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ABSTRACT 

 

Aquatic vegetation governs a wide range of river processes, from flood control to nutrient 

exchange, and crucially, pollution dispersal and treatment. This thesis presents a 

comprehensive experimental study, using a random array of circular cylinders, of varying 

diameters, based on charactersations of real species, to simulate aquatic plants, and study mass 

transport in vegetated flows. Optical techniquesτParticle Image Velocimetry (PIV) and Laser 

Induced Fluorescence (LIF)τwere employed to obtain velocity and concentration fields at 

unprecedented spatial and temporal resolutions. 

Concentration maps provided estimates of longitudinal and transverse dispersion coefficients 

over multiple reaches, and a comprehensive range of flows υπ ὙὩ ρπππ. Two distinct 

longitudinal dispersion regimes, separated at ὙὩ  τππ, were found where different physical 

processes drive dispersion. For ὙὩ τππ mixing is dominated by shear and thus cannot be 

considered strictly Fickian. For ὙὩ τππ turbulent diffusion efficiently spreads mass locally 

and transport is mainly advective. Transverse dispersion is mainly determined by vegetation 

morphology, and not Reynolds number. Generally, solutes are seen to spread independently of 

initial conditions, as they quickly assimilate the average physical characteristics of vegetation. 

Instantaneous velocity maps were obtained with PIV and glass cylinders to allow inter-stem 

visualisation. Mean maps show that flow heterogeneities are caused by complex stem 

interactions and not by a superposition of their individual effects. Dispersive fluxes grow with 

increasing ὙὩ, and become dominant drivers of large-scale dispersion at ὙὩ σππ. After this 

range, turbulent fluxes become less prominent as drivers of large scale dispersion, but small-

scale mixing still increases with ὙὩ, thus reducing trapping times in recirculation zones. 

In summary, the novel findings present a comprehensive picture of the main hydrodynamic 

features dominating dispersion in vegetation, and their dependence on Reynolds number. The 

novel inclusion of diameter and spacing distributions in the RandoSticks array reveals the 

existence of a range of characteristic flow scales broader than in uniform-diameter artificial 

systems. This variability suggests the existence of stem and wake interactions that have not 

been previously included in models for vegetation morphology and mixing, and further work is 

needed to characterise these effects, to develop more accurate, physically-based dispersion 

models. 





Table of Contents 
Jesús Leonardo Corredor García 

v 
 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ................................................................................................................. i 

ABSTRACT .................................................................................................................................... iii 

LIST OF FIGURES ......................................................................................................................... xiii 

LIST OF TABLES ......................................................................................................................... xxix 

LIST OF SYMBOLS ..................................................................................................................... xxxi 

PREFACE .................................................................................................................................... xliii 

DECLARATION ............................................................................................................................ xlv 

Chapter 1. INTRODUCTION .................................................................................................... 1 

1.1. Rationale .......................................................................................................................... 1 

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

1.3. Methodology and Structure ............................................................................................. 4 

Chapter 2. LITERATURE REVIEW ............................................................................................ 7 

2.1. Introduction ..................................................................................................................... 7 

2.2. Hydrodynamics ................................................................................................................ 7 

2.2.1. Mean and fluctuating velocity components ............................................................ 8 

2.2.2. Turbulent Structures and Coherence ..................................................................... 11 

2.2.3. Energy Spectrum .................................................................................................... 14 

2.2.4. Drag and Shear ....................................................................................................... 19 

2.2.5. Averaging Frameworks .......................................................................................... 21 

2.3. Solute Transport............................................................................................................. 25 

2.3.1. Solute Transport Equation ς ADE ........................................................................... 26 

2.3.2. Dispersion and Diffusion ........................................................................................ 28 

2.4. Mixing in Vegetated Flows ............................................................................................. 33 

2.4.1. Hydrodynamics of Vegetated Flows ...................................................................... 34 

2.4.1.1. Mean quantities in vegetated flows .............................................................. 34 



Table of Contents 
Jesús Leonardo Corredor García 

vi 
 

2.4.1.2. Turbulence and coherent structures in vegetated flows ............................... 37 

2.4.1.3. Energy considerations in vegetated flows ..................................................... 40 

2.4.1.4. Drag and shear in vegetated flows................................................................. 42 

2.4.2. Solute Transport in Vegetated Flows ..................................................................... 43 

2.4.2.1. Turbulent diffusion ╓◄ ................................................................................... 44 

2.4.2.2. Longitudinal Dispersion ╓● ........................................................................... 45 

2.4.2.3. Vortex trapping Dispersion ╓●ȟ○ .................................................................. 46 

2.4.2.4. Secondary wake Dispersion ╓●ȟ▼ .................................................................. 46 

2.4.2.5. Relevant results .............................................................................................. 47 

2.4.2.6. Transverse Dispersion ╓◐ .............................................................................. 49 

Chapter 3. PRELIMINARY EXPERIMENTS .............................................................................. 55 

Abstract ...................................................................................................................................... 55 

3.1. CHARACTERISATION OF LONGITUDINAL DISPERSION IN EMERGENT VEGETATION USING 

SURFACE PIV ............................................................................................................................... 56 

3.1.1. Introduction ............................................................................................................... 56 

3.1.2. Experimental set-up ................................................................................................... 56 

3.1.3. Data Analysis .............................................................................................................. 58 

3.1.3.1. Theoretical Background ..................................................................................... 58 

3.1.3.1.1. Molecular Diffusion ╓□ ................................................................................ 59 

3.1.3.1.2. Turbulent Diffusion ╓◄ ................................................................................... 60 

3.1.3.1.3. Isotropic vs Anisotropic diffusion/dispersion ................................................ 60 

3.1.3.1.4. Primary and Secondary wakes ....................................................................... 60 

3.1.3.1.5. Vortex trapping Dispersion ╓●ȟ○ .................................................................. 61 

3.1.3.1.6. Secondary wake Dispersion ╓●ȟ▼ .................................................................. 62 

3.1.3.2. Characterisation of the Flow Field and Dispersion Coefficients via SPIV ........... 64 

3.1.3.2.1. Computation of the volume fraction of primary wakes ꜗ◌ .......................... 65 

3.1.3.2.2. Computation of the Shedding frequency and Strouhal number ................... 68 



Table of Contents 
Jesús Leonardo Corredor García 

vii 
 

3.1.3.2.3. Computation of velocity fluctuations along the wake centreline Xsc ς 

Calculation of velocity fluctuation variance Ɑ◌  in the secondary wake ........................ 72 

3.1.4. Computation of Dispersion Coefficients from Experimental Data ............................ 78 

3.1.5. Conclusions ................................................................................................................ 84 

3.2. EXPLORATION OF VEGETATED HYDRODYNAMICS USING MULTI-POINT VELOCITY 

STATISTICS .................................................................................................................................. 87 

3.2.1. Introduction ............................................................................................................... 87 

3.2.1.1. Previous Model and Rationale for the ADV study ............................................. 90 

3.2.2. Experimental Methods............................................................................................... 94 

3.2.3. Results ........................................................................................................................ 96 

3.2.3.1. First-order velocity statistics .............................................................................. 96 

3.2.3.1.1. Mean Velocity field along the wake centreline ............................................. 97 

3.2.3.1.2. Turbulence along the wake .......................................................................... 101 

3.2.3.1.3. Momentum transfer (Reynolds stresses) along and across the wake ......... 103 

3.2.3.2. Two-point statistics along the wake ................................................................ 105 

3.2.3.2.1. Experimental Eulerian Correlation Function ................................................ 107 

3.2.3.2.2. ¦ǎŜ ƻŦ ¢ŀȅƭƻǊΩǎ ¢ƘŜƻǊȅ ƻŦ 5ƛŦŦǳǎƛƻƴ ŀƴŘ ǘƘŜ diffusion-turbulence 

proportionality assumption to compute diffusion in the secondary wake ..................... 109 

3.2.4. Further Steps ............................................................................................................ 111 

3.2.4.1. Analytical formulations to the correlation functions ....................................... 111 

3.2.4.2. Phenomenological propositions (time scales) ................................................. 113 

3.2.5. Discussion ................................................................................................................. 114 

3.2.6. Additional Figures .................................................................................................... 116 

Chapter 4. EXPERIMENTAL METHODS ............................................................................... 117 

Abstract .................................................................................................................................... 117 

4.1. Introduction ................................................................................................................. 117 

4.2. RandoSticks Vegetated Array ....................................................................................... 118 

4.2.1. RandoSticks Distribution and Layout ................................................................... 118 



Table of Contents 
Jesús Leonardo Corredor García 

viii 
 

4.2.2. Flow Conditions (Flume Slope, Flow Rates and Water Profiles) .......................... 119 

4.3. Laser Induced Fluorescence System Description ......................................................... 121 

4.3.1. Theory of Fluorescence ........................................................................................ 121 

4.3.2. Physical Components and Set-up ......................................................................... 122 

4.3.3. Intensity-Fluorescence-Concentration Calibration .............................................. 125 

4.4. Particle Image Velocimetry System Description .......................................................... 126 

4.4.1. Theoretical Framework ........................................................................................ 126 

4.4.2. Physical Components and Set-up ......................................................................... 128 

4.4.3. Data Preprocessing .............................................................................................. 130 

4.5. Results .......................................................................................................................... 131 

4.6. Summary ...................................................................................................................... 133 

Chapter 5. 2D DISPERSION CHARACTERISTICS IN A RANDOSTICKS CONFIGURATION ...... 135 

Abstract .................................................................................................................................... 135 

5.1. Introduction ................................................................................................................. 136 

5.1.1. Relevant Theory ................................................................................................... 136 

5.2. Concentration Data Pre-processing ............................................................................. 138 

5.2.1. Concentration map simplification ╒◄ȟ◐ᴼ╒◄ȟ╒◐ ............................................... 138 

5.2.2. Trace pre-processing ............................................................................................ 139 

5.3. Method of Moments Analysis ...................................................................................... 141 

5.3.1. Mass Balance ........................................................................................................ 141 

5.3.2. Concentration centroids and travel times ........................................................... 143 

5.3.3. Concentration variance and dispersion Coefficients ........................................... 147 

5.3.4. Concentration skewness ...................................................................................... 149 

5.4. Optimisation Analysis ................................................................................................... 151 

5.5. Reynolds number variation of Dispersion Metrics....................................................... 155 

5.6. Cross-injection analysis (change in initial conditions) ................................................. 158 

5.7. Vegetation Analysis ...................................................................................................... 161 

5.8. Conclusions from the RandoSticks system................................................................... 164 



Table of Contents 
Jesús Leonardo Corredor García 

ix 
 

5.9. Discussion ..................................................................................................................... 165 

5.9.1. Longitudinal Dispersion........................................................................................ 165 

5.9.2. Transverse Dispersion .......................................................................................... 168 

5.10. Additional Figures .................................................................................................... 171 

Chapter 6. HYDRODYNAMICS IN A RANDOSTICKS CONFIGURATION ................................ 175 

Abstract .................................................................................................................................... 175 

6.1. PIV Processing Summary .............................................................................................. 176 

6.2. Global Velocity Statistics .............................................................................................. 178 

6.3. Exploratory Analysis ..................................................................................................... 181 

6.3.1. Mean Velocity and Vorticity Maps ╤●ȟ◐, ╥●ȟ◐ and ●ȟ◐ ................................. 181 

6.3.1.1. Mean Longitudinal Velocity, ╤●ȟ◐ .............................................................. 182 

6.3.1.2. Mean Transverse Velocity, ╥●ȟ◐ ................................................................. 184 

6.3.1.3. Time-averaged vorticity ●ȟ◐ ..................................................................... 186 

6.3.2. Second order velocity statistics, ╣╚╔●ȟ◐, ╤ ●zȟ◐ and ╥ ●zȟ◐ ........................ 187 

6.3.2.1. Turbulent Kinetic Energy .............................................................................. 188 

6.3.2.2. Turbulence intensity of Longitudinal velocity, ◊ ●zȟ◐ ............................ 190 

6.3.2.3. Turbulence Intensity of Transverse Velocity, ○ ●zȟ◐ .............................. 191 

6.4. Analysis Framework ς Momentum Equation............................................................... 193 

6.5. Virtual Stresses ............................................................................................................. 196 

6.6. Vegetated Drag in a RandoSticks configuration .......................................................... 200 

6.7. Conclusions .................................................................................................................. 210 

Chapter 7. INTRODUCTION OF VEGETATED HYDRODYNAMICS INTO SOLUTE TRANSPORT 

FOR A RANDOSTICKS CONFIGURATION ................................................................................... 213 

Abstract .................................................................................................................................... 213 

7.1. Introduction ................................................................................................................. 214 

7.2. Statistical Characterisation of Velocity ........................................................................ 216 

7.2.1. Single-Point Velocity Statistics: time-dependent Autocorrelations..................... 220 

7.2.2. Multi-Point Velocity Statistics: Spatial Autocorrelations ..................................... 226 



Table of Contents 
Jesús Leonardo Corredor García 

x 
 

7.3. Characteristic RandoSticks Length Scales .................................................................... 236 

7.4. Mixing as a function of RandoSticks Hydrodynamics .................................................. 241 

7.5. Conclusions .................................................................................................................. 247 

Chapter 8. CONCLUSIONS .................................................................................................. 251 

8.1. Summary of Results ..................................................................................................... 251 

8.2. Dispersion processes in a RandoSticks configuration .................................................. 254 

Chapter 9. FURTHER WORK ............................................................................................... 257 

REFERENCES ............................................................................................................................. 259 

Appendix A. LIF METHODOLOGY .......................................................................................... 273 

A.1. Theoretical Framework ................................................................................................ 273 

A.1.1. Literature Review ................................................................................................. 273 

A.1.2. Theory of Fluorescence ........................................................................................ 276 

A.2. Experimental Facility (System Layout) ......................................................................... 278 

A.2.1. Flume set-up ........................................................................................................ 278 

A.2.2. Bed slope measurement ...................................................................................... 280 

A.3. Configuration of Physical Components ........................................................................ 282 

A.3.1. Camera Configuration .......................................................................................... 282 

A.3.2. Defining camera parameters ............................................................................... 288 

A.3.2.1. Physical parameters ..................................................................................... 288 

A.3.2.2. Digital Configuration .................................................................................... 289 

A.3.3. Laser Configuration and Alignment ..................................................................... 290 

A.3.4. Fluorescent Dye Selection and Concentration Range .......................................... 293 

A.3.5. Camera Lens Filter ................................................................................................ 297 

A.4. Calibration Results ....................................................................................................... 298 

A.5. Calibration Performance Analysis ................................................................................ 307 

A.6. Recommendations for future applications of the technique ...................................... 310 

Appendix B. PIV METHODOLOGY ......................................................................................... 311 

B.1. Background .................................................................................................................. 311 



Table of Contents 
Jesús Leonardo Corredor García 

xi 
 

B.1.1. Historical Overview .............................................................................................. 312 

B.1.2. Theoretical Framework ........................................................................................ 312 

B.2. Experimental Facility .................................................................................................... 317 

B.3. Configuration of Physical PIV Components ................................................................. 319 

B.3.1. Main components of a PIV system ...................................................................... 319 

B.3.2. Camera Configuration .......................................................................................... 321 

B.3.3. Illumination equipment ....................................................................................... 323 

B.3.4. Seeding particles .................................................................................................. 325 

B.4. Image Calibration and Preparation .............................................................................. 326 

B.4.1. Calibration of PIV Images ..................................................................................... 327 

B.4.2. Correction of light intensity attenuation (pre-prepocessing) .............................. 328 

B.5. Recommendations ....................................................................................................... 332 

 





List of Figures 
Jesús Leonardo Corredor García 

xiii 
 

LIST OF FIGURES 

Figure 2.2-1 Experimental investigation of Reynolds (taken from Reynolds, 1883, p. 942), in 

which the transition from laminar to turbulent flow is identified. The transition is identified 

from the breakdown of a line of dye into distinct eddies, viewed against a sparkling light. .... 10 

Figure 2.2-2 Graphical representation of Reynolds decomposition from a time series of 

longitudinal velocity (Ricardo, 2014) ......................................................................................... 10 

Figure 2.2-3 a) Flow separation at the rear of the circular cylinder at Re = 13, the stable 

stationary configuration generates two symmetric eddies rotating with opposite direction (Van 

Dyke, 1988) (A) Stagnation point, i.e. point where the incident velocity approaches zero at the 

surface of the body; (B) First point of peak negative pressure; (C) separation point; (E) rear of 

the cylinder; (E) end of recirculation cell. b) Development of a regular and stable Kármán vortex 

street visualised using electrolytic precipitation, Red = 105 (Van Dyke, 1988). ........................ 12 

Figure 2.3-1. Effects of large scales of turbulence on diffusion. a) diffusion of a cloud of dye in a 

turbulent flow field. b) ensemble average of several tracer tests on the same conditions of (a). 

