρ ρȢψτ Ϸ πȢωπ Ϸ 
Ὤ πȢπωπ ά πȢτρφ πȢτρψ ςȢςφ Ϸ ρȢρρ Ϸ 

 

0ÏÉÎÔ " Ὗ ÂÅÆÏÒÅ -ÅÄÉÁÎ Ὗ ÁÆÔÅÒ -ÅÄÉÁÎ ὅȢὠȢÂÅÆÏÒÅ -ÅÄÉÁÎ ὅȢὠȢÁÆÔÅÒ -ÅÄÉÁÎ 
Ὤ πȢπσφ ά πȢςυπ πȢςυρ ςȢσχ Ϸ ρȢυχϷ 
Ὤ πȢπυτ ά πȢσυσ πȢσυυ ρȢψφ Ϸ ρȢχτϷ 
Ὤ πȢπχς ά πȢσφπ πȢσφς ςȢχπ Ϸ ςȢπωϷ 
Ὤ πȢπωπ ά πȢσωφ πȢσωω σȢρυ Ϸ ρȢχυϷ 

 

0ÏÉÎÔ # Ὗ ÂÅÆÏÒÅ -ÅÄÉÁÎ Ὗ ÁÆÔÅÒ -ÅÄÉÁÎ ὅȢὠȢÂÅÆÏÒÅ -ÅÄÉÁÎ ὅȢὠȢÁÆÔÅÒ -ÅÄÉÁÎ 
Ὤ πȢπσφ ά πȢςρψ πȢςςσ χȢψψ Ϸ φȢτω Ϸ 
Ὤ πȢπυτ ά πȢςτφ πȢςφρ χȢυω Ϸ σȢυφ Ϸ 
Ὤ πȢπχς ά πȢςφρ πȢςχτ ωȢρφ Ϸ υȢσπ Ϸ 
Ὤ πȢπωπ ά πȢςωπ πȢσπχ ψȢτπ Ϸ σȢψς Ϸ 

 

Results in Table 5.3 show mean longitudinal velocity was not affected by median filter 

applied to time-averaged longitudinal velocity maps. Only ὖέὭὲὸ ὅ presented some increases, 

with relative differences around υ Ϸ. These differences suggested that main erroneous data 

could be produced close to the wall. In addition, coefficient of variation results show low 

variations for most of transversal points, suggesting a quasi-constant longitudinal velocity 

obtained along the channel length. In addition, the variation decreases when median filter was 

applied, suggesting a decreased of highest and lowest erroneous velocity data. Highest 

variations were observed for point closer to wall, where it seems most of erroneous velocity 

data were produced. 

 

5.2. PIV Validation 

Time-averaged longitudinal flow velocity was obtained for tests with no vegetation 

described in Section 4.5.1 for each water depth. Cameras recorded instantaneous PIV tracers 

and frames were analysed as described in Section 5.1.  

Another two methods were used to validate the PIV velocity results. Firstly, longitudinal 

flow velocity for each water depth was measured manually by recording the travel time of small 

patches of floating tracers over φ Í of the channel length. Measurements were made at three 

spanwise positions situated at ρυπ ÍÍ, ςυπ ÍÍ and φρπ ÍÍ from the channel wall. Each 

measurement was repeated three times by two different researchers to quantify errors in 

results, as shown in Table 5.4.  

 

 

Table 5.3. Time-averaged mean longitudinal velocity results with and without filter and their 

coefficient of variation for non-vegetated tests. 
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Ὤ πȢπσφ Í ώ πȢφρ Í ώ πȢςυ Í ώ πȢρυ Í 
Ὗ  Í Óϳ  πȢσςρ πȢσρφ πȢσππ 
Ὗ  Í Óϳ  πȢσςψ πȢσςφ πȢσπψ 
Ὗ  Í Óϳ  πȢσσπ πȢσςφ πȢσρφ 
Ὗ  Í Óϳ  πȢσσρ πȢσςψ πȢσρτ 
Ὗ  Í Óϳ  πȢσσπ πȢσρχ πȢσρτ 
Ὗ  Í Óϳ  πȢσςτ πȢσςσ πȢσρρ 

 

Ὤ πȢπυτ Í ώ πȢφρ Í ώ πȢςυ Í ώ πȢρυ Í 
Ὗ  Í Óϳ  πȢτσψ πȢτςπ πȢτπυ 
Ὗ  Í Óϳ  πȢτττ πȢτρρ πȢσως 
Ὗ  Í Óϳ  πȢτττ πȢτσυ πȢτππ 
Ὗ  Í Óϳ  πȢττρ πȢτςς πȢτπσ 
Ὗ  Í Óϳ  πȢττρ πȢτρχ πȢσχσ 
Ὗ  Í Óϳ  πȢττψ πȢτρτ πȢσψπ 

 

Ὤ πȢπχς Í ώ πȢφρ Í ώ πȢςυ Í ώ πȢρυ Í 
Ὗ  Í Óϳ  πȢυςφ πȢυπτ πȢτψτ 
Ὗ  Í Óϳ  πȢυτυ πȢτωφ πȢτχς 
Ὗ  Í Óϳ  πȢυπτ πȢτψψ πȢτχφ 
Ὗ  Í Óϳ  πȢυτπ πȢτωφ πȢτψπ 
Ὗ  Í Óϳ  πȢυτπ πȢυππ πȢτχφ 
Ὗ  Í Óϳ  πȢυςς πȢτως πȢτψψ 

 

Ὤ πȢπωπ Í ώ πȢφρ Í ώ πȢςυ Í ώ πȢρυ Í 
Ὗ  Í Óϳ  πȢυφρ πȢυςς πȢτως 
Ὗ  Í Óϳ  πȢυσφ πȢυςς πȢυρσ 
Ὗ  Í Óϳ  πȢυχρ πȢυπτ πȢυςς 
Ὗ  Í Óϳ  πȢυςς πȢυπω πȢτψτ 
Ὗ  Í Óϳ  πȢυτυ πȢυπτ πȢυπτ 
Ὗ  Í Óϳ  πȢυυφ πȢυρσ πȢτωφ 

 

For further validation, time-averaged longitudinal flow velocity was obtained using an 

Acoustic Doppler Velocimetry (ADV) probe situated in the centre of the recorded area at ὼ

ς Í from the first recorded spanwise profile. Velocity data was recorded at three different 

spanwise positions situated at ρυπ ÍÍ, σππ ÍÍ and φρπ ÍÍ from the channel wall. For each 

spanwise position, between φ to ρσ different vertical positions were recorded (depending on 

the water level) from close to the channel bed to near the water surface. For each location, 

instantaneous flow velocity was measured in the three main directions (ὼ, ώ and ᾀ) during a 

recorded time of φπ Ó with a sampling rate of ρφπ (Ú. Signals collected from longitudinal flow 

velocity were filtered using a despiking ADV process (Botev et al. 2010; Islam and Zhu, 2013).  