Reproduced from (Fischer et al., 1979) ..................................................................................... 29 

Figure 2.3-2. Graphical representation of the dispersion of mass due to shear dispersion. a) 

laterally constant line source of dye is injected into a flow field with a cross-sectional velocity 

profile. b) shape of the injected dye due to the effect of velocity gradients. c) cross-sectional 

mean concentration profile of dye. Source (Fischer et al., 1979) ............................................. 30 

Figure 2.3-3. Effect of the advective and equilibrium zones on the variance and skewness (tail) 

of a concentration profile. Taken from Shucksmith, Boxall and Guymer (2007), source 

Rutherford (1994, p. 182). ......................................................................................................... 32 

Figure 2.4-1 Flow visualization of differential advection. a) map of mean longitudinal velocity 

using Surface PIV (Corredor-Garcia et al., 2020); b) time-averaged longitudinal velocity map for 

a section of flow at mid-depth, using conventional PIV (Ricardo, 2014). Black arrows indicate 

the direction of flow. ................................................................................................................. 35 



List of Figures 
Jesús Leonardo Corredor García 

xiv 
 

Figure 2.4-2 Vertical profiles of mean velocities for artificial vegetation. a) double averaged 

(time and area) longitudinal velocity as a function of vegetation density (Ricardo, Franca and 

Ferreira, 2016). b) double-averaged (time and area) profile of vertical velocity as a function of 

vegetation density (Ricardo, Franca and Ferreira, 2016). c) Vertical profiles of mean longitudinal 

velocity as a function of normalised distance downstream, ὼz ὼȾὨ, ( ) 0.5, (    ) 3, (    ) 11, 

( ) 26, (Ў) 34, (ὕ) 42 (Nepf, Mugnier and Zavistoski, 1997). .................................................... 35 

Figure 2.4-3 Vertical profiles of mean longitudinal velocity a) profiles of U(z) and ensemble 

average for different stems (West, 2016) b) vertical variation in mean longitudinal velocity as a 

function of vertical variation in frontal-facing area (Lightbody and Nepf, 2006b) c) vertical 

variation in mean longitudinal velocity as a function of age, increase of resistance with age 

(Shucksmith, Boxall and Guymer, 2010). ................................................................................... 36 

Figure 2.4-4 Vertical profiles of turbulence production a) turbulence intensity of the 

longitudinal component of velocity. b) turbulence intensity of the vertical component of 

velocity and c) space averaged Reynolds stresses between the longitudinal and vertical 

directions (source Ricardo, Franca and Ferreira, 2016). ............................................................ 37 

Figure 2.4-5 Vertical profiles of dispersive fluxes due to spatial heterogeneity a) form-induced 

stresses in the longitudinal component of velocity. b) form-induced stresses of the vertical 

component of velocity and c) Spatial fluxes in the vertical plane due to flow heterogeneity 

between the longitudinal and vertical components of velocity (source Ricardo, Franca and 

Ferreira, 2016) ............................................................................................................................ 38 

Figure 2.4-6 Instantaneous maps of  stream lines indicating the change with time of the modes 

of rotation (Ricardo, Sanches and Ferreira, 2016) ..................................................................... 39 

Figure 2.4-7. Vertical variation of the energy budget constituents, from velocity measurements 

in canopy flow. Source Kaimal and Finnigan (1994). ................................................................. 41 

Figure 2.4-8 a) Results of experimental investigations on the dependency on solid volume 

fraction (stem density) of the array drag coefficient for artificial emergent vegetation (Tanino 

and Nepf, 2008a). b) Experimental results for the drag force (per unit leaf area) as a function of 

velocity, for different natural species (Aberle and Järvelä, 2013) ............................................. 42 



List of Figures 
Jesús Leonardo Corredor García 

xv 
 

Figure 2.4-9 Comparison between the results of physical models given in the literature, for the 

computation of: a) vortex trapping, and b) secondary wake dispersion components, of the 

longitudinal dispersion coefficient Ὀὼ. Source Sonnenwald et al. (2017) ................................ 49 

Figure 2.4-10. Components of Transverse Dispersion as a function of solid volume fraction, for 

turbulent flows, wherein dispersion is expected to be independent of Reynolds number. The 

dot-and-dash line represent the contribution from turbulent dispersion arising from wake 

transitions and the dashed line represents the contribution from spatial heterogeneity. The 

solid line and circles represent the complete model and the experimental results respectively. 

Source (Tanino and Nepf, 2008b) .............................................................................................. 52 

Figure 2.4-11 comparison between physical models given in the literature for the computation 

of transverse dispersion coefficients, Ὀώ, for artificial and natural vegetation, source 

Sonnenwald et al., (2017) .......................................................................................................... 54 

Figure 3.1.2-1. a) Surface PIV configuration, b) Locations of the fluorimeters for the 

measurements of concentration profiles. ................................................................................. 57 

Figure 3.1.2-2. Results of Longitudinal Dispersion for all trials and all tests. External whiskers in 

the boxplots represent ±2.7 standard deviations from the mean of the data, the boxes 

represent the data between the first and third quartile, and the central line represents the 

median of the experimental results. Measurements of longitudinal dispersion for each test and 

trial are shown to illustrate variation in terms of Dispersion and Reynolds number................ 58 

Figure 3.1.3-1. Separation of the wake generated by a single cylinder, into a primary wake, 

defined by the recirculation region immediately behind the stem; and a secondary wake 

characterised by the velocity defect further downstream. ὰὙ: length scale of the recirculation 

region. ὰὃ: Attenuation length, i.e. streamwise extension of the velocity decay caused by the 

stem. .......................................................................................................................................... 61 

Figure 3.1.3-2. Area of study for Surface PIV. a) 2.5 m-long repeating pattern of pseudo-random 

vegetation. b) Sample image taken from SPIV experiments. c) Stem wake under analysis, wake 

centreline and location of the points for the temporal analysis of the velocity variations. Point 

k is located as close to the recirculation zone as possible; point p is chosen close enough to the 



List of Figures 
Jesús Leonardo Corredor García 

xvi 
 

inner wake but within the secondary wake to allow for the characterisation of velocity 

fluctuations for the measurement of vortex shedding frequency. ........................................... 65 

Figure 3.1.3-3. Map of non-dimensional mean longitudinal velocity for Test 3. ....................... 67 

Figure 3.1.3-4. Map of non-dimensional Vorticity for Test 3. .................................................... 67 

Figure 3.1.3-5. Map of primary wakes ‭ύ πȢπφ. With ‌ύ πȢυ and ‐ύ πȢπφσ, for Test 3.

 .................................................................................................................................................... 67 

Figure 3.1.3-6. a) Variation of Transverse velocity behind the stem, for points k, p and q. b) 

Frequency spectra of the velocity series for points k, p and q. .................................................. 69 

Figure 3.1.3-7. Linear best-fit of shedding frequency as a function of mean absolute vorticity.

 .................................................................................................................................................... 71 

Figure 3.1.3-8. Time series of Longitudinal velocity at point k (recirculation region), p (shedding 

point), q (further within the secondary wake). .......................................................................... 74 

Figure 3.1.3-9. Variation of mean longitudinal velocity along the line Xsc describing the wake 

centreline of a single stem. Dashed lines represent mean pore velocities for each test. ......... 75 

Figure 3.1.3-10. Variation of mean transverse velocity along the Xsc describing the wake 

centreline of a single stem. ........................................................................................................ 76 

Figure 3.1.3-11. Variation of mean vorticity and mean absolute along the line Xsc describing the 

wake centreline of a single stem. .............................................................................................. 76 

Figure 3.1.3-12. Variation of Turbulence Intensity of longitudinal velocity along the line Xsc 

describing the wake centreline of a single stem. ....................................................................... 77 

Figure 3.1.3-13. Variation of Turbulence Intensity of Transverse velocity along the line Xsc 

describing the wake centreline of a single stem. ....................................................................... 78 

Figure 3.1.4-1. a) Triangulation between stems for the calculation of the mean stem spacing. b) 

Distribution of stem spacing for all tests, mean stem spacing was found to be 0.06 m. .......... 80 



List of Figures 
Jesús Leonardo Corredor García 

xvii 
 

Figure 3.1.4-2. Comparisons of results from tracer tests and predictions using velocity 

information from SPIV data. ...................................................................................................... 83 

Figure 3.2.2-1. a) General plan layout of the flume and vegetation array. b) Detailed scheme of 

the test section and measurement points. c) Physical configuration of the ADV probes for 

simultaneous measurements of velocities. ............................................................................... 95 

Figure 3.2.3-1. Evolution of the mean streamwise velocity along the wake centreline. 

Comparison with previous experimental results over a range of Reynolds numbers, comprising 

laminar and fully turbulent regimes. ......................................................................................... 98 

Figure 3.2.3-2. Evolution of the mean transverse velocity along the wake centreline. ............ 99 

Figure 3.2.3-3. Evolution of the mean streamwise velocity along various transects over the wake 

length. Comparison with previous experimental results over a range of Reynolds numbers 

comprising laminar and fully turbulent regimes...................................................................... 100 

Figure 3.2.3-4. Evolution of the (a) streamwise and (b) transverse components of turbulent 

intensity along the wake centreline. Comparison with previous experimental results over a 

range of Reynolds numbers comprising laminar and fully turbulent regimes. ....................... 101 

Figure 3.2.3-5. Evolution of the (a) streamwise and (b) transverse components of turbulent 

intensity along various transects over the wake length. Comparison with previous experimental 

results over a range of Reynolds numbers comprising laminar and fully turbulent regimes. 103 

Figure 3.2.3-6. Evolution of the shear Reynold stress over the wake transects for (a) ὙὩὨ = 250, 

and (b) ὙὩὨ = 1100. ................................................................................................................. 105 

Figure 3.2.3-7. Comparison between time- and space-dependent correlation functions for 

transverse velocities, (a) ὙὩὨ = 250, and (b) ὙὩὨ = 1100. ...................................................... 109 

Figure 3.2.3-8. Calculated wake widths from reference cylinders A and B. ............................ 110 

Figure 3.2.3-9. Food-colouring dye visualisation experiments to check mass transfer between 

the secondary wakes from reference cylinders A and B, ὙὩὨςυπ. .................................... 111 



List of Figures 
Jesús Leonardo Corredor García 

xviii 
 

Figure 3.2.4-1. Comparison between experimental time-dependent correlation function, 

Ὑώώπȟ†, for the fixed point B, ὙὩὨ  ρρππ; and an optimised curve using Csanady (1973) 

function. ................................................................................................................................... 113 

Figure 3.2.6-1. Comparison between time- and space-dependent correlation functions for 

streamwise velocities, (a) ὙὩὨ = 250, and (b) ὙὩὨ = 1100. ..................................................... 116 

Figure 4.2-1. a) Location of the stems comprising the RandoSticks system, injection points and 

first two measurement stations. b) Stem Diameter Distribution of the RandoSticks 

configuration. ........................................................................................................................... 119 

Figure 4.2-2. a)  Photograph of the RandoSticks layout, illumination from laser beams (LIF) and 

laser sheet (PIV), and change in emission colour due to fluorescence from Rhodamine 6G. b) 

Elevation view showing the location of the system components. .......................................... 121 

Figure 4.4-1. Displacement calculation based on cross-correlation analysis of consecutive 

frames, a) and b) interrogation windows for both images, with (cyan) rectangle showing the 

displaced particles. c) Correlation map detailing the origin (unmoved interrogation window) 

and the estimated displacement vector. d) 3D correlation surface detailing the components in 

Eq. 4.4-2. .................................................................................................................................. 127 

Figure 4.4-2. a) Calibration template for pixel-distance transformations b) Raw PIV recording c) 

PIV recording after the pre-processing algorithm. d) Streamline and velocity map from PIV 

recording .................................................................................................................................. 130 

Figure 4.5-1. Concentration maps obtained for a test conducted at ὙὩὨ316, and midpoint 

(ώ 0.5m) injection location. ................................................................................................... 132 

Figure 4.5-2. Velocity magnitude and vector plot over the PIV field of view. ......................... 133 

Figure 5.2-1. Derivation of 1D concentration profiles from 2D concentration maps a) Temporal-

Transverse Concentration Map for camera 1, b) 1D Concentration profile in the transverse 

direction, c) 1D Concentration profile in the temporal domain. ............................................. 139 



List of Figures 
Jesús Leonardo Corredor García 

xix 
 

Figure 5.2-2. Comparison between raw measurements and final concentration profiles with 

removed background for a) Valid measurement b) Invalid measurement. Vertical lines denote 

the estimated limits of the plume. The background levels have been exaggerated for illustration 

purposes. .................................................................................................................................. 141 

Figure 5.3-1. Longitudinal variation of time-dependent concentration profiles for ὙὩὨρρπ 

(ή ρȢυ l/s) and centre-line injection point, ώὭὲὮπȢυπ m. ................................................. 142 

Figure 5.3-2. Longitudinal variation of y-dependent concentration profiles for ὙὩὨρρπ (ή

ρȢυ l/s) and centre-line injection point, ώὭὲὮπȢυπ m. ......................................................... 143 

Figure 5.3-3.Variation in Travel Times as a function of Downstream distance, for tests with a 

centre-line injection ώὭὲὮπȢυ m. ......................................................................................... 145 

Figure 5.3-4. Results of mean (advective) velocities (U) for all flow rates tested, and centre-line 

injection ώὭὲὮπȢυ m. ............................................................................................................ 145 

Figure 5.3-5. Temporal variance as a function of scaled time for all flow rates tested and centre-

line injection ώὭὲὮπȢυ m. The same conventions for Figure 5.3-4 apply. (a) Complete range 

of ὙὩὨ tested, (b) ὙὩὨςυπ (c) ὙὩὨψππ ........................................................................ 148 

Figure 5.3-6. Transverse variance as a function of scaled time for all flow rates tested and 

centre-line injection ώὭὲὮπȢυ m. ......................................................................................... 148 

Figure 5.3-7. Evolution of skewness coefficient for time-dependent concentration profiles. 150 

Figure 5.4-1. Results of optimised Ὀὼ for all reaches and all flow rates tested. Centre-line 

injection ώὭὲὮπȢυ m. ............................................................................................................ 152 

Figure 5.4-2. Results of optimised Ὀώ for all reaches and all flow rates tested. Centre-line 

injection ώὭὲὮπȢυ m. ............................................................................................................ 153 

Figure 5.4-3. Difference in Routing performance between MoM and Optimised parameters for 

time-dependent concentration profiles. ὙὩὨυχ and centre-line injection, ώὭὲὮπȢυ m 154 



List of Figures 
Jesús Leonardo Corredor García 

xx 
 

Figure 5.4-4. Comparison of prediction performance between MoM-derived and Optimised 

longitudinal dispersion coefficients. ........................................................................................ 155 

Figure 5.5-1. Variation in longitudinal dispersion, Ὀὼ, with stem Reynolds number, for a centre-

line injection, ώὭὲὮπȢυ m. .................................................................................................... 156 

Figure 5.5-2. Variation in transverse dispersion, Ὀώ,with stem Reynolds number, for a centre-

line injection, ώὭὲὮπȢυ m. .................................................................................................... 156 

Figure 5.5-3. Variation in non-dimensional longitudinal dispersion, Ὀὼz ὈὼȾὟὨ, as a function 

of stem Reynolds number and for the centre-line injection, ώὭὲὮπȢυ m. ........................... 157 

Figure 5.5-4. Variation in non-dimensional transverse dispersion, Ὀώz ὈώȾὟὨ, as a function 

of stem Reynolds number and for the centre-line injection ώὭὲὮπȢυ m. ............................ 157 

Figure 5.6-1. Variation in Average Longitudinal Dispersion Coefficient, Dx, for all injection 

locations. .................................................................................................................................. 159 

Figure 5.6-2. Variation in Average Longitudinal Dispersion Coefficient, Dy, for all injection 

locations. .................................................................................................................................. 159 

Figure 5.6-3. Variation in Average, Non-Dimensional Longitudinal Dispersion Coefficient, Dx*, 

for all injection locations. ......................................................................................................... 160 

Figure 5.6-4. Variation in Average, Non-Dimensional Transverse Dispersion Coefficient, Dy*, for 

all injection locations. .............................................................................................................. 161 

Figure 5.7-1. Definition of stem spacing, a) Delaunay criterion to determine which segments 

joining stems are considered valid, b) Map of stem spacing following Delaunay triangulation 

criteria. The dashed green line represents the limits of the moving cloud of dye. ................. 162 

Figure 5.7-2. Variation of morphological parameters from the Randostick configuration (Solid 

Volume Fraction, Stem Diameter and Stem Spacing), for a test conducted at ὙὩὨτυφ, and 

centre-line injection, ώὭὲὮπȢυ m. The probability distribution of stem spacing is presented in 

Chapter 7 (Figure 7.3-2). .......................................................................................................... 163 



List of Figures 
Jesús Leonardo Corredor García 

xxi 
 

Figure 5.9-1. Comparison between values of non-dimensional longitudinal dispersion, Dx, 

reported from previous experiments in natural and artificial vegetation, and experimental 

values obtained from the Randostick configuration. .............................................................. 167 

Figure 5.9-2. Comparison between values of non-dimensional transverse dispersion, Dy, 

reported from previous experiments in natural and artificial vegetation, and experimental 

values obtained from the Randostick configuration. .............................................................. 170 

Figure 5.10-1. Results of mean Transverse velocities (V) for all flow rates tested, and centre-line 

injection ώὭὲὮπȢυ m. ............................................................................................................ 171 

Figure 5.10-2. Evolution of Pearson's skewness coefficient for y-dependent concentration 

profiles, and centre-line injection ώὭὲὮπȢυ m. .................................................................... 172 

Figure 5.10-3. Comparison ofn Routing performance between MoM and Optimised parameters 

for y-dependent concentration profiles. ὙὩὨρπσχ and ώὭὲὮπȢφυ m. ........................... 172 

Figure 5.10-4. Comparison of prediction performance between MoM-derived and Optimised 

transverse dispersion coefficients. .......................................................................................... 173 

Figure 5.10-5. Reproduction of Figure 8, from White and Nepf (2003) .................................. 173 

Figure 5.10-6. Area of Interest for the Non-Dimensional Longitudinal Dispersion Data. 

Conventions are the same than those presented in Figure 3.1.2-1. ....................................... 174 

Figure 5.10-7. Area of Interest for the Non-Dimensional Transverse Dispersion Data. 

Conventions are the same than those presented in Figure 5.9-2. .......................................... 174 

Figure 6.1-1. a) Relative location of the Field of View (red rectangle) for the PIV experiments, 

with respect to the general 1 m2 stemplate replicated along the flume. b) Randosticks 

distribution within the chosen Field of View. .......................................................................... 178 

Figure 6.2-1. Variation of Global Statistics for Longitudinal and Transverse instantaneous 

velocities. a) variation of the pdf of u with Red. b) variation of the pdf of v with Red. Variation 

of mean, standard deviation and skewness for c) Longitudinal velocity and Transverse velocity.

 ................................................................................................................................................. 179 



List of Figures 
Jesús Leonardo Corredor García 

xxii 
 

Figure 6.2-2. Variation of Normalised statistics for Longitudinal and Transverse instantaneous 

velocities. ................................................................................................................................. 180 

Figure 6.3-1. a) Map of time-averaged longitudinal velocity for a test carried out at ὙὩὨ=782. 

b) Longitudinal profiles for Ὗὼ, from a transverse average of Ὗὼȟώ c) Transverse profiles for Ὗώ 

from a longitudinal average of Ὗὼȟώ and d) Variation of Ὗ with ὙὩὨ for the range of flows 

tested. ...................................................................................................................................... 184 

Figure 6.3-2. a) Map of time-averaged transverse velocity for a test carried out at ὙὩὨ=317. b) 

Longitudinal profiles for ὠὼ, from a transverse average of ὠὼȟώ c) Transverse profiles for ὠώ 

from a longitudinal average of ὠὼȟώ and d) Variation of ὠ with ὙὩὨ for the range of flows 

tested. ...................................................................................................................................... 185 

Figure 6.3-3. a) Map of time-averaged vorticity for a test carried out at ὙὩὨ=119. b) Longitudinal 

profiles for  ὼ, from a transverse average of  ὼȟώ c) Transverse profiles for  ώ from a 

longitudinal average of  ὼȟώ and d) Variation of   ὼȟώ with ὙὩὨ for the range of flows tested.

 .................................................................................................................................................. 187 

Figure 6.3-4. a) Map of ὝὑὉὼȟώ for a test carried out at ὙὩὨ=617. b) Longitudinal profiles for 

ὝὑὉὼ, from a transverse average of ὝὑὉὼȟώ c) Transverse profiles for ὝὑὉώ from a 

longitudinal average of TKEὼȟώ and d) Variation of  TKEὼȟώ with ὙὩὨ for the range of flows 

tested. ...................................................................................................................................... 190 

Figure 6.3-5. a) Map of longitudinal turbulence intensity, ό ὼzȟώ, for a test carried out at 

ὙὩὨ=617. b) Longitudinal profiles for ό ὼz, from a transverse average of ό ὼzȟώ c) 

Transverse profiles for ό ώz from a longitudinal average of ό ὼzȟώ and d) Variation of  ό

ὼzȟώ with ὙὩὨ for the range of flows tested. ......................................................................... 191 

Figure 6.3-6. a) Map of transverse turbulence intensity, ὺ ὼzȟώ, for a test carried out at 

ὙὩὨ=782. b) Longitudinal profiles forὺ ὼz, from a transverse average of ὺ ὼzȟώ c) 

Transverse profiles for ὺ ώz from a longitudinal average of ὺ ὼzȟώ and d) Variation of  ὺ

ὼzȟώ with ὙὩὨ for the range of flows tested. ......................................................................... 193 

Figure 6.5-1. Variation of the virtual stresses, generated from the time-space averaging 

procedures, with ὙὩὨ. a) Variation of dimensional form-induced stresses (blue) and Reynolds 



List of Figures 
Jesús Leonardo Corredor García 

xxiii 
 

stresses (red) with Reynolds numbers. b) Variation of (square-root) virtual stresses, non-

dimensionalised by the pore velocity (Ὗὴ), form-induced (blue) and Reynolds (red). ()̧ 

streamwise stresses, (q) transverse stresses, (p) cross-products. ....................................... 197 

Figure 6.5-2. a) Map of Reynolds coefficients, †ὼώzὼȟώ όᴂὺᴂȾό  ὺ  , for a test carried 

out at ὙὩὨ=782. b) Longitudinal profiles for †ὼώzὼ, from a transverse average of  †ὼώzὼȟώ c) 

Transverse profiles for †ὼώzώ from a longitudinal average of  †ὼώzὼȟώ and d) Variation of   

†ὼώzὼȟώ with ὙὩὨ for the range of flows tested................................................................... 200 

Figure 6.6-1. Variation of water depth and pore velocity gradients from the LIF and PIV 

experiments. PIV trends were obtained from a ὙὩὨ-based interpolation. ............................. 204 

Figure 6.6-2. Comparison between terms contributing to the Streamwise momentum balance 

shown in Eq. 6.6-4. VVS: Volume Virtual Stresses (i.e. second term on the RHS of Eq. 6.6-4) 205 

Figure 6.6-3. Variation of average drag force per unit stem length, and drag coefficient for the 

LIF and PIV experiments. .......................................................................................................... 206 

Figure 6.6-4. Comparison between vegetated drag coefficient obtained using the RandoSticks 

configuration (for both LIF and PIV measurements). Comparison with previous experimental 

results in vegetated reaches using equivalent cylindrical elements to represent stems. Solid 

black lines represent the deviation in the ὅὈ values caused by using the extreme stem 

diameters as the characteristic length scales (i.e. 4mm and 20mm). ..................................... 207 

Figure 6.6-5. Comparison between Ergun (1952)-based curves for the characteristics of the 

RandoSticks configuration. Dotted lines (:) represent the uncertainty in experimental ὅὈ if the 

minimum (4 mm) and maximum (20 mm) diameters in the RandoSticks configuration is used as 

representative length scale...................................................................................................... 210 

Figure 7.2-1. Sample Mean Velocity Maps in the PIV Field of View (FoV) showing: Reference 

cylinders and 1) Lateral and streamwise transects for space-dependent correlation functions 

(light red), and (2) points within these sections,  2Ὠ downstream from selected cylinders, for 

time-dependent correlations (dark red points). ...................................................................... 219 



List of Figures 
Jesús Leonardo Corredor García 

xxiv 
 

Figure 7.2-2. Single-Point, Time-Dependent Functions. Upper: a) Streamwise and b) Transverse 

velocity Autocorrelations from a single point, within the wake of a 12 mm cylinder, over the 

range of Red values measured. Lower: c) Streamwise and d) Transverse velocity 

Autocorrelations for points relative to a random sample of cylinders, ὙὩὨ = 317. The number 

in the labels for plots b and c represent each diameter in mm. .............................................. 222 

Figure 7.2-3. Energy Spectra from the Single-Point, Time-Dependent Autocorrelation Functions 

shown in Figure 7.2-2. Upper: a) Streamwise and b) Transverse velocity Energy Spectra from a 

single point, within the wake of a 12 mm cylinder, over the range of Red values measured. 

Lower: c) Streamwise and d) Transverse velocity Energy Spectra for points relative to a random 

sample of cylinders, Red = 317. ............................................................................................... 223 

Figure 7.2-4. Variation in computed shedding frequency with respect to reference diameter and 

flow rate. Variation in non-dimensional frequency: Strouhal number as a function of Reynolds 

number. .................................................................................................................................... 225 

Figure 7.2-5. Multi-Point, Time-averaged and Space-dependent functions along transverse 

sections.               Upper: a) Streamwise and b) Transverse velocity autocorrelations from a single 

transverse section, (within the wake of a 4 mm cylinder) over the range of ὙὩὨ values 

measured. Lower: c) Streamwise and d) Transverse velocity autocorrelations for a random 

sample of transverse sections, ὙὩὨ = 317. .............................................................................. 229 

Figure 7.2-6. Energy Spectra from transverse Sections shown in Figure 7.2-5. Upper: a) 

Streamwise and b) Transverse velocity Energy Spectra from a single transverse section, (within 

the wake of a 4 mm cylinder) over the range of Red values measured. Lower: c) Streamwise and 

d) Transverse velocity Energy Spectra for a random sample of transverse sections, ὙὩὨ = 317.

 .................................................................................................................................................. 230 

Figure 7.2-7. Comparison of the effects of time averaging on the spatial autocorrelation 

functions. ................................................................................................................................. 232 

Figure 7.2-8. Multi-Point, Time-averaged and Space-dependent functions along longitudinal 

(wake) sections. Upper: a) Streamwise and b) Transverse velocity autocorrelations from a single 

streamwise section, (i.e. the wake of an 8 mm cylinder) over the range of Red values measured. 



List of Figures 
Jesús Leonardo Corredor García 

xxv 
 

Lower: c) Streamwise and d) Transverse velocity autocorrelations for a random sample of 

streamwise sections, ὙὩὨ = 317. ............................................................................................. 234 

Figure 7.2-9. Energy Spectra from streamwise (i.e. wake) sections shown in Figure 7.2-8. Upper: 

a) Streamwise and b) Transverse velocity Energy Spectra from a single streamwise section, 

(along the wake of an 8 mm cylinder) over the range of Red values measured. Lower: 

c) Streamwise and d) Transverse velocity Energy Spectra for a random sample of streamwise 

sections, Red = 317. ................................................................................................................. 235 

Figure 7.3-1. Distribution of characteristic scales from a) time-dependent and b) spatial 

autocorrelation functions, per reference cylinder and flow rate. ........................................... 237 

Figure 7.3-2. Comparative Summary of Characteristic Geometric and Hydrodynamic Length 

Scales from the RandoSticks configuration and experiments. ................................................ 239 

Figure 7.4-1. Experimental validation of the Production ḐDissipation hypothesis presented in 

Nepf (1999), for the calculation of the turbulent diffusion term. ........................................... 242 

Figure 7.4-2. Variation of normalised longitudinal dispersion with Reynolds number and effects 

of different hydrodynamic scales on the trend for Ὀὼz. ........................................................ 243 

Figure 7.4-3. Variation of normalised transverse dispersion with Reynolds number and effects 

of different hydrodynamic scales on the trend for Ὀώz. ........................................................ 246 

Figure A.2-1. Plan and elevation view of the LIF measurement section. ................................ 279 

Figure A.2-2. Physical configuration of LIF windows (1 and 2) and PIV window, before the 

artificial vegetation was 'planted'. ........................................................................................... 280 

Figure A.2-3. Bed height measurements. ................................................................................ 281 

Figure A.2-4. Longitudinal variation in bed height................................................................... 281 

Figure A.3-1. a) Photo of the camera used for the experiments (Pointgrey camera + NAVITAR 

lens + rotating base), b) Camera location in reference to the LIF window. ............................. 283 



List of Figures 
Jesús Leonardo Corredor García 

xxvi 
 

Figure A.3-2. Dry illumination system for pixel-distance calibration. a) graded ruler, b) layout of 

the LED illumination and ruler on an LIF window. ................................................................... 284 

Figure A.3-3. Illuminated ruler without water in the flume, for the 4 cameras. ..................... 285 

Figure A.3-4. Underwater illumination system for pixel-distance calibration. ........................ 286 

Figure A.3-5. Illuminated ruler with water in the flume, for the 4 cameras. ........................... 287 

Figure A.3-6. Pixel-distance transformation procedure. The actual width distance, y, is a 3rd 

degree polynomial function of the pixel width. ....................................................................... 287 

Figure A.3-7. a) Manual settings for focal length [near - Њ] and aperture [c ẗ ẗ ẗ o]. for aperture, 

the range is continuous, but it contains markings for [f/11, f/8, f/5.6, f/4, f/2.8, f/2, f/1.4], b) 

Results for the variation of lens aperture on a fixed concentration of Rhodamine 6G, at low laser 

power. ...................................................................................................................................... 289 

Figure A.3-8. a) Installed LIF lasers (2-4) in enclosure, b) Laser head with strip of Optical Density 

filters, c) Image of Aligned laser within LIF window. ............................................................... 293 

Figure A.3-9. Comparison of emission colour spectra (wavelength) between Rhodamine 6G and 

water. ....................................................................................................................................... 294 

Figure A.3-10. Absorption/Excitation and Emission spectra for Rhodamine 6G in relation to the 

laser wavelength and the transmission from the camera lens filter. ...................................... 295 

Figure A.3-11. Absorption/Excitation and Emission spectra for Rhodamine WT in relation to the 

laser wavelength and the transmission from the camera lens filter. ...................................... 295 

Figure A.3-12. a) Long pass filter selected for the Calibration/Experiments OG570, b) Effect of 

long-pass filters on the exclusion of non-fluorescent light. ..................................................... 297 

Figure A.4-1. Calibration images taken for a subsample of concentration and power values.299 

Figure A.4-2. Beam intensity for the images shown in Figure A.4-1. ....................................... 301 



List of Figures 
Jesús Leonardo Corredor García 

xxvii 
 

Figure A.4-3. Variation of attenuation coefficient with concentration. .................................. 303 

Figure A.4-4. Variation of intensity values with Output Power as a function of concentration. 

Experimental results show a clear linear dependence. ........................................................... 304 

Figure A.4-5. Variation of intensity values with Concentration, as a function of Power output. 

Experimental results show a slight power function dependency. ........................................... 305 

Figure A.4-6. Variation of Fluorescence efficiency with concentration. General Parameters for 

the camera calibration equation. ............................................................................................ 306 

Figure A.5-1. Computed Laser Power for the subsample of calibration values analysed. ...... 308 

Figure A.5-2. Computed Fluorescence Efficiency for the subsample of calibration values 

analysed. .................................................................................................................................. 309 

Figure A.5-3. Computed Calibrated Concentrations for the subsample of calibration values 

analysed. .................................................................................................................................. 310 

Figure B.1-1. Displacement calculation based on cross-correlation analysis of consecutive 

single-exposure frames, a) consecutive frames detailing the displacement of groups of particles, 

b) correlation map detailing the origin (unmoved interrogation window) and the estimated 

displacement vector, c) 3D surface of the correlation map detailing the components of the 

correlation function. ................................................................................................................ 315 

Figure B.2-1. a) Viewing window and elements in the Field of View, b) elevation view showing 

the location of the components. ............................................................................................. 318 

Figure B.3-1. PIV system configuration source Raffel et al. (2018) ......................................... 320 

Figure B.3-2. sample image taken from the area of interest. .................................................. 323 

Figure B.3-3. a) Description of laser and illumination optics, b) photograph of the output 

illumination plane. ................................................................................................................... 324 



List of Figures 
Jesús Leonardo Corredor García 

xxviii 
 

Figure B.3-4. Comparison between different seeding levels, a) high seeding density, used for 

the experiments b) low density. .............................................................................................. 326 

Figure B.4-1. a) camera and LED calibration plate, b) recorded image with the calibration plate 

in place. .................................................................................................................................... 327 

Figure B.4-2. a) Graphical Description and (b) Flow Diagram describing the sequence of steps 

for light intensity attenuation correction (pre-preprocessing). ............................................... 331 



List of Tables 
Jesús Leonardo Corredor García 

xxix 
 

LIST OF TABLES 

Table 3.1.2-1. Nominal mean velocities and stem Reynolds numbers for the tests analysed. . 57 

Table 3.1.3-1. Estimation of shedding frequencies and Strouhal number, from empirical 

predictions using nominal and corrected estimations of velocity, and from experimental 

estimations using spectral frequencies. ..................................................................................... 70 

Table 3.1.4-1. Parameters from SPIV maps. .............................................................................. 81 

Table 3.1.4-2. Parameters using the simplified expression for Ὀὼȟί ........................................ 82 

Table 3.2.2-1. Reynolds numbers analysed ............................................................................... 95 

Table 4.2-1. Tested flow rates .................................................................................................. 120 

Table 4.3-1. Relevant Camera Parameters. ............................................................................. 123 

Table 4.3-2. General specifications of the lasers used. ........................................................... 124 

Table 4.4-1. Relationship between digital camera parameters and laser sheet scan rate. ..... 129 

Table 4.4-2. General specifications of the PIV laser used. ....................................................... 129 

Table 5.3-1. Statistical parameters from Concentration profiles shown in Figure 5.3-1. ........ 142 

Table 5.3-2. Statistical parameters from Concentration profiles shown in Figure 5.3-2. ........ 143 

Table 5.3-3. Classification of flow rates according to longitudinal variation in mean velocity, U.

 ................................................................................................................................................. 146 

Table 6.1-1. Range of flow rates for both LIF and PIV experiments. ....................................... 177 

Table A.3-1. Relevant camera parameters .............................................................................. 282 



List of Tables 
Jesús Leonardo Corredor García 

xxx 
 

Table A.3-2. General specifications of the lasers used. ........................................................... 290 

Table A.3-3. Measured output laser powers, lasers are numbered in downstream order. .... 291 

Table A.3-4. Percentages of transmitted power for each Optical Density filter. ..................... 292 

Table A.3-5. Rhodamine 6G concentrations of interest. ......................................................... 296 

Table B.3-1. Relationship between digital camera parameters and laser sheet scan rate...... 322 

Table B.3-2. General specifications of the PIV laser used. ....................................................... 324 

 



 

xxxi 
 

LIST OF SYMBOLS 

ACRONYMS 

PIV: Particle Image Velocimetry 

LIF: Laser Induced Fluorescence 

ADE: Advection Diffusion Equation 

LHS: Left Hand Side 

RHS: Right Hand Side 

MKE:  Mean Kinetic Energy 

TKE: Turbulent Kinetic Energy 

DA: Double-Averaged 

SPIV: Surface Particle Image Velocimetry 

ADV: Acoustic Doppler Velocimetry 

RANS: Reynolds Average Navier Stokes [equation] 

DANS: Double-Average Navier Stokes [equation] 

PVC: Polyvinyl Chloride 

FoV: Field of View 

BBL: Bouguer-Beer-Lambert [law] 

CW: Continuous Wave [laser] 

OD: Optical Density 

AV: Artificial Vegetation 

FFT: Fast Fourier Transform 

RMS: Root-Mean-Square of the fluctuating component of a quantity 

STD: Standard Deviation 



 

xxxii 
 

Note: the acronym RMS is used exclusively to refer to the variation around the mean of any 

quantity, so it is equivalent to the standard deviation STD in this document.  