 

 

 

 

Table 5.4. Manual longitudinal velocity measurements. 
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Ὤ πȢπσφ Í Ὤ πȢπυτ Í Ὤ πȢπχς Í Ὤ πȢπωπ Í 
πȢππσ Í πȢππσ Í πȢππσ Í πȢππσ Í 
πȢππυ Í πȢππυ Í πȢππυ Í πȢππυ Í 
πȢπρπ Í πȢπρπ Í πȢπρπ Í πȢπρπ Í 
πȢπρυ Í πȢπρυ Í πȢπρυ Í πȢπρυ Í 
πȢπςπ Í πȢπςπ Í πȢπςπ Í πȢπςπ Í 
πȢπςυ Í πȢπςυ Í πȢπςυ Í πȢπσπ Í 

 πȢπσπ Í πȢπσπ Í πȢπτπ Í 
 πȢπσυ Í πȢπσυ Í πȢπυπ Í 
 πȢπτπ Í πȢπτπ Í πȢπυυ Í 
 πȢπτυ Í πȢπτυ Í πȢπφπ Í 
  πȢπυπ Í πȢπφυ Í 
  πȢπυυ Í πȢπχπ Í 
  πȢπφπ Í πȢπχυ Í 

 

For each ADV test position, the accumulative longitudinal mean velocity was studied to 

ensure recorded time was long enough to represent mean real primary velocities. Two examples 

regarding to test Ὤ πȢπωπ Í ᾀ πȢππσ Í and πȢπχυ Í are plotted in Figure 5.10. It was 

found that for recorded time larger than φπ Ó, variations in mean primary velocities are smaller 

than πȢς Ϸ. 

 

In addition, the power spectral density (PSD) was obtained for each signal and plotted 

in Figure 5.11. This plot identifies the dominant frequency range in the recorded signals, and 

thus it helps to identify the minimum frequency required to record properly the instantaneous 

velocity deviations produced by the turbulence in the flow. Figure 5.11 shows the PSD results 

for the same tests as in Figure 5.10 using a log scale for each axis. 

Table 5.5. Location of recorded ADV points from channel bed. 

Figure 5.10. Accumulative time-averaged longitudinal velocities normalised by total time-averaged 

longitudinal velocity for different water depth positions. 
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Results plotted in Fig 5.11 show that the bulk of the dynamic content is below a 

frequency of σπ (Ú (represented as the red lines), showing that the recorded values for higher 

frequencies are two to three orders of magnitude smaller and confirming that a frequency of 

ρφπ (Ú is more than enough to record all fluctuations produced in test flows. For each signal 

sample recorded at each water depth position, the time-averaged longitudinal velocity value 

was obtained and velocity data over each water depth was fitted using the expression 

introduced in Section 2.1: 

Ὗᾀ

όz
 
ρ

‖
ὰὲ
ᾀ

Ὧί
                                                      ὩήȢυȢς 

Where όᶻ  Ὣ Ὤ Ὓ. Each vertical profile of longitudinal velocity data was fitted by eq. 

5.2, obtaining a value of ‖ and Ὧ for each test. Each vertical profile showed a good fitting with 

logarithmic profile with a mean correlation Ὑ πȢωχυ and a fixed equivalent roughness height 

of πȢσ ÍÍ. Two examples of recorded ADV longitudinal velocity data and their fittings are 

plotted in Figure 5.12. Tests shown correspond to ώ πȢφρ Í for Ὤ πȢπχς Í and Ὤ

πȢπωπ Í water depths. 

 

 

Figure 5.11. Discrete Fourier transformation for ADV signals for different water depth positions. 

Figure 5.12. Examples of longitudinal ADV velocity data and their logarithmic fitting for Ù πȢφρ Í 

and water depths È πȢπχς Í and È πȢπωπ Í. 
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From each logarithmic fitting result, the longitudinal surface velocity was obtained. In 

addition, for each measured vertical position, the longitudinal velocity predicted by the 

logarithmic law was calculated and the absolute differences between these values and those 

recorded by the ADV were obtained. Finally, the mean errors were obtained by averaging the 

calculated differences over the vertical profile. 

Finally, results obtained by both methods (manual tracer and ADV profile) were 

compared with time-averaged longitudinal surface velocity obtained by the PIV technique. PIV 

outputs were averaged in time, and the variability in space was plotted as a range from minimum 

to maximum in Figure 5.13. Surface velocity estimated from ADV data is also plotted. The error 

bars show the average variation between ADV data and logarithmic fit across the vertical range.  

 

Figure 5.13 shows that the overall velocities obtained by manual and ADV technique are 

within the PIV range. Some variances are observed between each measurement technique 

(  υȢρχ Ϸ between PIV and manual technique and  τȢςφ Ϸ between PIV and ADV results) that 

could be produced by effect of some light reflections not effectively removed from raw frames, 

which could affect PIV analysis. However, Figure 5.13 confirms that results obtained by PIV 

technique are suitable to estimate time-averaged surface flow velocity. 

In addition, the flow rate measured for each flow condition as described in Section 4.2.1. 

was compared against the flow rate obtained by integrating the recorded PIV velocities plotted 

in Figure 5.13 over the channel width. The different flow rates and the relative differences for 

each water depth are shown in Table 5.6. 