 

FRAMES OF REFERENCE 

ὼȟώȟᾀ: Main Cartesian coordinates. ὼ ς streamwise, ώ ς spanwise or transverse, and ᾀ ς 

vertical directions 

ὼ : Cartesian coordinates in tensor notation. ὼḳ ὼȟὼȟὼ ὼȟώȟᾀ  

ό : Velocity components in tensor notation. όḳ όȟόȟό όȟὺȟύ  

όȟὺȟύ  : Main velocity components in ό ς streamwise, ὺ ς spanwise or transverse, and ύ ς 

vertical directions 

Ὗȟὠȟὡ  : Main components of the time-averaged velocities in Ὗ ς streamwise, ὠ ς spanwise 

or transverse, and ὡ ς vertical, directions 

ὸ : Time domain 

† : Auxiliary time domain 

Ὕ : Time interval long enough to contain all scales of flow 

AVERAGING FRAMEWORKS 

— : (Overbar) time-average of the instantaneous quantity — 

— : Turbulent fluctuation of the instantaneous quantity — 

‎ : Phase-function, determining whether at a determined instant, a point is occupied by fluid 

( ρ) or solid, i.e. obstruction (π) 

ộ—Ớ : Spatial average over a volume of fluid only considering the fluid phase. Also called intrinsic 

spatial average 

—  : Spatial fluctuations of the passive quantity —, from the space average ộ—Ớ over a volume of 

fluid, only considering the fluid phase. 

— : Consecutive time- and space- average of the passive quantity in a control volume of fluid, 

only considering the space and time intervals occupied by the fluid phase 



 

xxxiii 
 

—  : Spatial fluctuations around the mean value —, of the time-averaged quantity —, over a 

volume of fluid, only considering the space and time intervals occupied by the fluid 

phase 

ἂ—ἃ : Consecutive space- and time- average of the passive quantity in a control volume of fluid, 

only considering the space and time intervals occupied by the fluid phase 

ἂ—ἃ : Temporal fluctuations around the mean value ἂ—ἃ, of the space-averaged quantity ộ—Ớ, 

over a volume of fluid, only considering the space and time intervals occupied by the 

fluid phase 

ἂ—ἃ : Space average of the passive quantity — along the ὼ-direction only  

ἂ—ἃ : Space average of the passive quantity — along the ώ-direction only 

ὠ : Volume of fluid space large enough to cover the average morphological characteristics of 

emergent vegetation, covering the solid and fluid phase 

ὠ :  Portion of ὠ only containing the fluid phase 

‭ : Porosity in a multiphase (solid-fluid) field 

ὲȟ : Vector normal to the surface of the solid-fluid interfaces (i.e. surface of obstructions), 

pointing into the fluid phase, in the Ὥ-th direction 

ὃ  : Total area of the control volume occupied by the solid-fluid interface, i.e. obstruction 

surfaces 

ό : Velocity at the solid-fluid interface 

ộ—Ớ  z: Conditional spatial average that considers contributions from obstructions with a 

centre further away than a distance ὶᶻ 

GREEK CHARACTERS 

ɤ : Characteristic Lagrangian turbulent length scale 

ɤ : Estimate of the characteristic length scale of coherent turbulent structures, obtained from 

time (auto)correlation functions 

ɤ  : Characteristic length scale of shed vortices 
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ɤ  : Characteristic length scale of coherent turbulent structures, obtained from space 

correlation functions 

ɮ  : Quantum efficiency of a camera (ration of photons absorbed to electrons generated) 

ɮ  : Quantum yield of a fluorescent substance (ratio of incident to emitted light/energy) 

ɱ : Time-averaged vorticity, ɱ ‫ 

‌ , ‌  : Linear best-fit coefficients of the ὙὩ-dependent drag coefficient, ὅ , function for an 

array of circular cylinders 

‌  : Velocity-defect threshold defining the areas in which low velocities are associated with the 

existence of a recirculation zone (i.e. primary wake) 

‐ : Direct dissipation of energy from the mean flow due to viscosity 

ἂ‐ἃ : Spatial average of TKE dissipation, both directly and through the turbulence cascade, due 

to viscosity 

‐  : Vorticity criterion to define the areas where vortex formation is stronger, and are thus 

connected to the existence of recirculation zones (i.e. primary wakes)  

–  : Attenuation coefficient due to clean water 

‖ : Streamwise (i.e. temporal) Pearson skewness coefficient of the concentration distribution 

‖ : Global Pearson skewness coefficient of the instantaneous, streamwise velocity field from 

a complete PIV record 

‖ : Global Pearson skewness coefficient of the instantaneous, transverse velocity field from a 

complete PIV record 

‖ : Transverse Pearson skewness coefficient of the concentration distribution 

‘ : Global average of the instantaneous, streamwise velocity field from a complete PIV record 

‘ : Global average of the instantaneous, transverse velocity field from a complete PIV record 

‘ : Average light intensity value of a PIV image 

’ : Eddy/turbulent viscosity 

„  : Dynamic stress component in the Ὥ-th direction, over the Ὦ-th face of a fluid element 

„  : Streamwise (i.e. temporal) variance of the concentration distribution 
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„  : Global variance of the instantaneous, streamwise velocity field from a complete PIV record 

„  : Global variance of the instantaneous, transverse velocity field from a complete PIV record 

„  : Standard deviation of the spatial velocity fluctuations, associated with the secondary 

wakes of obstructions in the flow field 

„  : Transverse variance of the concentration distribution 

†Ӷ : Average trapping time of a passive solute, within the recirculation area of cylinder wakes (cf. 

primary wake) 

†, † : (8bit) intensity maps corresponding to the same interrogation window at two 

consecutive PIV images 

† : Shear stress component in the Ὥ-th direction, over the Ὦ-th face of a fluid element 

†  : Boundary-layer induced shear stress 

†  : Shear stress component in 2D horizontal flows 

‡ȟ : Lagrangian velocity in the Ὥ-th direction, of the ὲ-th particle of a statistical ensemble 

‡  : Turbulence intensity of the Lagrangian velocity component ‡ 

Ὥ-th component of the instantaneous vorticity field : ‫  

‭ : Absorptivity of light due to Rhodamine 6G concentration 

‭  : Fraction of the flow field occupied by recirculation areas (i.e. primary wakes) 

ɜ :  (Upper) incomplete gamma function, defined as: ɜὸȟὥ  ᷿ ὼ Ὡ Ὠὼ. Note that the 

lower incomplete gamma function is defined over the limits πȟὥ 

‍ : Flume bed slope 

‍† : Frequency function for the sinusoidal component of the autocorrelation function ὶ† 

‐ : Absorptivity (i.e. attenuation) coefficient of laser intensity 

‐ : Dissipation of energy due to viscosity at the smallest scales of turbulence 

– : Laser power absorbance (due to fluorescence) along the laser beam 

‖ : Wavenumber 

‘ : Dynamic viscosity of water 
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’ : Kinematic viscosity of water 

‚ : Auxiliary ὼ domain 

” : Density of water 

• : Solid volume fraction, i.e. portion of the flow field occupied by obstructions (solid phase) 

‭ : Absorption coefficient of the medium where laser light travels  

‭† : Envelope function of the autocorrelation function ὶ† 

 

LATIN CHARACTERS 

ộὪỚ : Average drag force per unit of submerged cylinder height 

ộὪỚ : Drag force, in the streamwise direction, caused by the average cylinder in the array 

ộὪ Ớ : Total drag force considering the fluid density and fluid depth, in the vegetated array, 

caused by the presence of stems 

Ὀ  : Transverse diffusion coefficient approximation using an Eulerian approximation ǘƻ ¢ŀȅƭƻǊΩǎ 

theory of diffusion 

Ὁ : Turbulent energy (two-sided) spectrum. From the Eulerian Autocorrelation function 

Ὓ  : Rate-of-strain tensor for the time-averaged velocity field 

ὢᴆ : Vector coordinates of an array of illuminated seeding particles 

ộὸỚ : Average travel time between consecutive LIF measurement points for all reaches tested 

ὸ Υ ΨTǊŀǾŜƭ ǘƛƳŜΩ ōŜǘǿŜŜƴ ƛƴƧŜŎǘƛƻƴ ŀƴŘ ǘƘŜ ŎŜƴǘǊƻƛŘ ƻŦ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǇǊƻŦƛƭŜ ŀǘ ǘƘŜ Ὥ-th 

measurement point 

4 : Characteristic period of the secondary shedding frequency 

ὃ : Projected surface area of a cylinder, perpendicular to the direction of mean flow 

ὅ   : Drag coefficient for a circular cylinder 

ὅ  : Drag coefficient associated with form drag force over a circular cylinder 

ὅ  :  Drag coefficient associated with viscous drag force over a circular cylinder 
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ὅ : (Estimated/calibrated) concentration value at the ὲ-th pixel along the laser beam 

Ὀ  : Dispersion by trapping in boundary layers 

Ὀ : Shear dispersion coefficient. Dispersion attributed to spatial differences in time-averaged 

velocity only 

Ὀ : Turbulent diffusion coefficient 

Ὀȟ : Dispersion by acceleration between obstructions 

Ὀȟ : Secondary wake dispersion (also, dispersion by differential advection) 

Ὀȟ : Vortex trapping dispersion 

Ὀ  : Dispersion coefficient in the streamwise direction 

Ὀȟ  : Lateral dispersion coefficient caused by mechanical dispersion alone 

Ὀ  : Dispersion coefficient in the transverse direction 

Ὀ : Dispersion coefficient in the vertical direction 

Ὁ : Mean Kinetic Energy 

Ὁ : Turbulent Kinetic Energy 

Ὁ : Turbulent energy density spectrum. From the Eulerian Autocorrelation function  

Ὁ  : Turbulent energy density cross-spectrum. From the Eulerian (two-point) Cross-correlation 

function Ὑ † 

Ὂ : Drag force over a single circular cylinder 

Ὂ  : Form (pressure) drag over a circular cylinder 

Ὂ  : Viscous (shear) drag over a circular cylinder 

Ὂ  : Reference force acting on a circular cylinder 

Ὅ, Ὅ : (8bit) intensity maps corresponding to consecutive PIV images 

Ὅ : Emitted fluorescent light 

Ὅ : Laser light intensity 

Ὅ : (8bit) image intensity value at the ὲ-th pixel along the laser beam 
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Ὅ : (8bit) image intensity value corresponding to the output laser power 

ὒ : Characteristic length scale of the flow associated (proportional) to the flow depth 

ὒ : Characteristic length scale of turbulence in the streamwise direction 

ὓ  : ὲ-th statistical moment of a concentration function 

ὖ  z: Probability of finding a cylinder at a distance larger than ὶᶻ. 

ὖ  : Probability of finding cylinders within υὨ from each other 

ὖ  : Nominal output laser power  

ὖ : Production of TKE due to buoyancy effects (only applicable in atmospheric flows) 

ὖ : (Estimated) laser power at the ὲ-th pixel along the laser beam 

ὖ : Attenuated output laser power 

ὖ : Production of TKE due to velocity shear 

ὖ : Production of ¢Y9 ŘǳŜ ǘƻ ƻōǎǘǊǳŎǘƛƻƴǎΩ ǿŀƪŜǎ 

Ὑ  : Contribution to the image correlation function Ὑίᴆ from the mean light intensity of two 

consecutive PIV images 

Ὑ  : Peak of the correlation coefficient map Ὑίᴆ, which is found for the displacement vector 

that matches the same particles between two consecutive PIV images 

Ὑ  : Contribution to the correlation coefficient Ὑίᴆ from random contributions of non-

matching particles between two consecutive PIV images 

Ὑ : Eulerian velocity autocorrelation for the Ὥ-th component of velocity  

Ὑ  : Eulerian velocity (two-point) correlation for the Ὥ-th and Ὦ-th components of velocity  

Ὑ  : Best-fit coefficient between a model prediction and experimental measurements 

Ὓ : Friction slope (i.e. slope of the vegetated flow energy line) 

Ὓ  : Rate-of-strain tensor 

Ὓ : Strouhal number, non-dimensional shedding frequency 

Ὓ  : Rate of strain tensor in 2D horizontal flows 
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Ὕ : Characteristic temporal scale of turbulence in the streamwise direction 

Ὕ : Pressure transport in the balance of TKE 

Ὕ : Turbulent transport of TKE (only applicable in submerged vegetation/canopies) 

Ὗ  : Incident flow velocity (before it reaches the vegetated area) 

Ὗ  : Time-averaged streamwise component of velocity along the wake centreline of a cylinder 

Ὗ  : Mean pore velocity, averaged over the volume occupied by fluid 

Ὗ  : Pore velocity computed as the double-averaged velocity from a PIV recording. Note that 

this quantity is used instead of Ὗ in chapters 6 and 7, as Ὗ  is obtained from a spatial 

subsample, which, though large enough to cover the average macroscopic features of 

the vegetated field, it is not by definition the same 

ὠ  : Time-averaged transverse component of velocity along the wake centreline of a cylinder 

ὢ : Streamwise coordinate of the Ὥ-th measurement point, i.e. ὼ-coordinate of the Ὥ-th camera. 

ὢ : Streamwise coordinate of the Ὥ-th measurement point, i.e. ὼ-coordinate of the Ὥ-th camera. 

ὢ  : Local streamwise coordinates associated with a wake centreline 

ὥ  : Root-mean-square of the fluctuating quantity ὥ. ὥ ὥ  

ὦȾ : Half width of the wake behind a circular cylinder 

Ὢ : Secondary shedding frequency, associated to the streamwise velocity signal along the wake 

centreline. Defined as 2 times the measured shedding frequency Ὢ 

Ὢ : Shedding frequency, defined as the peak of the frequency spectrum measured at the end 

of the recirculation area (start of secondary wake) 

Ὢ : Total drag force, per unit height and unit mass, in the vegetated array caused by the 

presence of obstructions, i.e. cylinders 

Ὣ : Gravity as external force 

Ὧ  : Permeability of the vegetated flow field 

ὴ Υ άDŀǳǎǎƛŀƴ ǇǊƻǇŀƎŀǘƻǊ ŦƻǊ ǘƘŜ ǘǊŀƴǎǾŜǊǎŜ ŘƛŦŦǳǎƛǾŜ ƳƻǘƛƻƴέΣ ŀ ǇǊƻōŀōƛƭƛǘȅ ŦǳƴŎǘƛƻƴ ƛƴǘǊƻŘǳŎŜŘ 

by White and Nepf (2003), expressing the likelihood of finding a particle, that is 

diffusing in a Gaussian manner, at specific points downstream 
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ήȟ : Flux of a passive scalar in the Ὥ-th direction 

ὶᶻ : Minimum centre-to-centre distance between adjacent cylinder to allow turbulence to 

generate diffusion 

ίᴆ : Displacement vector of PIV seeding particles between two consecutive images 

ί  : Rate-of-strain tensor from the turbulent fluctuations of velocity 

ί : Edge-to-edge distance between adjacent cylinders 

ί  : Centre-to-centre distance between adjacent cylinders 

ὸ : Travel time between consecutive measurement points 

ὸΥ ΨTǊŀǾŜƭ ǘƛƳŜΩ ōŜǘǿŜŜƴ ƛƴƧŜŎǘƛƻƴ Ǉƻƛƴǘ ŀƴŘ ǘƘŜ ŎŜƴǘǊƻƛŘ ƻŦ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǇǊƻŦƛƭŜ ŀǘ ǘƘŜ Ὥ-

th measurement point. The notation ‘ is also used to relate to the statistical moments 

of concentration functions 

ό  : Streamwise turbulence intensity (root-mean-square of the fluctuating turbulence 

component)  

ό  : Shear velocity 

ό  : Turbulence intensity 

ό : Characteristic velocity scale of turbulence in the dissipation range, i.e. Kolmogorov velocity 

scale 

ό  : Wake induced spatial velocity fluctuations 

ὺ  : Transverse turbulence intensity (root-mean-square of the fluctuating turbulence 

component) 

ὼ : Local coordinate associated to the start of a secondary wake for a single circular cylinder 

ὼ : Local coordinate system related to the secondary wake of the cylinder labelled ὃ 

ὼ : Local coordinate system related to the secondary wake of the cylinder labelled ὄ 

ώ : Transverse centroid of the concentration distribution 

ώ  : Lateral position of the injection, measured from the wall at the laser side, for the LIF 

experiments 

ώ : Diffusive distance obtained from TaylorΩs proportionality relationship 



 

xli 
 

Ὤ : Flow depth 

4 : Characteristic time scale of coherent turbulent structures, defined as the reciprocal of the 

characteristic shedding frequency 

ɝὼ : Streamwise distance between consecutive measurement points 

ὅ : Concentration of a passive scalar, i.e. solute, in a moving flow field 

Ὀ : Molecular diffusion coefficient 

Ὁ : Total kinetic energy of a differential volume of fluid 

Ὅ : Light intensity (map) expressed as an (8bit) image grayscale value 

ὕὈ : Attenuation of laser power from optical density filter 

ὖ : Laser light power 

ὖὩ : Péclet number expressing the ratio between mixing coefficients due to advection and 

diffusion 

ὗ : Volumetric flow rate 

Ὑίᴆ : Correlation coefficient of the displacement vector,  ίᴆ, of a set of illuminated particles 

between two consecutive PIV images 

ὙὩ : Reynolds number associated to the mean cylinder diameter Ὠ, as characteristic length 

scale 

ὙὩ : Turbulent Reynolds number, calculated using the eddy viscosity ’ 

ὙὩ : Reynolds number associated to the generic flow scale ὒ 

Ὓὧ : Turbulent Schmidt number 

Ὗ : Mean (time-averaged) streamwise velocity 

ὢ : Lagrangian displacement, in the streamwise direction, of a fluid particle as a function of time 

ὣ : Lagrangian displacement, in the transverse direction, of a fluid particle as a function of time  

ὥ : Frontal-facing area of vegetation (obstructions) per unit volume 

ὧί† : Basis for a sinusoidal function 

Ὠ : Circular cylinder diameter 
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Ὢ : Frequency  

Ὧ : Turbulent Kinetic Energy only considering the horizontal, ὼȟώ, components of velocity 

ά : Stem number density (number of stems per square metre) 

ὴ : pressure 

ὶ† : Analytical autocorrelation function for periodic flow phenomena. 