 

 

Figure 5.13. Comparison of time-averaged longitudinal velocity profiles between PIV results, manual 

and ADV measurement Á È πȢπσφ ÍȟÂ È πȢπυτ ÍȟÃ È πȢπχς Í ÁÎÄ Ä È πȢπωπ Í. 
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ὈὩὴὸὬ Í  ὗ ,ȾÓ ὗ  ,ȾÓ Ὑ Ὀ  Ϸ  

πȢπσφ ρςȢρχτω ρσȢχωφρ ρρȢχυ 
πȢπυτ ςρȢφυψφ ςτȢσρυτ ρπȢωσ 
πȢπχς συȢπωωφ σψȢφωσπ ωȢςω 
πȢπωπ υςȢςρςτ υφȢτςρψ χȢτφ 

 

Where ὗ is the flow rate measured for each flow condition, ὗ  is the flow rate 

obtained by integrating the PIV velocity over the width and Ὑ Ὀ  is the relative difference 

between both data, obtained as: 

Ὑ Ὀ  
ὗ  ὗ

ὗ
                                                        ὩήȢυȢσ 

Table 5.6 shows that different flow rates are obtained by integrating the PIV velocity as 

those recorded for each flow condition, with relative differences  between χȢυ and ρρȢφ ϷȢ 

Higher flow rates are estimated when using the PIV data for each flow depth, which is expected 

as PIV technique measured surface velocity, rather than mid depth or depth averaged velocity.   

It should be noted that previous work considering flow structures in vegetated flows has 

obtained experimental longitudinal flow velocity using different techniques, recording velocity 

data at different vertical positions along the flow depth. Nezu and Onitsuke (2002) used a argon-

ion laser system to measure the velocity at φυ ÍÍ above the bed in a flow with a water depth 

of χπ ÍÍ, whilst White and Nepf (2007) recorded velocity using a laser-Doppler velocimetry 

system at the mid-depth in flows with a water depth range of υσ ɀ ρσω ÍÍ and Besio et al. 

(2012) recorded surface velocity using a PIV technique. Therefore, the differences between the 

recorded surface longitudinal velocity data and those expected at the mid-depth of an open 

channel flow without vegetation were estimated. The logarithmic fitting of vertical profiles of 

longitudinal velocity obtained previously (Section 5.2) were used to calculated the expected 

longitudinal velocity at the mid-depth and the differences between this velocity and that 

recorded at the surface by the PIV system were calculated for each water depth condition. 

Ὑ Ὀ  
Ὗ  Ὗ

Ὗ
                                            ὩήȢυȢτ 

Where Ὗ  is the longitudinal surface velocity and Ὗ  is the longitudinal 

velocity at the mid-depth. Results are shown in Table 5.7. 

 

$ÅÐÔÈ Í  Ὗ  ɀ Ὗ  ÍȾÓ Ὑ Ὀ  Ϸ  

πȢπσφ Í πȢπτς ÍȾÓ ρςȢχψ Ϸ 
πȢπυτ Í πȢπτρ ÍȾÓ ρπȢχρ Ϸ 
πȢπχς Í πȢπσω ÍȾÓ ψȢχρ Ϸ 
πȢπωπ Í πȢπςω ÍȾÓ υȢχπ Ϸ 

 

Table 5.6. Differences between the measured flow rate and that obtained by integrating the PIV 

velocity data. 

Table 5.7. Estimated differences between surface and mid-depth longitudinal velocity within 

experimental facility for each depth. 
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Results in Table 5.7 show a decrease of the difference between the surface and the mid-

depth longitudinal velocity for deeper flows. This decrease may be produce as the bed effect 

becomes more important for shallower flow conditions. Moreover, if the calculated mid-depth 

longitudinal velocities are considered to obtain the flow rate for each water depth, the 

differences observed in Table 5.6 are almost eliminated, with relative differences of Ὑ Ὀ 

φȢπς Ϸ, υȢχω Ϸ, σȢςσ Ϸ and ςȢπσ Ϸ  for È  πȢπσφ Í, πȢπυτ Í, πȢπχς Í and πȢπωπ Í 

respectively. The differences between surface longitudinal velocity and mid-depth longitudinal 

velocity within the vegetated regions may be expected to be insignificant as velocity is 

approximately uniform over the depth when using stems of a constant diameter (Kouwen et al., 

1969, wƻǿƛƵǎƪƛ et al, 1998, Nepf and Vivoni, 2000). However, these differences between 

surface longitudinal velocity and mid-depth longitudinal velocity should be considered when 

considering measurements in the free flow region. 

 

5.3. Concentration Data Analysis 

In this section, a brief description of the different steps taken to convert raw light 

intensity data from cameras into spatial concentration data is introduced. In addition, steps 

applied to analyse and validate the measurement technique using the first light configuration 

(as described in Section 4.2.4) are explained in the Section below. However, a more detailed 

description of steps used to analyse raw data is explained later in Section 5.6 with the revised 

light configuration explained in Section 5.5, and the corresponding concentration results. 

For each test explained in Section 4.5, a video for each dye injection was recorded during 

ρψπ Ó and a time-averaged frame was produced taken central φπ Ó. In addition, a video with no 

injection was recorded for each flow condition with a length of σπ Ó to obtain the concentration 

level with no injections, or background concentration. Then, a mean value taken ρπρπ pixels 

were obtained, creating new images of ρςςρψπ pixels and a resolution of ρπρπ ÍÍ. Both 

spatial and dye calibration explained in Section 4.3.1 and Section 4.4 were applied, obtaining a 

time-averaged concentration map with a resolution of ρπρπ ÍÍ over a recorded area of 

ρȢςςρȢψπ Í for each camera. Then, measured background levels from concentration frames 

were removed for each pixel.  

Once background concentration levels were removed from the time-averaged 

concentration map recorded by each camera, a concentration map over the full analysis length 

was obtain. Therefore, concentration maps of each camera required to be merged as explained 

in Section 4.3.3. Thus, first and last ρψ ÐÉØÅÌÓ for each concentration map recorded by each 

camera were neglected, then the last and the first συ ÐÉØÅÌÓ (πȢσυ Í) for each pair of 

consecutive cameras were taken respectively and a sinusoidal weight function was applied to 

create a transition function between both cameras. 