 

SPECIAL CHARACTERS 

 Production of turbulent kinetic energy from the mean flow : ע

 Lagrangian correlation function, relating the velocity of a fluid particle at different times : ד

during its motion 

Љ : Characteristic length scale of turbulence in the dissipation range, i.e. Kolmogorov length 

scale 

ὰ : Streamwise extent of the recirculation region 

ὰ : Attenuation length: streamwise extension of the velocity decay caused by the presence of 

an obstruction (i.e. cylinder) 

ʊ : Diameter measure 

ᴥ : Function representing the non-static component of the dynamic pressure acting on a volume 

of fluid. This function considers the sum of vertical and streamwise virtual stresses and 

their gradients. For the effects of this research, this quantity is considered negligible 
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PREFACE 

This thesis is structured in a traditional format, such that the contents of each chapter build 

from the conclusions of previous ones. However, care has been taken to also allow the reader 

to understand each individual component without exhaustive background. The background 

theory underpining the current understanding of vegetated solute transport is presented in 

Chapter 2. A set of preliminary experiments designed to study the assumptions of previous 

longitudinal dispersion models, are presented in Chapter 3. The novel experimental system is 

explained in Chapter 4, and a thorough description of the set up process and calibrations is 

presented in Appendices A and B. Chapter 5 shows the results from concentration 

measurements and an analysis of the trends observed. The velocity maps obtained are 

presented and analysed in Chapter 6, and Chapter 7 presents a discussion of the relevant flow 

scales and their impact on large-scale mixing. The main findings are summarised and discussed 

in Chapter 8, and further steps given in Chapter 9. 

During the course of this project, prior to its official submission, the following conference 

publications have arose from the work included in this document. 

a. Corredor-Garcia, J. L., Delalande, A., Stovin, V., & Guymer I., όнлнлύ Ψhƴ ǘƘŜ ¦ǎŜ ƻŦ 

Surface PIV for the Characterization of Wake Area in Flows Through Emergent 

±ŜƎŜǘŀǘƛƻƴΩΣ ƛƴ YŀƭƛƴƻǿǎƪŀΣ aΦΣ aǊƻƪƻǿǎƪŀΣ aΦΣ ŀƴŘ wƻǿƛƵǎƪƛΣ tΦ όŜŘǎύ wŜŎŜƴǘ ¢ǊŜƴŘǎ 

in Environmental Hydraulics. GeoPlanet: Earth and Planetary Sciences. Cham, 

Switzerland: Springer-Verlag, pp. 43ς52. 

b. Corredor-Garcia, J. L., Stovin, V., Guymer, I., (2022ύ ΨSpatio-Temporal Characterization 

of Hydrodynamics and Mixing Processes in Obstructed Flows using Optical TechniquesΩΣ 

Proceedings of the 39th IAHR World Congress, (June 2022), Granada, Spain. pp. 5140ς

5149. doi: 10.3850/IAHR-39WC2521716X20221035. 

The first publication is extracted from the contents of Chapter 3.1, and the last one summarizes 

the contents in Chapter 4. 
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Chapter 1. INTRODUCTION 

 

1.1. Rationale 

The presence of emergent vegetation dominates a wide range of physical, biochemical, 

geomorphological and restoration processes in various aquatic systems. Understanding flow 

resistance imposed by vegetation is important for flood modelling and management. Vegetated 

flows control the fluxes of many different suspended materials and solutes. Sediment transport 

through and between plant patches controls rates of erosion and deposition, which have 

consequences on river geomorphology. Nutrients, biological species and seeds are exchanged 

through vegetation elements for biota reproduction and conservation and water quality 

control. The latter is relevant for the construction of engineered wetlands for pollution 

treatment. 

Acknowledging the importance of emergent vegetation flow systems, accurate modelling, 

management and design is crucial for their effective use and conservation. This requires a 

thorough characterisation of the vegetation elements and their interaction with the flow. The 

hydrodynamic processes occurring in these systems are a subset of the comprehensive and 

complicated area of fluid dynamics, alongside the complexities included in the foregoing cases, 

such as reaction rates, sediment transport and biological processes. Appropriate understanding 

of the physics behind plant-flow interactions underpins the success of their application, and 

can provide case studies for the comprehension of problems in fundamental fluid mechanics. 

As can be seen, any study on emergent vegetation and its applications is necessarily multi-

ŘƛǎŎƛǇƭƛƴŀǊȅΦ .ǊƻŀŘƭȅΣ ǘƘŜ ǇǊƻƧŜŎǘ Ψ{ƻƭǳǘŜ ¢ǊŀƴǎǇƻǊǘ ƛƴ Cƭƻǿ ¢ƘǊƻǳƎƘ wŀƴŘƻƳ 9ƳŜǊƎŜƴǘ 

±ŜƎŜǘŀǘƛƻƴΩ ōŜƭƻƴƎǎ ǘƻ ǘƘŜ ŀǊŜŀ ƻŦ 9ƴǾƛǊƻƴƳŜƴǘŀƭ CƭǳƛŘ 5ȅƴŀƳƛŎǎΣ ǎǇŜŎƛŦƛŎŀƭƭȅ ƛƴ ǘƘŜ ƛƴǘŜǊǎŜŎǘƛƻƴ 

of fluid dynamics and solute transport. The physical phenomena of emergent vegetation 

systems are continuously explored in the subareas of these topics: turbulence, stability theory, 

stochastic transport, advection-diffusion, among others. Understanding the complexities of 

vegetated flows hinges on the possibility of developing representative numerical, field and 

laboratory studies, so that the main interactions, physical drivers, orders of magnitude and 

trends can be identified. From this knowledge, simplifying assumptions for practical 

applications and quantifiable evidence to contrast with existing theories can be developed. 
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Generally, investigations on flow and mixing use representations of vegetation that fall into one 

of two categories: realistic macrophytes including natural features such as leafs and branches, 

or simplified elements with known geometries. The former usually covers field studies and 

laboratory experiments with real species, or models aiming to represent them. The latter is 

used in numerical and simplified laboratory experiments, normally representing stalks and 

stems with circular cylinders, either in regular, staggered or random arrays. Both have provided 

useful insights into some of the relevant physical phenomena. Their main difference lies in the 

conflict between scalability/reproducibility and accuracy. Realistic systems provide bulk 

quantifications of vegetated reaches, more faithful to natural systems. However, 

quantifications of small-scale processes are usually overlooked, such that scaling the results 

becomes challenging. Simplified systems allow for a better characterisation of phenomena 

from single and interacting elements, to vegetated reaches. The latter approach is pursued in 

this work, as the aim is to enhance the understanding of the fundamental processes and how 

these are the result of interacting vegetation elements. Given the simplified nature of the 

vegetation array used in this study, the conclusions derived are limited to vegetation species 

with a morphology similar to the RandoSticks array, that is, rigid, cylindrical stalk-like elements 

e.g. reeds. 

From hydrodynamic studies, it has been found that vegetation elements dominate the 

behaviour of their flow fields: they extract most of the energy from the mean flow through 

form and viscous drag, and, through instability regimes, create structures that prompt the 

development of a spectrum of flow structures. These structures distribute and dissipate energy 

across different scales, which ultimately dominate the rates of mass transfer and mixing. In 

vegetated solute transport, most experimental results and subsequent models are developed 

in the Fickian regime, which is achieved after solute clouds are significantly larger than 

representative scales of the flow (e.g stem diameter, cluster sizes), and disperse linearly with 

time. As will be presented, these results are still insufficient for accurate models, and the 

following research needs remain: 

¶ Vegetation characterisation: there is a persistent gap between realistic and simplified 

experimental models. Most of the diversity of vegetation morphology is overlooked by the 

current uniform cylinder-based approaches. More realistic artificial models must account 

for variations in stem spacing and diameters. 

¶ Flow heterogeneity: knowledge is still needed to describe how plant elements interact and 

produce the mean flow fields, and what defines the sizes and behaviours of features of 

vegetated flows such as wakes, recirculation zones and boundary layers.  
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¶ Turbulent kinetic energy budgets in vegetated reaches: current results are from point-

based measurements or small areas covering few vegetation elements. More results are 

needed to define the sizes and life spans of energy-containing structures, i.e. flow scales, 

and the verification of hypotheses regarding, isotropy, homogeneity and energy 

production-dissipation relationships. 

¶ Fickian regimes in vegetated reaches: No unifying, vegetation-dependent threshold has 

been defined to determine the time/length scales necessary for solutes to spread linearly, 

and thus for current models to be valid.  

¶ Comprehensive experimental results: Addressing the previous research needs requires 

thorough characterisations of flow fields and solute traces in vegetated reaches. These 

obstructed flows limit the use of instrumentation for velocity field characterisations, such 

that reach-scale information is still absent from current experiments. 

1.2. Objectives 

The main objective of this research is to provide high-quality hydrodynamic and mass transport 

data, through Particle Image Velocimetry and Laser Induced Fluorescence experiments, 

respectively. From these, velocity and concentration fields are expected to resolve the 

behaviour of the flow and solute clouds, from single elements to comprehensive stem arrays. 

These results are expected to shed light on some of the fundamental processes overlooked thus 

far, and to verify and inform the main assumptions, models and theories of vegetated solute 

transport. The aim of this novel dataset is associated with the research needs via the following 

specific objectives. 

¶ Better represent vegetation through artificial arrays. a novel artificial vegetation 

configuration is presented, called RandoSticks, which introduces the stem diameter 

distribution measured for the species Winter Typha latifolia, in addition to a random stem 

location distribution. The additional complexity of this configuration is expected to 

introduce realistic interactions to laboratory flow fields, such that interactions, sheltering 

and stem spacing variations, can better represent the phenomena overlooked on previous 

experimental approaches. 

¶ Provide accurate and representative mean hydrodynamic maps. From the configuration 

proposed, velocity fields over a comprehensive range of flows will be obtained, and 

spanning an area large enough to cover a representative sample of vegetation elements. 

Mean maps of the main hydrodynamic quantities will be used to describe how the 
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interaction of stems define the features of the vegetated flow field, namely, wakes, 

recirculation zones and boundary layers. The main quantitative trends will be explored and 

assessed in the context of their impact on solute transport. 

¶ Spatial turbulence and flow scale characterisation. Obtain full characterisations of velocity 

time series to derive the main turbulence quantities, localise important zones of turbulent 

energy production and derive relevant turbulent length scales. Given the area where these 

measurements will be obtained, the results will be used to explore the evolution of these 

quantities in the context of the double-averaged equations of motion. 

¶ Comprehensive range of concentration measurements for dispersion characterisation. 

The velocity measurements will be coupled with concentration measurements, over a 

wider range of flow rates, and a comprehensive vegetated reach, to quantify dispersion for 

the RandoSticks configuration. Dispersion results will be compared with the main flow 

scales found, and alternatives to characterise the influence of vegetation distribution and 

their impact on mixing will be explored. Building on the relationship between concentration 

maps and probabilistic distributions, a relationship between statistical descriptors of 

concentration traces and the threshold to attain a Fickian regime will also be explored. 

1.3. Methodology and Structure 

The physical limitations of obstructed flows have limited the possibility to obtain extensive 

velocity and concentration fields. This project proposes a novel experimental set-up, with 

bespoke solutions for the acquisition of high-quality data, from which to address the research 

needs described above. At the end of this research it is expected that the final velocity and 

concentration information can help elucidate the main features of vegetated flows, verify the 

assumptions of previous models for vegetated dispersion and provide solid phenomenological 

principles from which to study these crucial systems, such that both researchers and 

practitioners can develop realistic and extensible models. 

Given the scope of this research, the ambitious experimental plan proposed is divided into 2 

main stages. 1) LIF experiments to estimate dispersion coefficients, to describe mixing in a 

range of flows spanning the regimes found in nature. This stage involves the use of an optical 

system, with 4 laser-camera measurement stations, to obtain 2D concentration maps that 

describe the transverse and longitudinal variation in concentration. 2) PIV experiments in a 

representative area of the flow field, with novel solutions to allow illumination within 

obstructed flows, to obtain spatio-temporal velocity fields, at high enough resolutions and 
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frequencies to describe the spatial evolution of hydrodynamic quantities and turbulence 

quantities. Given this division of the experimental stage, the data will be analysed and 

presented in the following way: 

Chapter 2 presents the literature review, summarising the findings from relevant previous 

studies that independently explored the physical phenomena involved in the study of 

hydrodynamics and mixing in emergent vegetation. 

Chapter 3 presents the results of preliminary experiments, proposed and executed to study 

specific assumptions of the previous models for vegetated dispersion. Using Surface PIV 

measurements, the information needed to reproduce the most relevant model for streamwise 

dispersion is obtained. Some of the main assumptions are analysed in light of the experimental 

results, and a preliminary discussion is presented on some of the main physical factors 

overlooked in current approaches. Further, a study of velocity statistics, to introduce the idea 

of interacting wakes, and the importance of coherent structures in mass transfer is given. 

Finally, some important theoretical considerations are highlighted regarding the use of Eulerian 

measurements to represent theories of diffusion initially proposed in a Lagrangian frame of 

reference. 

Chapter 4 concisely describes the vegetated array and the novel experimental configurations 

proposed to obtain the data described. The theoretical principles and the pre-processing 

techniques used for the experiments are described. A detailed, step-by-step account of the 

setting up process of the instrumentation, and calibration results, is given in Appendices A and 

B, for LIF and PIV, respectively. 

Chapter 5 presents the results from the first experimental stage proposed above. First, a 

description of the methods used to pre-process and clean concentration profiles is given. This 

is intended as a benchmark to prepare concentration data for the calculation of dispersion 

coefficients, using both statistical approaches and optimisation procedures based on a routing 

solution of the ADE. The trends found for the statistical descriptors and concentration profiles 

help elucidate the behaviour of the mixing regime for each test. These results are further 

compared with characterisations of vegetation descriptors and previous estimates from 

artificial and natural vegetation. 

Chapter 6 presents the maps of first and second order velocity statistics, such that the spatial 

variation of these quantities is contrasted with the known theory of obstructed flows (e.g. zones 

of turbulent production, evolution of vorticity). These results are further analysed in the context 
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of the double-averaged momentum equation, and used to characterise drag forces and 

coefficients in the RandoSticks configuration.  

Chapter 7 uses the velocity fields obtained, to explore different alternatives for the calculation 

of energy spectra, shedding frequencies and relevant length scales. These scales are analysed 

in probabilistic terms and compared with those found from the vegetation characterisation. 

Lastly, the results from Chapter 4, Chapter 6 and Chapter 7 are assembled, and the trends and 

magnitudes of dispersion coefficients and hydrodynamic scales (e.g. Reynolds stresses, 

dispersive fluxes) are compared over the range of Reynolds numbers analysed. Distincts 

dispersion regimes are identified and the dominant velocity terms for each one identified. 

Further consequences regarding the use of these conclusions for the design of experimental 

studies and development of analytical/empirical models are explored. 
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Chapter 2. LITERATURE REVIEW 

 

2.1. Introduction 

Flows in and around vegetation, present in a variety of ecosystems, control several key 

environmental processes for their subsistence and stability (Jadhav and Buchberger, 1995). 

They influence bed erosion and sediment deposition, mass and momentum exchange between 

vegetation and high conveyance streams (Nepf, 2012), and regulate solute transport and 

mixing. The latter determines the rates of nutrient uptake and biochemical reactions within 

vegetation (Nishihara and Terada, 2010), and its study can improve the control and design of 

natural and engineered vegetated systems for pollutant treatment and stormwater 

management (Shilton, 2000). There is, however, a considerable knowledge gap concerning the 

general understanding of fluid mechanics at relatively small scales (i.e. stem and inter-stem 

scales), its implications for mixing, and the principles under which dimensional analysis may be 

applied to upscale these concepts at the patch and reach scale. 

This literature review presents a brief overview of the current understanding in hydrodynamics 

and solute transport in vegetation. Emphasis is given to general concepts of fluid dynamics, and 

the processes encountered in vegetated flows. Subsequently, a general review of the current, 

physically-based models for mass transport is given, and finally, previous approaches to model 

mass transport in vegetated systems are presented. This chapter concludes with a discussion 

on the limitations of previous relevant studies, alongside the most prominent knowledge gaps 

that motivated this research project. 

2.2. Hydrodynamics 

This review focuses on the particular subset of flows through emergent vegetation, which, for 

practicality is often represented as arrays rigid circular cylinders. The following descriptions of 

flow components and turbulence are presented from cases relevant to vegetated flows. 

Further, since this research has ultimately a practical, engineering aim, all flows are described 

under the assumption of incompressibility and constant viscosity. 

All descriptions of fluid flow and mass transport are given in Cartesian coordinates, represented 

in 3D by the components ὼȟώȟᾀ, where ὼ is the direction of mean flow, ώ is the component 
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perpendicular to ὼ in the horizontal direction (i.e. parallel to the flow bed), and ᾀ represents 

the component perpendicular to the bed. The velocity components for ὼȟώȟᾀ are όȟὺȟύ , 

respectively; and the general Cartesian and velocity vectors will be represented by bold 

lowercase letters, or by an arrow above each letter, thus  όᴆ ◊ όȟὺȟύ , and  ὼᴆ ●

ὼȟώȟᾀ. Wherever convenient, Einstein summation convention will be used, in which an index 

indicates that a quantity must be considered over all Cartesian directions, and repeated indices 

represent a sum over all components of the repeated index (Synge and Schild, 1978). The 

connection between vector and tensor notation is: ὼ ὼȟὼȟὼ ὼȟώȟᾀ, and ό

όȟόȟό όȟὺȟύ . 