Then, remaining noise from concentration map was eliminated. This noise is mostly 

produced by reflections of green light on the water surface, which produces some erroneous 

values when compared with those values recorded in their local neighbourhood. For this first 

light configuration, a 6th-order one-dimensional median filter was applied and a threshold value 

of σ Ϸ was fixed, defined as a percentage of the maximum concentration value recorded for 

each concentration profile. For a generic median filter, neighbourhood values around each 

ǎƛƴƎƭŜ ǇƛȄŜƭ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘΦ Lƴ ǘƘŜ ŎŀǎŜ ƻŦ ŀƴ άƴth-one-ŘƛƳŜƴǎƛƻƴŀƭ ƳŜŘƛŀƴ ŦƛƭǘŜǊέΣ ƻƴƭȅ ǘƘŜ άƴέ 

neighbourhood values at each side in the spanwise direction are considered; and in the case of 
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ŀƴ άƴth-two-ŘƛƳŜƴǎƛƻƴŀƭ ƳŜŘƛŀƴ ŦƛƭǘŜǊέΣ ƴŜƛƎƘōƻǳǊƘƻƻŘ ǾŀƭǳŜǎ ƛƴ ŀƴ ŀǊŜŀ ƻŦ άƴ  ƴέ ŀǊƻǳƴŘ ǘƘŜ 

single pixels are considered. Once the neighbourhood values are defined, an output pixel value 

is produce with the median value of the selected area for the single pixel. For the filtering 

techniques introduced here, a 6th-order one-dimensional median filter considers the values of 

φ ÐÉØÅÌÓ at each side of the filtered pixel in the spanwise direction. In addition, the threshold 

filtering technique was applied to delimitate the boundaries of the transverse concentration 

profiles from the residual background level. This cut off technique identifies the maximum 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǾŀƭǳŜ ŦƻǊ ŜŀŎƘ ǇǊƻŦƛƭŜ ŀƴŘ ŘŜƭŜǘŜ ŀƭƭ ǾŀƭǳŜǎ ƭƻǿŜǊ ǘƘŀƴ ǘƘŜ άὲ Ϸέ of this maximum 

value. As it was discussed in Section 2.4.2, Boxall (2000) and Dennis (2000) argued that when 

an optimization process is applied to obtain mixing coefficients, accurate mixing coefficients can 

be obtained even when the cut off applied to delimitate the concentration profiles is up to the 

ρπ Ϸ of the peak concentration value. Thus, a σ Ϸ of the maximum concentration value were 

applied to the different proposed filtering techniques. 

Post filtering, to ensure mass conservation a mass balance was applied along all profiles. The 

mass over each transversal profile was obtained and the corresponding mean profile of mass for 

each injection was calculated as the mean of all lateral mass profiles. Then, a correction factor 

between the mass of each profile and the mean mass was obtained for each concentration 

profile. Finally, each single pixel value for a specific profile was divided by the factor obtained 

for this profile, obtaining the same mass for each lateral concentration profile 

 

5.4. PCA Validation 

The PCA technique was validated by comparing concentration fields recorded by 

cameras with concentration levels recorded by Cyclops-7FTM submersible sensors for a 

continuous injection of Rhodamine WT. Due to obstruction effects produced by sensors and 

differences between the sensitivity of each instrument, PCA and Cyclops measurements could 

not be taken at the same time. Instead, separate tests were run with injections with different 

dye injection concentrations. Then, results were compared using variance and ADE transverse 

mixing coefficients obtained from each test, such that the mixing rates of the solute quantified 

using each measurement technique were compared. For each test, the same flow conditions 

were established with a constant water depth of Ὤ πȢπω Í and with no vegetation. 

The Cyclops probe was calibrated using 11 concentrations, including zero concentration; 

in a container of υ , as shown in Figure 5.14 to produce a linear function relating concentration 

to probe output. 

 

 
Figure 5.14. Cyclops calibration. 
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Four concentration profiles were recorded with the Cyclops sensor, situated at 

υȟφȟχ and ψ Í downstream of the injection point and within the PCA recorded area. For each 

recorded profile, ςπ different points along the spanwise direction were recorded, where ρφ 

points were taken in increments of ςπ ÍÍ to record the dye plume and the other τ 

measurements were taken far from the dye plume to establish background levels. From these τ 

measurements, the lowest value recorded considering the four concentration profiles was 

considered as the background level and it was subtracted from the rest of measurements as   

explained below. 

To ensure reliable recorded data, each point was recorded for the same time as the 

video recordings (φπ Ó, see Section 5.3) and a time-averaged value was obtained. Then, a 

process similar to that applied to PCA data was used: the background level was removed from 

concentration profiles and values lower than σ Ϸ of maximum peak concentrations were also 

eliminated to remove instrument noise effects. After this filtering process, a mass balance factor 

was applied to profiles located at φȟχ and ψ Í downstream of the injection point. Mass balance 

factors obtained showed a variation of  ςȢς Ϸ over the recorded concentration profiles, 

indicating a good level of mass conservation. 

PCA raw concentration maps were obtained as explained in Section 4.3 and Section 4.4. 

Then, concentration maps were analysed using the processed explained in Section 5.3, with the 

filtering technique explained in Section 5.3: background levels were removed from the 

concentration map, a 6th-order one-dimensional median filter was applied to eliminate noise 

and all values smaller than σ Ϸ of the peak concentration were removed. Post-filtering, a mass 

balance was applied to ensure mass concentration obtaining a variation of υ Ϸ, indicating good 

mass conservation. Figure 5.15 shows a comparison between non-dimensional concentration 

profiles obtained using both Cyclops sensors and the PCA technique. Profiles were located at 

υȟφȟχ and ψ Í from the injection point. All values were normalised by the maximum 

concentration value of the first profile.  

Error bars for Cyclops data were calculated as the standard deviation of the signal 

recorded for each measured point. In addition, during the calibration process (Section 4.4), 

absolute differences between concentration predicted by the 3rd polynomial order function and 

calibrated concentrations were calculated for each concentration value. Then, the average error 

value for all ρρ calibrated points was calculated for each map position. This estimated mean 

error was then used to show PCA variation plots in Figure 5.15.  
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Concentration profiles shown in Figure 5.15 suggest an overall good match between 

both measurement techniques. A small but consistent variation was observed in the centre of 

each profile where the PCA concentration data were lower than the Cyclops values. These 

differences were likely produced by direct light reflections produced over the water surface and 

recorded by the cameras. These reflections may also affect the left part of the plume (ώ 

 πȢσ Í), where the concentrations recorded by the PCA technique were smaller than those 

obtained with the Cyclops. This miss-recording produces that the concentration profiles 

recorded using the PCA do not spread in a similar manner on the left and right side of the flume, 

producing a significant difference between the PCA and the Cyclops measurements. These 

differences observed between both techniques suggest that some further refinements of light 

configurations could be applied to improve the technique. In addition, the Pearson correlation 

between PCA concentration profiles and data recorded by Cyclops was calculated. 

Ὑ  
ὲ Вὅὅ Вὅ Вὅ

ὲ Вὅ  Вὅ ὲ Вὅ  Вὅ

                   ὩήȢυȢυ 

Where ὲ  is the number of values and ὅ and ὅ are the concentration values 

recorded by the PCA technique and by Cyclops respectively. Only PCA concentration values were 

considered for those spanwise positions where Cyclops concentration data were available. The 

Pearson correlation results show, a good correlation between each pair of concentration 

profiles: Ὑ πȢωχ, Ὑ πȢωψ, Ὑ πȢωυ and Ὑ πȢωσ. 

In addition, the spatial variance of the transverse concentration profiles was obtained 

and a linear fitting was applied to calculate the variance slope along the streamwise direction 

using the expression proposed by Sayre and Chang (1968) introduced in Section 2.4.2.  

Ὀ  
Ὗ

ς

Ὠ„

Ὠὼ
                                                               ὩήȢυȢφ 

 

Figure 5.15. Comparison between PCA and Cyclops non-dimensional concentration profiles (ÃÁÓÅ Á

υ ÍȟÃÁÓÅ Â φ ÍȟÃÁÓÅ Ã χ Í ÁÎÄ ÃÁÓÅ Ä ψ Í). 
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The variance of each transversal concentration profile was calculated using the 

discretised solutions of eq. 2.61, 2.62 and 2.63. 

ὓ  ὅώ

Ȣ

                                                          ὩήȢυȢχ 

ὓ  ὅώώ

Ȣ

                                                         ὩήȢυȢψ 

ὓ  ὅώώ

Ȣ

                                                       ὩήȢυȢω 

ὅὩὲὸὶέὭὨ •  
ὓ

ὓ
                                                      ὩήȢυȢρπ 

ὠὥὶὭὥὲὧὩ „  
ὓ

ὓ
 •                                              ὩήȢυȢρρ 

Where ὅώ is the concentration value recorded at each cell located at the transversal 

position ώ. Figure 5.16 shows the variation (increase) in spatial variance of each profile over the 

experimental length obtained using both measurement techniques and linear fitting applied to 

each case using the expression ὥ ὼ ὦ, where ὥ  is the variance slope and ὦ is the 

independent term. As results from the two measurement techniques are taken from separate 

experiments, results are plotted in terms of variation in variance from a reference point taken 

at ὼ  υ Í (position of the first cyclops profile from the injection point). The variance slope 

obtained for each case was ὥ ρτȢυ and ὥ ρσȢω, with a Pearson correlation of Ὑ

πȢωτ for the PCA measurements and Ὑ πȢωχ for the Cyclops measurements respectively. 

These results indicate a similar mixing process recorded by each technique, as similar variance 

slopes were obtained (eq. 5.6).  

 

Results plotted in Figure 5.16 suggest that the increase of variance for both 

measurement techniques follow the same trend. However, a diminution of variance is observed 

for the PCA concentration profiles after χȢυ Í. This decay may be produced because of the lower 

Figure 5.16. Comparison between PCA and Cyclops variance. 
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concentration values recorded at the edges of the PCA concentration profiles as shown in Figure 

5.15 (around πȢσ ɀ πȢτ Í from the wall). This decay was likely produced when the concentration 

profiles fell into the areas significantly affected by the light reflections produced along the 

channel (as seen in Fig 5.15 (d)). 

5.4.1. Analytical Solution 

In addition, the ADE transverse mixing coefficient (Ὀ ) was obtained from concentration 

measurements obtained with both PCA and Cyclops measurement techniques. 

In this set of experiments with a straight open channel with no vegetation, the 

transverse mixing coefficient Ὀ ώ was considered constant along the channel width. Thus, the 

analytical solution introduced in Section 2.4.2 was considered for the unbounded flow condition 

and considering no flux of concentration at the channel walls: 

ὅὼȟώ  
ὓ

Ὤ τ“ὈὟὼ
 Ὡὼὴ

Ὗώ ώ

τὈὼ
                              ὩήȢυȢρς 

Where ὓ is the total mass inflow rate and  ώ  is the transversal position of tracer 

injection. This simplification considers both the longitudinal flow velocity and the water depth 

to be constant along both the transversal and longitudinal direction. The mean velocity value 

used in the equation was obtained from the time-averaged longitudinal PIV velocity obtained in 

Section 5.2. Values at the three different spanwise positions considered to validate PIV results 

were considered (ώ  πȢφρ, πȢςυ and πȢρυ Í), and the mean value between them was 

calculated. 

A simple optimization routine was developed to find the optimised Ὀ  value that 

provided predicted concentrations that fitted best with experimental concentration data. The 

routine was developed using the Matlab optimization function fmincon, which finds the 

minimum solution for a given function. The value being minimised was ɀὙ, where Ὑ was the 

Pearson correlation between the experimental concentration data and the concentration data 

generated by the eq. 5.12 considering all profiles recorded over the analysis area (eq. 5.5). 

The first concentration profile was introduced as an input along with the water depth 

value and the longitudinal flow velocity. Thus, the routine started with a given initial transverse 

mixing coefficient Ὀ and concentration profiles downstream were predicted using input data 

into eq. 5.12. The correlation Ὑ between the ADE concentration map and the experimental data 

was calculated and the objective value ɀ Ὑ was obtained. The function repeated this process 

changing the variable Ὀ  until the solution ɀ Ὑ was minimised. In addition, for each iteration, 

the allowed Ὀ values were constrained within the range π ɀ ρ. The optimised results obtained 

from each technique were shown in Table 5.8. In addition, non-dimensional transverse mixing 

coefficients (Ὀ Ὤόᶻϳ ) and Pearson correlations were shown.  