2.2.1.  Mean and fluctuating velocity components 

The mathematical framework for the study of fluid flow is represented by conservation 

equations. The first of which is the mass conservation equation or continuity equation, and is 

represented as follows (Currie, 2012) 

‬ό

‬ὼ
 
‬ό

‬ὼ
 
‬ὺ

‬ώ
 
‬ύ

‬ᾀ
π Eq. 2.2-1 

 

The second fundamental equation represents the momentum balance and is obtained from a 

force equilibrium applied over a differential fluid element. Considering body forces and gravity 

(Ὣ) only, we obtain the following expression for the momentum balance (Hinze, 1975) 

”
‬ό

‬ὸ
”
‬

‬ὼ
όό  

‬

‬ὼ
„ ”Ὣ Eq. 2.2-2 

 

Where ” is the fluid density, and the left hand side of Eq. 2.2-2 is a material or substantial 

derivative, which represents the change in momentum following a single differential volume of 

fluid along its motion path (Batchelor, 2000). The term „  represents the stress component in 

the Ὥ-th direction applied over the Ὦ-th face of the differential volume. This stress component 

can be divided into an isotropic, symmetrical part, i.e. pressure ὴ, and an antisymmetrical one, 

representing shear stresses †. Shear stress is defined for a Newtonian fluid as linearly 

proportional to the rate of strain, † ‘ςὛ  (Hinze, 1975); where the proportionality constant 

‘ is the fluid viscosity. The resulting expression is the Navier-Stokes equation for incompressible 

flow (Currie, 2012) 
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Ὠό

Ὠὸ
ό
‬

‬ὼ
ό  

ρ

”

‬

‬ὼ
ὴ  

‬

‬ὼ
’ςὛ Ὣ Eq. 2.2-3 

 

’ is the kinematic viscosity and Ὓ  the rate-of-strain tensor, which is defined as the average 

velocity gradients for the plane ὭὮ, that is (Pope, 2000) 

Ὓ  
ρ

ς

‬ό

‬ὼ

‬ό 

‬ὼ
 Ƞ    Ὓ  

ρ

ς

‬ό

‬ώ

‬ὺ

‬ὼ
 Eq. 2.2-4 

 

Applying the continuity equation to the second differential term on the RHS of Eq. 2.2-3, a more 

concise expression for the Navier-Stokes equation is obtained 

Ὠό

Ὠὸ
ό
‬

‬ὼ
ό   

ρ

”

‬

‬ὼ
ὴ ’

‬

‬ὼ‬ὼ
ό Ὣ Eq. 2.2-5 

 

Eq. 2.2-5 represents a non-linear system of partial differential equations, whose analytical 

solution (even its existence) is beyond the reach of the current theory (Pope, 2000). Except for 

a few flow cases, quantities such as velocities, trajectories (i.e. streamlines) and positions of 

fluid particles cannot be predicted from analytical expressions; instead they follow random 

patterns that can be described only through statistical methods (Taylor, 1935). This 

randomness, with increased rates of momentum and mass transfer, three-dimensionality, 

rotational motions and viscosity-induced instabilities, is what characterise turbulent motion 

(Tennekes and Lumley, 1972). When the extent of this chaotic motion is low, and the movement 

of fluid particles resembles an idealised flow of parallel streamlines, the flow is said to be 

laminar (Batchelor, 2000). As the randomness of the motion increases, due to increased energy 

of the flow or induced instabilities, the flow transitions to a state of turbulence, which is the 

state of most flows in nature, and particularly in vegetated systems. The parameter used to 

quantify the state of this transition and the type of fluid motion is the Reynolds number, ὙὩ, 

defined as the ratio of kinetic to viscous forces in the flow,  

ὙὩ  
Ὗ ὒ

’
 Eq. 2.2-6 

 

Where Ὗ  and ὒ represent characteristic velocity and length scales of the flow. In the case of 

flow past circular stems (cylinders), ὒ is usually chosen to represent the stem diameter, Ὠ, and 
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Ὗ is the pore velocity Ὗ . Consequently, all references to Reynolds number included in this 

work, are understood to indicate the stem Reynolds number, ὙὩ ὟὨȾ’. 

Experimentally, Reynolds (1883, 1895) showed that in the transition to turbulence, the initially 

laminar streamlines break down and form eddies that advect downstream with the mean flow, 

and the velocity behaves in a chaotic manner downstream. An image from his influential paper 

is presented in Figure 2.2-1.   

 

Figure 2.2-1 Experimental investigation of Reynolds (taken from Reynolds, 1883, p. 942), in which the 
transition from laminar to turbulent flow is identified. The transition is identified from the breakdown of 

a line of dye into distinct eddies, viewed against a sparkling light. 

Whether velocity is measured for a single particle along its path, or a specific spatial point in 

the flow, a temporal profile similar to that shown in Figure 2.2-2 is found.  

 

Figure 2.2-2 Graphical representation of Reynolds decomposition from a time series of longitudinal 
velocity (Ricardo, 2014) 

Any property of the flow will behave similarly to Figure 2.2-2. For the velocity, ό, and any 

property travelling with the flow, its instantaneous value can be expressed as the sum of the 

contribution from the mean value and a deviation therefrom (Reynolds, 1895; Monin and 

Yaglon, 1971). 

ό  Ὗ  όᴂ Eq. 2.2-7 
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Ὗ is the mean velocity component, obtained from a time average of the velocity record 

(Ὗ  ό). ό is the fluctuating component of the instantaneous velocity, characterised by 

random deviations from the mean, as shown in Figure 2.2-2. Details of the time averaging 

procedure and the criteria necessary to apply the decomposition shown in Eq. 2.2-7, are given 

in Section 2.2.5. 

This decomposition is important for two main reasons, first it presents the averaging 

procedures and statistical framework used to describe turbulence. Second, it relates ό to the 

existence of eddies, which are features with structural consistency, intrinsic to all turbulent 

flows; and shown as the swirls sketched by Reynolds in Figure 2.2-1. 

2.2.2. Turbulent Structures and Coherence 

As shown in Figure 2.2-1 turbulence is characterised by the existence of eddies. Two questions 

with regards to these structures arise: what determines their formation and size? And, what 

controls their size and stability downstream? 

Regarding the first question, turbulence is generated from instabilities caused by small 

perturbations; which, due to interactions between inertial and viscosity terms in the equations 

of motion (second terms on the LHS and RHS of Eq. 2.2-5, respectively), propagate rapidly owing 

to their nonlinearity (Tennekes and Lumley, 1972). Several types of instabilities exist, which are 

subject to intensive research in fundamental fluid mechanics, and are therefore beyond the 

scope of this thesis. 

The current research focuses on vegetated flows, where stems are modelled as circular 

cylinders. For this case, flow past a fixed cylinder exhibits different types of transition and 

stability regimes for the structures developed. The influence of viscosity near the cylinder walls 

creates a Boundary Layer, that expands downstream from the incidence/stagnation point (A in 

Figure 2.2-3a), along the cylinder circumference (Schlichting and Gersten, 2000). The 

subsequent formation of vortices depends on the interaction between the boundary layer and 

the outer flow, which varies with Reynolds number, ὙὩ, and pressure gradient along the 

cylinder. 

To illustrate the formation of vortices, Figure 2.2-3a shows the interaction between the flow 

and a cylinder at low Reynolds numbers (ὙὩ ρσ). From point A to B, a local increase in 

velocity is coupled with a decrease in pressure; followed by a deceleration and pressure 

increase from points B to D. A sharp velocity gradient outwards from the boundary layer, 
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induces a rotational instability that prompts flow separation at point C, between B and D 

(Schlichting and Gersten, 2000). This causes Ƴŀǎǎ ǘƻ ΨǊƻƭƭ ǳǇΩ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ǘǿƻ ǎȅƳƳŜǘǊƛŎ 

vortices at the back of the cylinder, creating a closed recirculation (separation) region whose 

longitudinal extent is given by the distance between points D and E (Gerrard, 1966; Berger and 

Wille, 1972). This initial form of recirculating eddies constitutes a stationary stable state for low 

Reynolds numbers, ρπ ὙὩ τπ (Gerrard, 1978). 

This stable separation region scales with ὙὩ, until the length (ὈὉ) reaches approximately 2 

cylinder diameters (ςὨ), which in turbulence-free incident flow occurs at ὙὩ τπ, (Roshko, 

1954; Gerrard, 1978). After this threshold, the recirculation cell starts to oscillate, opening a 

pathway of mass exchange towards the outer flow, at point E (Figure 2.2-3a). This pathway 

leaves a trace with a sinusoidal variation that accelerates until the separation point in the 

boundary layer becomes unstable and behaves as a vortex sheet, thereby rolling up into 

alternating vortices that are then advected downstream. This alternating detachment of 

vortices forms a stable two-dimensional configuration at low-to-moderate Reynolds numbers, 

χπ ὙὩ τππ (Gerrard, 1978), in the form of a parallel pair of vortex rows, with a phase 

shift, is known as the Kármán vortex street (Kármán, 1911), and shown in Figure 2.2-3b. 

 

Figure 2.2-3 a) Flow separation at the rear of the circular cylinder at Re = 13, the stable stationary 
configuration generates two symmetric eddies rotating with opposite direction (Van Dyke, 1988) (A) 

Stagnation point, i.e. point where the incident velocity approaches zero at the surface of the body; (B) 
First point of peak negative pressure; (C) separation point; (E) rear of the cylinder; (E) end of 

recirculation cell. b) Development of a regular and stable Kármán vortex street visualised using 
electrolytic precipitation, Red = 105 (Van Dyke, 1988). 

The configurations shown in Figure 2.2-3 are two-dimensionally stable for each regime, and the 

transition between the two, for turbulence-free incident flow occurs at τπ ὙὩ χπ. A delay 

in this transition is expected for shear flows and incoming turbulence (Kiya, Tamura and Arie, 

1980; Khabbouchi et al., 2014).  

Physically, two-dimensional stability means that vortices are parallel to the cylinder. For 

increasing  ὙὩ, this 2D stability is lost, and a transition to a 3D regime occurs in two stages. 
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First, vortices that are initially parallel, or slightly oblique (Williamson, 1988a), to the cylinder 

axis, break down and form closed loops (ρχπὙὩ ρψπ). At larger ὙὩ (Ḑςσπ-ςφπ) 

smaller vortices, with a strong streamwise component, develop in the near wake (Williamson, 

1988b). 

The transition to a fully 3D vortex shedding regime is accompanied by changes in the negative 

pressures behind the cylinder (Williamson, 1991). A laminar-turbulent transition occurs from 

moderate Reynolds numbers (ὙὩ ρωπ)  in the near wake. This expands the range of vortex 

motions and scales (Williamson, 1996b, 1996c). 

Different scales of motion, i.e. size of eddy, have frequencies associated with their vorticity 

(rotation) and thus a role in terms of energy flux, momentum transport, dissipation, and 

diffusion  (Hinze, 1975; Townsend, 1980). Vortex stability depends on ὙὩ and distance 

downstream:  large eddies from the vortex street will either be dissipated directly to viscosity, 

for ὙὩ ρψπ (Williamson, 1991), or they will break down into smaller eddies, ὙὩ ρψπ, 

until turbulence becomes isotropic (Roshko, 1954), that is, the statistical properties of 

turbulence will be independent of any rotation of the coordinate system (Karman and Howarth, 

1938). 

The previous discussion shows that eddies are largely responsible for the energy transfer (see 

section 2.2.3) and diffusion of mass and momentum. Large-scale structures govern the 

turbulent behaviour of a cylinder wake, and are instrumental in the trapping, release and 

transport of scalar quantities such as pollutants, sediment and heat (Taylor, 1915). Referring 

back to the question of what factors determine the size and stability of these structures, there 

is not a complete understanding of the complex flow phenomena governing their life span. 

However, it is possible, through experimental methods, to study their consistency with time, 

which is usually referred to as coherence. 

The term Ψcoherent structureΩ was first associated with the persistent features of large-scale 

motions in turbulent flows (Townsend, 1980; Liu, 1988), further refinements defined them as 

masses of fluid with a phase-correlated vorticity (Hussain, 1983), or simply put, as organised 

spatial features which repeatedly appear and undergo a characteristic temporal life cycle 

(Berkooz, Holmes and Lumley, 1993). Understanding their life cycle is of particular interest in 

the study of mass and momentum transport, particularly in vegetated flows. Several methods 

exist for the study of coherent structures, their temporal variation, is usually determined via 

the Proper Orthogonal Decomposition, POD, (Holmes et al., 2012), and the Dynamic Mode 

Decomposition, DMD, (Schmid, 2010). Both are limited when used independently by the 
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nonlinearity of the structures, which is associated with their formation mechanisms (Higham, 

2017). These decomposition techniques work by extracting the main orthonormal modes of 

rotation in phase space, so that the turbulent field can be reconstructed based on these 

dominant modes (Holmes et al., 2012). 

As explained above, coherent structures carry energy transferred from the mean flow. The 

range of vortices is associated with a distribution of energy spanning the large (integral) scales, 

to the smallest microscales. The latter are of the same order of magnitude as viscosity, ’, and 

subject to deformation energy dissipation to heat (Hinze, 1975). 

2.2.3. Energy Spectrum 

As energy is abstracted from the mean flow through stem/cylinder drag (see Section 2.2.4), it 

is distributed across different structures, whose energy is associated with a frequency, thereby 

creating an spectrum of turbulence (Taylor, 1938). This spectrum is the result of transforming 

the turbulent velocity components into a frequency domain. Their amplitudes represent the 

contribution to the total flow energy. Before describing such transformation, it is necessary to 

recall how energy is quantified in turbulent flows.  

Each turbulent velocity component contributes to the total energy of the flow. The total kinetic 

energy of a differential volume of fluid, per unit mass, is given by the following expression 

Ὁ  
ρ

ς
ό ὺ ύ  

ρ

ς
όό  Eq. 2.2-8 

 

Where the second definition is given using tensor notation. Applying the Reynolds 

decomposition, the total instantaneous energy is divided into mean and turbulent components, 

Then, time averaging Eq. 2.2-8 yields the total energy as the contribution from the Mean Kinetic 

Energy (MKE), Ὁ, and Turbulent Kinetic Energy (TKE), Ὁ. For reference, the term Ὁ is used to 

define turbulent kinetic energy in a full 3D flow field. In vegetated flows, where the 2D 

simplification is applied, the same quantity is represented by Ὧ where Ὥɴ ρȟς.  

Ὁ Ὁ Ὁ   
ρ

ς
ό ό  

ρ

ς
όό Eq. 2.2-9 

 

The details of the decomposition in Eq. 2.2-9 are given in section 2.2.5. The equation for the 

rate of change of kinetic energy, per unit mass, of a fluid particle can be obtained by multiplying 
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each of the expressions in Eq. 2.2-5 by ό, and summing all equations together, thus obtaining 

(Pope, 2000) 

‬Ὁ

‬ὸ
ό
‬Ὁ

‬ὼ
  
‬

‬ὼ

ό

”
ὴ ς’όὛ  ς’ὛὛ  Eq. 2.2-10 

 

The third term on the LHS represents the energy flux density of a differential element of fluid, 

which comprises the direct energy transfer by the displacement of particles, and pressure, 

molecular and internal friction effects (Monin and Yaglon, 1971). The term on the RHS, ς’ὛὛ , 

results from the work done by viscous shear terms and represents viscous dissipation: the 

conversion of kinetic energy into heat (Pope, 2000). 

Similar to the case of the equations of motion, the terms in Eq. 2.2-10 can be decomposed into 

mean and turbulent components (Eq. 2.2-9), which give expressions for the change in Mean 

(Eq. 2.2-11),  and Turbulent (Eq. 2.2-12) Kinetic Energy, respectively 

‬Ὁ

‬ὸ
ό
‬

‬ὼ
Ὁ  

‬

‬ὼ
ό όό  

ό ὴ

”
 ς’ ό Ὓ ע  ‐ Eq. 2.2-11 

‬Ὁᴂ

‬ὸ
ό
‬

‬ὼ
Ὁ  

‬

‬ὼ

ρ

ς
όόό  

ό ὴᴂ

”
 ς’ ό ί  ע ‐ Eq. 2.2-12 

 

The term ע represents a production of turbulent kinetic energy, and appears ŀǎ ŀ ΨǎƛƴƪΩ όƛΦŜΦ 

negative) term in the MKE (Eq. 2.2-11ύ ŀƴŘ ŀǎ ŀ ΨǎƻǳǊŎŜΩ όƛΦŜΦ ǇƻǎƛǘƛǾŜύ ǘŜǊƳ ƛƴ ǘƘŜ ¢Y9 όEq. 

2.2-12, indicating that ע entails a transfer of energy from the mean motion to the scales of 

turbulence, which are responsible for an increase in momentum transport (Pope, 2000), as can 

be seen from the definition of ע 

ע   όό 
‬ό

‬ὼ
 Eq. 2.2-13 

 

The instantaneous rate of strain tensor Ὓ  can also be subdivided into a mean and a fluctuation 

component,  

Ὓ Ὓ ί  
ρ

ς

‬ό

‬ὼ
 
‬ό

‬ὼ
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ς

‬ό

‬ὼ
 
‬ό

‬ὼ
  Eq. 2.2-14 
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The terms ‐ and ‐ in Eq. 2.2-11 and Eq. 2.2-12 represent the dissipation of energy due to 

viscosity at the mean flow and turbulent (mainly at dissipative scales), respectively. For 

undisturbed turbulent flows (e.g. away from boundaries or obstructions), ‐, is several orders of 

magnitude smaller than ע, and is therefore negligible for all practical purposes (Pope, 2000). 