 

4ÅÓÔ Ὀ Í Óϳ  Ὀ Ὤόᶻϳ   Ὑ 

Ὤ πȢπωπ Í 0#! πȢπππσφυ πȢρτς πȢωψσ 
Ὤ πȢπωπ Í #ÙÃÌÏÐÓ πȢπππσψρ πȢρτσ πȢωωτ 

 

Table 5.8 Transverse mixing coefficients from PCA and Cyclops measurement techniques and 

correlations between data and ADE optimization. 
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The results in Table 5.8 show a very similar optimised transverse mixing coefficient for 

data from both PCA and Cyclops techniques. These results are in agreement with slopes of 

transverse profiles variances obtained previously and suggested a similar mixing process 

recorded by each measurement technique. In addition, these transverse mixing coefficients are 

in the line with expected values for straight channels πȢρυ Ὀ Ὤόᶻϳ πȢσ (Rutherford, 1994). 

 

5.5. Light Configuration Improvement 

As discussed in Section 5.2 and Section 5.4, reflections from the water surface created 

by the LEDs were found to produce some errors in measurements at specific locations due to 

direct reflections. Therefore, different light configurations were tested to obtain the most 

uniform green intensity distribution over the recorded area and minimise the occurrence of 

direct reflections. Reflective and dispersive materials were used in order to avoid direct light 

reflections over the water surface and to distribute better the LED light. The material chosen 

was Reflex Diamond Reflective Sheeting. 

For the first new light configuration tested, LEDs at both sides of channel walls were left 

but the strip on the top was substituted by four strips with two on either side of the beam. This 

new distribution avoided direct light reflection over the recorded area. Finally, a rigid structure 

covered by the reflective/dispersive sheeting was installed on the top of the channel to reflect 

light downwards. It was situated ψ ÃÍ above the beams on the top of the channel and covered 

them with two sheets with a length of ςχÃÍ and with an angle of τυΞ. This configuration is 

schematised in Figure 5.17.  

                

 
Figure 5.17. Scheme of first light improvement configuration. 



A Study on Transverse Mixing in Shallow Flows within Partially Vegetated Channels 
 

 

- 84 - 
Santiago Rojas Arques 

Department of Civil and Structural Engineering 

For the second light configuration, lights at both sides of the wall channel were moved 

to a height just over the beams where cameras were installed. In addition, reflective material 

was used to cover completely the recorded area as illustrated in Figure 5.18. 

                          

 

This configuration increased the reflective area and smoothed the light reflection of the 

top LEDs over the material, distributing more homogeneously the light over the full-recorded 

area. In order to study the green intensity distribution of each configuration, the recorded area 

was isolated and filled with tap water as described in Section 4.4. A video of ρπ Ó was recorded 

for each case for the same water depths used previously and a time-averaged map of the green 

component was obtained from each camera. Finally, frames from different cameras were 

merged as explained in Section 4.3.3. Green intensity maps obtained from different water 

depths and light configurations are plotted in Figure 5.19, Figure 5.20 and Figure 5.21 for the 

first light configuration and both new configurations explained in this section respectively.  

Figure 5.18. Scheme of second light improvement configuration. 
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Figure 5.19. Time-averaged green intensity maps for previous light configuration. 

Figure 5.20. Time-averaged green intensity maps for first new light configuration. 
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 Figure 5.19, Figure 5.20 and Figure 5.21 shows time-averaged green intensity maps for 

the previous light configuration and the new ones proposed in this section respectively. In 

addition, Figure 5.22 represents green intensity over a transversal section of the recorded area 

situated at ρȢυ Í from the first recorded spanwise profile for different water depths and light 

configurations. 

The figures show three strips with higher intensity for the first light configuration. These 

lines corresponded to light reflections over the water surface, and they could potentially 

produce some errors in PCA and PIV data as was discussed in Section 5.2 and 5.4. The first new 

configuration increased the overall green intensity but produced a wide reflection strip along 

the centre of the channel. This increase was mostly produced by reflection of lights installed 

over the channel. The second new configuration produced a more homogeneous increase of 

green intensity over the full-recorded area without lines with significant peaks of intensity 

produced by reflections. Figure 5.22 also agrees with this.  

Figure 5.19, Figure 5.20, Figure 5.21 and Figure 5.22 indicate that the second new light 

configuration produced an improvement of light conditions over the recorded area increasing 

the green intensity homogeneously and without generating regions with high light reflections. 

Based on that, the second new light configuration was chosen to run all experiments described 

in Section 4.5.  

Figure 5.21. Time-averaged green intensity maps for second new light configuration. 
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5.5.1. Final Dye Calibration 

 As the lighting configuration was changed, a new camera calibration was required. It 

was performed in the same way as explained in Section 4.4, applying the same spatial and dye 

calibration processes. For dye calibration, thirteen different concentration values were recorded 

(including zero concentration) as shown Table 5.9.  

 

#ÏÎÃÅÎÔÒÁÔÉÏÎ ρπ,Ⱦ, aπȢππa aπȢσπa aπȢχτa aρȢςτa aρȢχτa aςȢτωa 
4ÅÓÔ ÎÕÍÂÅÒ ρ ς σ τ υ φ 

 

#ÏÎÃÅÎÔÒÁÔÉÏÎ ρπ,Ⱦ, aςȢωωa aσȢωωa aτȢωωa aφȢωωa aχȢωωa aωȢτωa aρςȢπσa 
4ÅÓÔ ÎÕÍÂÅÒ χ ψ ω ρπ ρρ ρς ρσ 
 

Frames recorded by cameras had a pixel dimension of ρ ρ ÍÍ. The same spatial 

average was performed for dye calibration, using the average value of each ρπρπ ÐÉØÅÌÓ and 

obtaining a frame dimension of ρπρπ ÍÍ. The same third order polynomial function was 

used to relate concentration values with corresponding green intensity for each cells. Figure 

5.23 shows the time-averaged intensities for the same representative cell showed in Figure 4.10, 

located at ὼ  ρȢυ Í downstream of the first recorded profile and in the centre of the 

width ώ  πȢφρ Í), for the range of water depths against their corresponding concentration 

values, along with the fitted functions. The errorbars show the temporal standard deviation of 

the recorded green intensity durng the total recorded range (ρπ Ó). 

Figure 5.22. Time-averaged green intensity profiles for different water depths and light configurations. 

Table 5.9. Concentration used for dye calibration for new light configuration. 
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 A comparison between the previous and new dye calibrations is shown in Figure 5.24. 

In this figure, the example pixel was located at the mid length of the recorded area (ὼ  ρȢυ Í) 

and at ώ  πȢςυ Í from the left wall. Visual comparison shows the new light configuration 

produced a dye calibration with the same trend as the previous one, but with higher values of 

green intensity for the same concentration amount. These differences seem to be higher for 

deeper water depths. In addition, the slope of the dye calibration for the higher concentration 

values seem to be smoother, producing a trend closer to a linear variation and therefore 

reducing the minor errors produced for the higher concentration values. 

 

 

Figure 5.23. Example of dye calibration for new light configuration for a cell at Ø  ρȢυ Í and Ù 

 πȢφρ Í. 

Figure 5.24. Comparison between new and previous dye calibration for a cell at Ø  ρȢυ Í and Ù 

 πȢςυ Í. 
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5.6. Concentration Data Analysis with New Light Configuration 

Steps taken to analyze raw light intensity data obtained with the new light configuration 

explained in Section 5.5 are explained below. In addition, a comparison between new 

experimental data and that obtained using the first light configuration is conducted. 

5.6.1. Background Concentration Removal 

As it was introduced in Section 5.3, a time-averaged frame over the central φπ Ó was 

produced for each dye injection video. Then, a mean value taken ρπρπ pixels were obtained, 

creating new images of ρςςρψπ pixels and a resolution of ρπρπ ÍÍ. In a similar way, a 

time-averaged frame over 30 s was taken for each no injection video and the same spatial 

averaged was applied. Both spatial and dye calibration explained in Section 4.3.1 and Section 

5.5.1 were applied, obtaining a time-averaged concentration map with a resolution of ρπ

ρπ ÍÍ over a recorded area of ρȢςςρȢψπ Í for each camera. Figure 5.25 (a) shows the time-

averaged concentration map for the no-vegetated flow condition and water depth Ὤ πȢπσφ Í 

and Figure 5.25 (b) shows the corresponding background concentration map. Then, measured 

background levels from concentration frames were removed for each pixel as shown Figure 5.25 

(c).  

 

 

In addition, in Figure 5.26 a concentration profile over the spanwise direction is shown 

for the same flow condition, located at ὼ  ς Í. Figure 5.26 shows both transversal dye 

concentration profile and the concentration level recorded for no injection conditions. In 

addition, the black profile shows the same concentration profile with the background 

concentration level removed. 

 

 

Figure 5.25. Time-averaged concentration profiles from camera 2 for: a) before background removal; 

b) background map; c) map with background removed. 

Figure 5.26. Concentration profiles located in the middle of camera 2 with and without background. 



A Study on Transverse Mixing in Shallow Flows within Partially Vegetated Channels 
 

 

- 90 - 
Santiago Rojas Arques 

Department of Civil and Structural Engineering 

5.6.2. Concentration Maps Stitching 

The same process as  explained in Section 5.3 was applied to stich the time-averaged 

concentration maps with the background removed, obtaining a concentration map over the full 

analysis length. Figure 5.27 shows the time-averaged concentration map used from each camera 

and the full concentration map resulting after the stitching step for the no-vegetated flow 

condition and the water flow depth Ὤ πȢπσφ Í. 

 

 

In addition, Figure 5.28 shows three different longitudinal profiles from the concentration 

maps plotted in Figure 5.27 to improve the visualization of the merger of the different time-

averaged concentration maps from the different cameras, merged using the weighted sinusoidal 

function explained in Section 4.3.3. The first longitudinal concentration profiles correspond to 

the centre of the channel width (ώ  πȢφρ Í). Then, the second profile is located between the 

maximum concentration and the end of the concentration tail (ώ  πȢυπ Í); and the last 

profile is located close to one tail of the plume (ώ  πȢτυ Í).  

Figure 5.27. Concentration map for each camera and full concentration map. 
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5.6.3. Filtering Techniques 

Same filtering technique as that described in Section 5.3 was applied to full time-averaged 

concentration maps. In addition, other four different filtering techniques were applied to 

eliminate to study the possible variations in final concentration maps resulting from each 

different process and the effects that these variations can produce in the results discussed in 

Section 6.1. For each filtering technique, a different median or mean filter was applied to the 

full concentration map. In addition, a threshold value was fixed to delimitate the plume from 

the remaining background noise. The different filtering techniques considered are the follows: 

¶ Filter 1: 6th-order one-dimensional median filter and a threshold of σ Ϸ. 

¶ Filter 2: 6th-order one-dimensional median filter and a threshold of υ Ϸ. 

¶ Filter 3: 3rd-order two-dimensional median filter and a threshold of σ Ϸ. 

¶ Filter 4: 6th-order two-dimensional median filter and a threshold of σ Ϸ. 

¶ Filter 5: 6th-order two-dimensional mean filter and a threshold of σ Ϸ. 

The generic operation of the median filter was explained in Section 5.3. Moreover, the mean 

filter works in the same way, but using the mean value instead of the median one. In addition, 

two different thresholds were considered to delimitate the boundaries of the transverse 

concentration profiles. As it was explained in Section 5.3, both percentages were defined lower 

than 10 % of the maximum concentration value (Boxall, 2000 and Dennis, 2000). 

An example is shown in Figure 5.29. In Figure 5.29 (a), the same concentration profile as 

shown in Figure 5.18 (b) is plotted. Then, in Figure 5.29 (b) the same profile is plotted after a 

6th-order one-dimensional median filter was applied and in Figure 5.29 (c) a threshold of σ Ϸ of 

the maximum concentration is applied, removing all values bellow this threshold. 

Figure 5.28. Longitudinal profiles for each camera and full concentration map. 
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As Figure 5.29 shows, the filtering technique attenuated the low concentration value 

recorded in the centre of the concentration profile, but the shape of the full profile was not 

modified. In addition, all low concentration values far from the tracer plume remained were 

effectively removed. 