Dissipation terms are defined as follows 

‐ ς’Ὓ  Ὓ       ;      ‐ ς’ί ί  Eq. 2.2-15 

 

In vegetated flows, the presence of obstructions leads to enhanced dissipation of energy at the 

mean flow level, via viscous drag due to increased shear along cylinder surfaces, so ‐ can no 

longer be considered negligible (Nepf, 1999).  

The largest scales of turbulent motion, i.e. integral scales, abstract energy from the mean flow 

and are responsible for most of the mass and momentum transport; therefore, most of the 

turbulent energy is contained in these scales. An intermediate range of scales, called the inertial 

subrange, is responsible for transferring energy from the integral scales, to the dissipation 

range, which contains the smallest eddies and where energy is dissipated under the action of 

viscosity. For vegetated flows, the identification of this inertial subrange from velocity data is 

still an open question (Nikora, 2000). Nonetheless, to quantify the dispersion of any scalar 

quantity, the focus must necessarily be placed on the integral scales.  

Khintchine (1934) and Taylor (1938) reported the relationship between the velocity correlation 

function (Karman and Howarth, 1938) and the energy spectrum of velocities in the frequency 

space Ὢ. Before defining the spectral functions, it is necessary to introduce the correlation 

functions in time and space domain.  

In general, the velocity signals covered in this thesis are considered stationary random 

processes (steady flow), meaning that mean values do not vary. If, as in Figure 2.2-2, a velocity 

signal contains a noticeable periodic component, correlation functions can reveal these 

features with respect to time and space.  

The first correlation to consider is the autocorrelation function, which relates a signal with a 

shifted version of itself. It is defined as the covariance coefficient between the original and 

shifted signals. To maintain consistency with the hydrodynamics literature, the covariance is 

better expressed in terms of the turbulent component of velocity, which has zero mean. The 
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autocorrelation function is used in fluid dynamics to describe the temporal evolution of the 

velocity signal at a single point in a flow field, and is therefore defined as 

Ὑ ὸᶻ  
ό ὸȟό ὸ ὸz

ό
 Eq. 2.2-16 

 

Eq. 2.2-16 requires the average period to be considerably larger than the largest flow scale (see 

Section 2.2.5). Two main properties can be derived from Eq. 2.2-16. First, the range of the 

autocorrelation function is,  ρ  Ὑ †  ρ, and second  Ὑ † is an even function of †, that 

is Ὑ † Ὑ †. For periodic signals, the absolute maxima of Ὑ † are approached when 

the peaks of the signal and its shifted version match. The values of † where local maxima and 

minima of Ὑ † are found, represent the characteristic period, and therefore frequency, of the 

dominant structures present in a velocity record. 

Although evidence of flow features can be found via autocorrelations; knowledge regarding the 

stability and intrinsic features is unattainable. To compute the statistical relation between the 

Ὥth velocity component at a point ὼᴆ, and the Ὦth velocity component of point ‚ᴆ, with a time lag 

†, the general cross-correlation (cf. multi-point correlation) is defined as 

Ὑ ‚ᴆȟ†  
ό ὼᴆȟὸȟό ὼᴆ ‚ᴆȟὸ †

ό ὼᴆό ὼᴆ ‚ᴆ
 Eq. 2.2-17 

 

The correlation function presented in Eq. 2.2-17 describes the characteristic period and thus 

frequencies, of the structures encoded in a velocity record. To find the contribution of each 

structure to the total turbulent energy Ὁ, the spectrum Ὁ Ὢ, which describes the proportion 

of energy contained in structures with frequency, Ὢ, is defined. (Taylor, 1938) found that this 

spectrum function Ὁ Ὢ and the autocorrelation function Ὑ † are Fourier transforms of one 

another, as shown in Eq. 2.2-18 and Eq. 2.2-19.  

Ὁ Ὢ  ς Ὑ †Ὡ░ Ὠ† Eq. 2.2-18 

Ὑ †
ρ

ς
ὉὪὩ░ ὨὪ Eq. 2.2-19 
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Ὑ † is an even function, so it is possible to redefine the limits of the energy spectrum 

equation, so that only positive values of the domain are considered, which are more consistent 

with experimental results1.  

Ὁ Ὢ  τ Ὑ †ÃÏÓς“Ὢ†Ὠ† Eq. 2.2-20 

 

The energy spectrum in Eq. 2.2-20, is a function of the velocity statistics of a single point. This 

can be extended to multi-point correlations. If mean velocity, Ὗ, is significantly larger than the 

turbulent velocity scales, i.e. turbulent structures at two points (within a distance ‚) remain 

unchanged, (Taylor, 1938) ΨŦǊƻȊŜƴ turbulence ƘȅǇƻǘƘŜǎƛǎΩ applies, and the time component in 

Eq. 2.2-20 can be expressed as †  ‚ȾὟ, thus, yielding the spectrum in the wavenumber 

domain, ‖. In generality, the spectrum from multipoint correlations should be defined in terms 

of either time or space. For the latterτthe one used in this thesisτthe wavenumber spectrum 

is calculated 

Ὁ ‖  ς Ὑ ‚ȟπὩ Ὠ‚ Eq. 2.2-21 

 

In addition to defining the distribution of energy across flow scales, spectral functions allow for 

the estimation of vortex shedding frequencies (Roshko, 1954). Finally, considering turbulent 

velocities as random functions implies that their Fourier transforms will be random functions 

as well, therefore, the relations between different scales can be expressed in statistical terms. 

The energy relations between different scales of turbulent motion led Kolmogorov (1941a, 

1941b) to formulate his famous universal equilibrium theory, which can be summarised as 

follows. 

For steady flows, no net change of kinetic energy with time occurs, therefore, an equilibrium 

between dissipation and production is expected. The smallest scales dissipate energy under the 

action of viscosity, so, a continuous input of energy is necessary to maintain an equilibrium. 

Times of characteristic large scales are several orders of magnitude bigger than those of 

microscales. It is hypothesised that both are statistically independent. Consequently, small 

scales depend only on viscosity and on the rate at which energy is transferred from the large 

                                                           
1 Note that the function Ὁ Ὢ refers to the one-sided spectrum, i.e. considering only Ὢ ȿ Ὢ πΦ tŀǊǎŜǾŀƭΩǎ 

theorem is originally defined for the double-sided, symmetrical spectrum ὉὪ, then, ὉὪ ςὉὪ. 
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scales. Similarly, intermediate and large scales will be independent of viscosity and dependent 

on the rate of transfer of energy and the energy abstraction rate from the mean flow, 

respectively. In other words, the range of eddies and the dissipation rate will adjust to both 

viscosity and the rate at which energy is fed into turbulence from the mean flow, to maintain 

equilibrium (Fischer et al., 1979). 

2.2.4. Drag and Shear 

Having defined turbulent scales and their associated energy, the focus is now on the source of 

that energy transfer.  

It is known, from Boundary Layer Theory, that viscous effects are dominant near solid surfaces. 

Boundary layers originate from the non-slip condition along the surfaces, which implies the 

existence of a dominant shear stress, † , in this region. Most vegetated/obstructed flows are 

divided into boundary layers, where shear and viscosity are dominant, and an outer region 

which, for large ὙὩ, is dominated by advection. 

For the case of circular cylinders, the hydrodynamic force is the combination of the effects of 

shear stress and pressure gradients, along the surface. Note that a transition from positive to 

negative pressures leads to the boundary layer instability described in section 2.2.2, and the 

subsequent vortex shedding. The hydrodynamic force acting on the body is divided into a Lift 

and a Drag component, which are perpendicular and parallel to the incident streamlines, 

respectively. 

Circular cylinders are subject to a drag force, Ὂ, only, which is in turn composed of a viscous 

(from the shear stress) and a form (from the pressure gradient) component. Defining Ὂ 

analytically requires the velocity and pressure fields along the entire cylinder surface, which is 

experimentally unachievable. Alternatively, mechanical similitude allows the drag force to be 

scaled for different flow fields, in terms of a characteristic force and the same morphology.  

The flow fields around two geometrically similar bodies are said to be mechanically similar if 

the streamline layout around both are similar. A property of mechanical similitude flows is that 

the ratio of forces acting on similar positions is constant for both flow fields (Schlichting and 

Gersten, 2000). Assuming a reference force common to all circular cylinders, this is defined as 

Ὂ

Ὂ ὼ
ὅ ὧέὲίὸὥὲὸ Eq. 2.2-22 
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The similarity constant, ὅ , is the drag coefficient. The most convenient choice of the reference 

ŦƻǊŎŜ ƛǎ ǘƘŜ ǎǘŀƎƴŀǘƛƻƴ ǇǊŜǎǎǳǊŜΤ ŘŜŦƛƴŜŘΣ ŦǊƻƳ .ŜǊƴƻǳƭƭƛΩǎ ǇǊƛƴŎƛǇƭŜΣ ŀǎ ǘƘŜ ǇǊŜǎǎǳǊŜ ŀǘ ǘƘŜ point 

where the vector normal to the cylinder surface and the incident streamlines are parallel, 

therefore 

Ὂ ὼ  
ρ

ς
”Ὗὃ Eq. 2.2-23 

 

Where ὃ is a characteristic area of the body, perpendicular to the direction of the mean flow. 

Ὗ is the incident mean velocity, ” is the flow density. Through dimensional analysis it is known 

that the drag coefficient, ὅ , is a function of ὙὩ only, and is defined as  

ὅ  
Ὂ

ρ
ς”Ὗὃ

 Eq. 2.2-24 

 

Dividing Ὂ into the aforementioned viscous and form (pressure) components, respectively. A 

drag coefficient for each contribution, can be defined 

ὅ  
Ὂ

ρ
ς”Ὗὃ

                             ὅ  
Ὂ

ρ
ς”Ὗὃ

 Eq. 2.2-25 

 

It has been found that the dominant source of energy in flows through random arrays of 

cylinder-like elements, e.g. atmospheric canopy flow, is turbulent production due to drag 

imposed by solid boundaries (Raupach, Antonia and Rajagopalan, 1991; Kaimal and Finnigan, 

1994; Finnigan, 2000). Another important source of energy in canopy flow is the effect of shear, 

which appears as a consequence of sharp velocity gradients, due to changes in the boundary 

conditions of the flow field. Furthermore, the action of cylinders in the flow field also induces 

heterogeneities leading to temporal and spatial fluxes of energy; vortex shedding being an 

example of the former, and wake interactions and vertical turbulent fluxes being examples of 

the latter. 

To date, measurements of shear production in canopy flow (Raupach and Shaw, 1982; Raupach, 

Coppin and Legg, 1986; Raupach, Antonia and Rajagopalan, 1991) have associated this source 

of energy with the shear layer occurring in the interface between vegetated and non-vegetated 

regions, particularly in the vertical directionΦ ¢ƻ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ ǘƘŜǊŜ are no 

experimental measurements of shear production at length scales comparable to the size of 

vegetation elements within the flow. 
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2.2.5. Averaging Frameworks 

The previous sections presented hydrodynamics concepts that rely on the concept of averaging, 

mainly in the time and space domain. The concept of averaging is well-known. However, its 

application in fluid mechanics depends on certain conditions that will be covered in this section. 

Consider a variable —, which represents any scalar function for a specific point in the flow field 

(e.g. concentration, heat, velocity component, pressure, etc.), its time average — is defined as 

—ὸ  
ρ

Ὕ
—ὸ ὸᶻ‎ ὸ ὸᶻ

Ⱦ

Ⱦ

Ὠὸᶻ Eq. 2.2-26 

 

Where Ὕ represents the recording time interval, and ‎ is a phase function where, for instants 

when the point is occupied by the fluid phase, it takes the value ‎ ρ; and ‎ π otherwise. 

For this study, all flow fields analysed are steady, hence — as a random process has the same 

mean parameters independent of the value of ὸ. Additionally, the mean value — complies with 

the Reynolds decomposition presented in Eq. 2.2-7 

— — —ᴂ Eq. 2.2-27 

 

Eq. 2.2-26 and Eq. 2.2-27 are also valid for the case of unsteady flows. (Reynolds, 1895), 

formulated some conditions necessary to average the equations of motion. These were refined 

into the formal relations presented below (Monin and Yaglon, 1971, p. 207) 

— ‪ — ‪ Eq. 2.2-28 

ὥ — ὥ — Eq. 2.2-29 

ὥ   ὥ Eq. 2.2-30 

‬—

‬ή
  
‬—

‬ή
 Eq. 2.2-31 

 — ‪ — ‪ ȟ Eq. 2.2-32 
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Where — and ‪ are scalar functions of the flow field, ὥ is a constant and ή represents any of 

the domain variables of the flow field scalar quantities, i.e. ὼ or ὸ. Clearly, the conditions 

presented in Eq. 2.2-28, Eq. 2.2-29 and Eq. 2.2-30 are automatically satisfied from properties 

of the integral operator. Eq. 2.2-31, is satisfied only for the time average in vegetated flows. 

Below the theorems for the application of Eq. 2.2-31 considering space averaging are given. 

From the Reynolds decomposition (Eq. 2.2-27) and the condition presented in Eq. 2.2-32, the 

following consequences are obtained. 

   — — ȟ      —   — — πȟ    — ‪ — ‪  ȟ     — ‪   — ‪ π Eq. 2.2-33 

 

Note that the validity of the identities in Eq. 2.2-33 requires the interval Ὕ to be considerably 

larger than the characteristic period of the largest integral flow scale, but small enough to avoid 

effects of the long-term variations in the mean flow (e.g. seasonal changes, tidal waves). 

Mathematically, (Monin and Yaglon, 1971) define this as a spectral gap, represented as an 

interval in the Fourier transform of — where the values are zero between the characteristic 

frequencies of the long-term variations and turbulent fluctuations. 

For a flow field where the foregoing conditions are satisfied, the Reynolds decomposition (Eq. 

2.2-27) can be applied over the momentum equation (Eq. 2.2-5), thus obtaining the Reynolds-

Averaged Navier Stokes equations (RANS) 

   
‬

‬ὸ
ό  ό

‬

‬ὼ
ό  

ρ

”

‬

‬ὼ
ὴ   

‬

‬ὼ
’ςὛ   όό Ὣ Eq. 2.2-34 

 

The RANS equations represent the momentum balance over a period Ὕ, for a single point in the 

flow field, in an Eulerian frame of reference. This procedure introduces new virtual stresses 

(called Reynolds or turbulent stresses) representing the momentum contribution from 

turbulent fluctuations. However, Eq. 2.2-34 does not provide information regarding the spatial 

variation of velocities or stresses, or the correlation between flow quantities at different points; 

parameters that are essential in the analysis of mass dispersion in a flow field (Tanino and Nepf, 

2008b).  

A similar form of upscaling, in the spatial domain, is proposed in the Double Averaging (DA) 

framework, a methodology used for the analysis of flow phenomena in multiphase flow (Wilson 

and Shaw, 1977), atmospheric canopy flow (Raupach and Shaw, 1982; Finnigan, 2000), and 

recently formalised for its application in flow through vegetation and rough beds (Nikora et al., 



Chapter 2. Literature Review 
Jesús Leonardo Corredor García                                                                                     

23 
 

2007, 2013). The use of a formal methodology for spatial and temporal averages originates 

from the complexity of multiphase flows. The first consideration of the DA framework, is the 

definition of a spatial average over a discontinuous multiply connected domain. Considering 

again a generic flow scalar field, —, the spatial average over a domain ὠ, composed of a fluid 

and a solid (vegetation) phase, is defined as 

ộ—Ớ  
ρ

ὠ
—ὼᴆ ‚ᴆ ‎ ὼᴆ ‚ᴆ Ὠ‚Ὠ‚Ὠ‚ Eq. 2.2-35 

 

Where ‎ ὼᴆ is the fluid phase function defined over the spatial domain, such that for points 

lying in the fluid phase  ‎ ρ, and ‎ π otherwise. The use of a phase function allows for 

the definition of a porosity ‭ as an extension of the spatial average, thus 

‭  
ρ

ὠ
‎ ὼᴆ ‚ᴆ Ὠ‚Ὠ‚Ὠ‚ 

ὠ

ὠ
 Eq. 2.2-36 

 

ὠ represents the fluid portion of the volume domain ὠ. For simplicity, the product Ὠ‚Ὠ‚Ὠ‚ 

will be expressed as Ὠ‚ᴆ from now on. This research is confined to the case of static vegetation 

elements, therefore, both the phase function ‎, and the porosity ‭, are independent of time. 

Applying the spatial average to time-averaged quantities, e.g. —, extends the idea of a Reynolds 

(temporal) decomposition of variables, to a double averaged one. The instantaneous variable 

— is then divided into three components. A double averaged term, — as shown in Eq. 2.2-37. 

—  represents the spatial deviation of the time-averaged values with respect to —. — is the 

time fluctuation presented in Eq. 2.2-27. These components relate to each other according to 

Eq. 2.2-37, inverting the averaging order leads to the decomposition in Eq. 2.2-38 (Nikora et al., 

2013). 