5.6.4. Mass Balance Factor 

Finally, a mass balance was applied to concentration maps obtained by each filtering 

technique to ensure mass conservation. The mass over each transversal profile was obtained 

and the corresponding mean profile of mass was calculated for each injection. Then, the 

correction factor was obtained for each transverse profile and each single pixel for a specific 

profile was divided by its corresponding factor. The mean mass balance factors applied for the 

no vegetation tests for each filtering technique are shown in Figure 5.30. 

 

 

Results in Figure 5.30 show the relative variation in mass of the concentration profiles within 

the lengthwise for the different water depths and filters. Results show that the variation for the 

same water depth is quite similar for the different filters, suggesting that the different filtering 

techniques did not affect the overall concentration profiles but only removed extreme values 

along them. In addition, results show a decrease of the maximum mass variation for deeper flow 

conditions, with a maximum mass variation of ςπ Ϸ, ρυ Ϸ, ρς Ϸ and ρπ Ϸ for the water depths 

Figure 5.29. Concentration profiles located in the middle of camera 2: a) before applied filter 1; b) 

after applied 6th-order one-dimensional median filter; c) after applied σ Ϸ threshold. 

Figure 5.30. Mass balance factor applied for each filtering technique and water depth. Black lines 

indicate the mean mass and a deviation of  ρπ ϷȢ 
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Ὤ  πȢπσφ Í, Ὤ  πȢπυτ Í, Ὤ  πȢπχς Í and Ὤ  πȢπωπ Í respectively. The mass 

variation recorded for Ὤ  πȢπσφ Í may be produced as a consequence of some reflections 

produced within the recorded area, which could produce a miss-recording of some parts of the 

plume downstream, decreasing the total mass amount recording within the transverse 

concentration profiles.  

5.6.5. Filtering Techniques Comparison 

The experimental data from first set of experiments described in Section 4.5.1 were 

analysed by using each filter process and the post filtering mass balance described in this section. 

Final concentration distribution maps and spanwise concentration profiles at two different 

longitudinal positions regarding to Ὤ πȢπωπ Í are shown in Figure 5.31 and Figure 5.32 

respectively, as well as the time-averaged concentration map and the concentration profiles 

without any filtering process (i.e. with only the background levels subtracted).  

 

 

Figure 5.31. Final concentration maps without vegetation and h = 0.090 m test: a) without filter; b) 

using Filter 1; c) using Filter 2; d) using Filter 3; e) using Filter 4; f) using Filter 5. 
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Figure 5.31 shows time-averaged concentration maps using the different filters for the 

test Ὤ  πȢπωπ Í. Also Figure 5.32 represents two different concentration profiles at different 

positions ὼ  ρȢυ Í and ὼ  σȢπ Í downstream of the first recorded area) obtained using 

different filters. In addition, in both figures the concentration data without any filtering 

technique applied was plotted. Correlations between raw data and profiles with different 

filtering techniques were calculated to quantify the differences between different processes as 

shown Table 5.10.  

 

#ÏÒÒ 2 &ÉÌÔÅÒ ρ &ÉÌÔÅÒ ς &ÉÌÔÅÒ σ &ÉÌÔÅÒ τ &ÉÌÔÅÒ υ 
Ὤ πȢπσφ Í πȢωψς πȢωψρ πȢωψρ πȢωψς πȢωφχ 
Ὤ πȢπυτ Í πȢωωρ πȢωωπ πȢωωρ πȢωωπ πȢωψσ 
Ὤ πȢπχς Í πȢωωσ πȢωωσ πȢωωσ πȢωωσ πȢωψω 
Ὤ πȢπωπ Í πȢωψχ πȢωψχ πȢωψχ πȢωψψ πȢωψυ 

 

For all cases shown in Table 5.10, results from no filtering technique were used as 

reference and all values were obtained comparing results from rest of filters with the raw data. 

The results plotted in Figure 5.31 and Figure 5.32 show all different filters produced the same 

overall concentration tracer distribution. Moreover, results show that concentration profiles 

obtained from different filters are similar to those recorded directly from videos. These results 

agree with those obtained in Table 5.10 and confirm that the different filtering techniques 

proposed do not change the main shape of the concentration maps, but eliminate any spurious 

value that could be recorded. In addition, results show the differences between filter processes 

were found around the location of maximum concentration values. Concentration distributions 

plot in Figure 5.31 show that for some of filter processes local increases of maximum 

Figure 5.32. Comparison between experimental concentration profiles obtained using different filter 

for test È πȢπωπ Í. 

Table 5.10. Correlation values between different filtering techniques results with raw data. 
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concentration values are produced along the streamwise direction, instead of a constant decay 

as shown (for example) in results from Filter 5. This behaviour could be produced due to some 

spurious concentration values recorded due to light reflections that are not properly removed 

during filter process. In the following section, the experimental concentration distributions for 

no vegetated flows obtained from each different filtering techniques were analysed in order to 

discuss the accuracy of each filtering technique. 

5.6.6. PCA Results Comparison 

The results obtained with this new light configuration and using the filtering technique 

discussed in Section 5.6 were compared against those results obtained with both the previous 

light configuration and the Cyclops results shown in Section 5.4 for the same water depth and 

flow conditions and by applying the same filtering technique (Filter 1).  

Mass balance factors along the streamwise direction obtained in Section 5.6.4 were 

compared against the mass balance factors obtained from previous light configuration 

experiments as shown Figure 5.33. 

 

 

 Figure 5.33 shows that the concentration maps recorded with the new light 

configuration present a lower variation in mass along the streamwise direction compared with 

those recorded with the previous light configuration. These differences suggest that the errors 

produced by light reflections discussed in Section 5.4 are improved with the new light 

configuration, resulting in a better conservation of mass along the streamwise direction.  

In addition, a comparison of the filtered concentration results was performed to analyse 

the improvement of this new light configuration in the data. As the light reflections reported 

previously only affected to the edge of the dye plume, a visual comparison between individual 

profiles does not reflect the overall change between both light configurations. In contrast, the 

study of the spatial variances along the streamwise direction shows a general view of the 

concentration distribution. In addition, as the variance is quite sensitive to small changes in the 

edges of the concentration profile, the comparison of the variances obtained by using both light 

Figure 5.33. Mass Balance factors applied for each light configuration and water depth. Black lines 

indicate the mean mass and a deviation of  ρπ ϷȢ 