—  —  — —  Eq. 2.2-37 

— ἂ—ἃ  ἂ—ἃ —  Eq. 2.2-38 

 

Where the terms in Eq. 2.2-38 show the DA when the space average is done first. ộ—Ớ is the 

double average mean of —,  ἂ—ἃ is the temporal fluctuation of each spatially-averaged quantity 
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ộ—Ớ and —  represents the spatial variations around ộ—Ớ. To develop the flow equations from 

the double averaging (DA) framework, the conditions given in Eq. 2.2-28 to Eq. 2.2-33 must be 

satisfied. The first three are automatically valid from Eq. 2.2-36, and the requirements that ὠ is 

larger than the length scales of the flow still applies, which makes the conditions presented in 

Eq. 2.2-32 and Eq. 2.2-33 valid. However, due to the discontinuity of the flow field, the condition 

in Eq. 2.2-31 cannot be mathematically attained. A relation between the derivatives and 

average quantities is necessary. For the case of ή ὼ (Eq. 2.2-31) (Whitaker, 1985) presented 

a solution for the spatial averaging theorem, now referred to as the First Double-Averaging 

Theorem (Nikora et al., 2013) 

‬—

‬ὼ

‬—

‬ὼ

ρ

‭

‬

‬ὼ
‭—  

ρ

ὠ
ὲȟ—ὼᴆ ‚ᴆ Ὠ‚ᴆ Eq. 2.2-39 

 

The term ὲȟ represents the Ὥth component of the vector normal to the solid-phase interface 

(i.e. stem surfaces), pointing into the fluid. The integral term is defined over the sum of all the 

areas, ὃ , of the interfaces between stems and fluid. 

A solution to the requirement in Eq. 2.2-31, for the case of ή ὸ, was presented by Gray and 

Lee (1977), which solved the derivatives along the solid-fluid interfaces using the properties of 

the Dirac delta functions (Kinnmark and Gray, 1984); this solution is known as Reynolds 

theorem or the Second Double-Averaging Theorem. 

‬—

‬ὸ

‬—

‬ὸ

ρ

‭

‬

‬ὸ
‭—  

ρ

ὠ
όᴆẗὲᴆ—ὼᴆ ‚ᴆ Ὠ‚ᴆ Eq. 2.2-40 

 

The variables of the dot product within the integral term represent the velocity of all points in 

the solid-fluid phase interface,  όᴆ, and the vector normal to the interfaces,  ὲᴆ. Note that the 

stems are static and impermeable; therefore, the integral term in Eq. 2.2-40 will vanish for the 

effects of this research. To apply the DA framework for the continuity equation, the modified 

Reynolds decomposition is used (Nikora et al., 2013) to obtain. 

‬

‬ὼ
‭ἂόἃ   π Eq. 2.2-41 
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Similarly, decomposing the instantaneous variables, performing the double averages and 

applying the theorems to the differential terms in Eq. 2.2-5 yields the Double Average Navier 

Stokes (DANS) equation (Nikora et al., 2007, 2013). 

  ‭ 
‬

‬ὸ
ἂόἃ  ‭ό

‬

‬ὼ
ἂόἃ

 
ρ

”

‬

‬ὼ
ἂὴἃ   

‬

‬ὼ
‭ ’ςὛ  ό  ό   όό 

‭ἂὫἃ
ρ

”

ρ

ὠ
ὲȟὴ Ὠὃ   

ρ

ὠ
ὲȟ’Ὓ Ὠὃ 

Eq. 2.2-42 

 

The three additional terms in the DANS equation (cf. RANS Eq. 2.2-34) describe the 

hydrodynamic force induced by the presence of stems, and the dispersion of mass in flows 

through solid elements. The two integral terms for the streamwise component (ὼḳὼ) are the 

form and viscous drag components, respectively (Tanino and Nepf, 2008a). The terms  

ό  ό  and όό , are correlations of velocity components along the averaging volume, and 

represent the net transfer of momentum due to spatial heterogeneity of the flow field and 

turbulence, respectively. The latter is the spatial average of the Reynolds stresses, and the 

former have been termed form-induced stresses and dispersive fluxes (Leonard and Luther, 

1995; Giménez-Curto and Corniero Lera, 1996). These terms quantify the gradients of velocity 

that ultimately contribute to the differential displacement of mass particles and therefore of 

the dispersion coefficient of solutes in flow through vegetation. 

2.3. Solute Transport 

The previous sections focused on the fundamental concepts of vegetated hydrodynamics, 

particularly random cylinder arrays. One of the most important challenges in Environmental 

Fluid Mechanics is to understand how different mechanical processes in water bodies affect 

the fate and transport of substances (Socolofsky and Jirka, 2002). This section provides an 

overview of the current state of the art in the study of solute transport.   

The spatial and temporal description of the flow field for this section is the same given in section 

2.2, that is, a Cartesian frame of reference with the three main directions ὼȟώȟᾀ where ὼ is 

oriented in the direction of the mean flow, ώ lies in a plane parallel to the bed and ᾀ is oriented 

upwards, normal to the bed. The quantity of interest in this section is concentration, ὅ, of a 
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passive substance, varying in space and time, ὅ ὅὼȟώȟᾀȟὸ. Tensor notation and the 

summation convention are used in this section when necessary. 

2.3.1.  Solute Transport Equation ς ADE  

Any solute in a flow field is subject to two main actions: advection and diffusion. The former 

refers to solute particles (e.g. sediments or pollutants) moving with the same direction and 

speed as the mean flow. Diffusion is associated with random turbulent motions and local 

concentration gradients (Socolofsky and Jirka, 2002).  

A fixed injection of a passive solute increases its spatial extent with time, while the total mass 

remains constant. Solutes spread in aqueous media according to FickΩǎ ƭŀǿΣ ǿƘƛŎƘ Ŧƻƭƭƻǿǎ ǘƘŜ 

ǎŀƳŜ ǇǊƛƴŎƛǇƭŜǎ ŀǎ CƻǳǊƛŜǊΩǎ ƭŀǿ ƻŦ ƘŜŀǘ ŎƻƴŘǳŎǘƛƻƴΦ This theory states that the flux of solutes 

along the Ὥth direction, ήȟ, is proportional to the negative of the concentration gradient,  

ήȟ  Ὀ
‬ὅ

‬ὼ
 Eq. 2.3-1 

 

where Ὀ, the proportionality constant, is called the isotropic, molecular diffusion coefficient. 

Eq. 2.3-1 is defined for mass flux in stationary fluid. Extending to the case of a moving flow field, 

advection and the gradient flux are superimposed (Fischer et al., 1979), leading to the general 

mass flux, 

ήȟ όὅ Ὀ
‬ὅ

‬ὼ
 Eq. 2.3-2 

 

From the mass conservation principle applied to a differential element of fluid, using the flux 

defined in Eq. 2.3-2, the variation in concentration with respect to time and space, in a moving 

flow field, is obtained in the form of the Advection Diffusion Equation, ADE. 

‬ὅ

‬ὸ
ό
‬ὅ

‬ὼ
 
‬

‬ὼ
Ὀ
‬ὅ

‬ὼ
 Eq. 2.3-3 

 

The analytical solution of the general ADE (Eq. 2.3-3) requires knowledge of the velocity ό, for 

all points in the flow field. This requires the solution of the complex hydrodynamic equations 

(Eq. 2.2-5). However, it is possible to simplify the general ADE, depending on the specific case 

study. The simplifications relevant to this research are related to flow through emergent 

vegetation. First, the flow is predominantly two-dimensional, and the concentration is 

considered uniformly distributed over the depth (‬ὅȾ‬ᾀ π). Further, based on the geometry 
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of elements comprising the cylinder array, bed effects are assumed to have negligible effects 

on large-scale dispersion (Nepf, Mugnier and Zavistoski, 1997; Nepf, 2004). This first set of 

reductions leads to the following version of the ADE,  

‬ὅ

‬ὸ
ό
‬ὅ

‬ὼ
ὺ
‬ὅ

‬ώ
 
‬

‬ὼ
Ὀ
‬ὅ

‬ὼ
 
‬

‬ώ
Ὀ
‬ὅ

‬ώ
 Eq. 2.3-4 

 

Despite the simplification, an analytical solution to Eq. 2.3-4 still requires complete knowledge 

of ό and ὺ. To circumvent the complexity, the instantaneous variables are separated into time- 

and spatial-averages, together with fluctuations therefrom. In a similar way that such a 

decomposition generates virtual stresses in the momentum equations, the cross-products 

between concentration and velocity fluctuations generate directional fluxes. These fluxes 

represent the effects of turbulence and velocity heterogeneities, and are lumped into new, 

anisotropic and spatially independent coefficients, Ὀ  and Ὀ , representing longitudinal and 

transverse dispersion, respectively. Further, the averaging removes any mean velocity 

component besides the mean streamwise velocity, ὠ π (Socolofsky and Jirka, 2002). The ADE 

becomes, 

‬ὅ

‬ὸ
Ὗ
‬ὅ

‬ὼ
 Ὀ
‬ὅ

‬ὼ
 Ὀ
‬ὅ

‬ώ
 Eq. 2.3-5 

 

The consideration of a passive solute involves the additional requirement of a constant mass, 

independent of time, for pulse injections; and a rate of mass change as an initial condition for 

Eq. 2.3-4, for the case of continuous injections. The former is applied in this work as the 

experiments used pulse injections (see Chapter 4). Following these considerations, it is possible 

to find a 2D routing solution to the ADE equation, as derived by (Baek, Seo and Jeong, 2006). 

ὅὢȟώȟὸ  
ὅὢȟώᶻȟὸᶻὟ

τ“ὸ ὸ ὈὈ
ÅØÐ

Ὗ ὸ ὸ ὸ ὸᶻ

τὈ ὸ ὸ

ÅØÐ
ώ ώᶻ

τὈ ὸ ὸ
 ὨὸᶻὨώᶻ 

Eq. 2.3-6 

 

For a routing solution to be valid, knowledge of the concentration profile at a first measurement 

point, ὼ , is necessary. This can vary with respect to ώ and ὸ. The other parameters needed to 

estimate concentration at a second point, ὼ , are the travel times at the two measurement 
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stations, ὸ and ὸ, the mean velocity Ὗ, and the dispersion coefficients, Ὀ  and Ὀ . The routing 

solution presented in Eq. 2.3-6 has two main purposes: first, to predict concentrations 

downstream from a measured profile, which requires knowledge of Ὀ , Ὀ  and Ὗ. Second, from 

two known concentration, with separation ɝὼ ὼ  ὼ  , it is possible to use Eq. 2.3-6 as 

an objective function to find best-fit estimates of Ὀ , Ὀ  and Ὗ. 

2.3.2. Dispersion and Diffusion 

The previous section covered the fundamentals of the governing physically-based model for 

dispersion. Specifically, the simplified solution from which to calculate dispersion parameters, 

or make predictions. The purpose of this section is to study the physical drivers that define the 

dispersion coefficients Ὀ  and Ὀ , their influence on the mixing of tracers in a flow, and the 

techniques used for their estimation. 

The assumption of a reference system moving with velocity Ὗ, used to derive Eq. 2.3-6, implies 

that all points of the solute cloud move with the same speed, and diffuse depending on Ὀ  and 

Ὀ . This assumes that molecular diffusion, and the dispersive effects of turbulence and shear 

are mutually independent, and as such can be lumped together into general mixing or 

dispersion coefficients (Fischer et al., 1979). This section will cover the basics of turbulent and 

shear dispersion, and discuss the limitations of this ΨlumpedΩ approach in the quantification of 

Ὀ  and Ὀ . It will be seen, that Eq. 2.3-6 is valid only after an initial length scale called the 

advective zone.   

In solute transport, turbulence is treated as a random walk process, with a displacement scale 

given by the product of turbulent velocity ό ὸ, and a time step Ὠὸ. If a fluid particle is followed 

in a Lagrangian Frame of Reference, with a coordinate system moving with velocity Ὗ, the 

relative distance, ὢ, between the origin of the frame of reference and the position of the 

particle at a specific time, will be a function of time. This relative displacement analogy was 

proposed by Taylor (1922) in his άtheory of diffusion by continuous movementsέ. From this 

initial postulate, he concluded that the change in the variance of displacement, ὢ , of particles 

moving in a turbulent flow is equal to the product of a turbulent velocity scale, defined as the 

turbulence intensity ό  (i.e. mean-root-square of the turbulent velocity), and a characteristic 

length scale, ὒ, analogous to the mixing length. The sequence of steps leading to this theory 

is shown in Eq. 2.3-7. 
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ρ

ς

Ὠ 

Ὠὸ
ὢ  όὢ  ό ὸ ό ὸ ὸzὨὸz  ό ὸ ό ὸ ὸzὨὸᶻ 

Eq. 2.3-7 

ό ד᷿ ὸᶻὨὸᶻ  and if ὸO Њ, then:   ό ד᷿ ὸᶻὨὸᶻ όὒ 

 

where all the terms in Eq. 2.3-7 represent the turbulence diffusion Ὀ. Note that the existence 

of a constant length scale ὒ, depends on the integral of the Lagrangian autocorrelation ד ὸᶻ 

being finite and reaching a constant value as ὸO Њ. This means that ד ὸ must tend 

asymptotically to zero. Both conditions are in general satisfied after an initial time scale Ὕ

ὒȾό . As said in Section 2.2.2 the larger flow scales of turbulence dominate most of the 

turbulent diffusion, and parameters ὒ and Ὕ provide approximate values for their 

characteristic length and time scale.  

Figure 2.3-1a shows 4 different instants of a cloud of dye diffusing in a turbulent flow, after a 

pulse injection. While the cloud of dye is smaller than the largest turbulent scales, it is shaped 

by the passing random structures, thus yielding different shapes for each experimental 

realisation. If several such realisations are made, an ensemble dispersive cloud is obtained as 

shown in Figure 2.3-1b (Fischer et al., 1979). 

 

Figure 2.3-1. Effects of large scales of turbulence on diffusion. a) diffusion of a cloud of dye in a 
turbulent flow field. b) ensemble average of several tracer tests on the same conditions of (a). 

Reproduced from (Fischer et al., 1979) 

Figure 2.3-1a shows that the ensemble cloud is bigger than each individual trace. However, 

after the cloud is larger than the characteristic length scales it will disperse normally, and the 

ensemble and each individual realisation will resemble each other closely. Following these 

considerations, dispersion can be divided into two distinct regimes. An initial regime where the 

spread of the cloud is dominated by the passing structures, followed by a Fickian regime, where 

Eq. 2.3-7 is constant and the variance of the cloud grows linearly. It will be shown below that 
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the existence of these regimes is related to an equilibrium between turbulence and shear 

dispersion, hence giving the name of advective zone to the first regime, and equilibrium zone 

to the second one (Rutherford, 1994).    

The previous description of turbulent diffusion implicitly requires homogeneity. In reality, the 

presence of boundaries and obstructions in emergent vegetation, creates a non-uniform mean 

velocity profile, with lower velocities in the neighbourhood of solid boundaries, and high 

conveyance regions away from them. Shear is defined by velocity gradients, and particles 

travelling along streamlines with different mean velocities will increase their relative distance 

with time.  

Consider a particle moving along a streamline in shear flow. Due to molecular and turbulent 

diffusion, such a particle moves laterally and experiences the velocities at different points in 

the cross section. Similar to turbulent diffusion, different streamline velocities induces 

increases in the relative distance between particles (Fischer et al., 1979). If a line source of dye 

is injected in a flow field with a non-uniform, time-averaged velocity profile (Figure 2.3-2a), the 

cross-sectional variations of velocity will determine the shape of the cloud (Figure 2.3-2b) and 

therefore the profile of cross-sectionally averaged concentration (Figure 2.3-2c) 

 

Figure 2.3-2. Graphical representation of the dispersion of mass due to shear dispersion. a) laterally 
constant line source of dye is injected into a flow field with a cross-sectional velocity profile. b) shape of 
the injected dye due to the effect of velocity gradients. c) cross-sectional mean concentration profile of 

dye. Source (Fischer et al., 1979) 

If the cross-sectional variations in time-averaged velocity are of comparable magnitude to 

advection velocity (e.g. laminar pipe flow), care must be taken when applying Eq. 2.3-6, as 

longer times are required to achieve Gaussian dispersion. For the case of laminar flow in a pipe, 

(Taylor, 1953) developed a model for shear flow dispersion under the premise of a scale large 

enough to smooth out lateral variations. To understand his analysis, let us take as a base the 

general two dimensional ADE given in Eq. 2.3-4 with ὠ π and Ὀ Ὀ Ὀ. Initially, time-

averaged concentration and velocity fields will have cross-sectional variations, meaning that 
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terms Ὗ and  ὅ can be expressed as a cross-sectional average and a deviation therefrom, i.e. 

Ὗ ἂὟἃ Ὗ  and ὅ ἂὅἃ ὅ . Also, advection is equal to ἂὟἃ, which means that all 

variations multiplied by ἂὟἃ in the resulting equation can be neglected. The key assumption is 

that enough time has passed so that the function ὅ  is independent of time and space 

(Rutherford, 1994). After ancillary reductions, Eq. 2.3-8 is obtained. 

Ὗ
‬

‬‚
ἂὅἃ Ὀ

‬

‬ώ
ὅ  Eq. 2.3-8 

 

Where ‚ represents the spatial coordinate of the advection direction. Solving Eq. 2.3-8 leads to 

an expression for the mean mass transfer in the streamwise direction, which is, in simple words, 

an analogous expression to the gradient flux relationship given in Eq. 2.3-1 but now for the 

cross-sectionally averaged concentration ἂὅἃ. If a mass balance of mean longitudinal 

dispersion is done, a modified form of the ADE is thus obtained 

‬

‬†
ἂὅἃ Ὀ

‬

‬‚
ἂὅἃ Eq. 2.3-9 

 

Where Ὀ, is a (virtual) shear dispersion coefficient expressing the proportionality between the 

mean mass transfer in the streamwise direction, and the gradient of the averaged 

concentration. † is obtained from the relation ‬‚ȾὟ . If only laminar flow is considered, Ὀ will 

be a function of the relative gradient and the molecular diffusion coefficient as follows 

Ὀ
ρ

Ὤ
 Ὗ

ρ

Ὀ
Ὗ ὨώᶻὨώᶻὨώᶻ Eq. 2.3-10 

 

Taylor (1954), extended this initial analysis, to turbulent flow in a pipe. After similar 

developments, the gradient flux relationship was found to be analogous in turbulent flows, with 

Ὀ now proportional to a turbulent velocity scale related to the mean turbulent shear, i.e. 

Kármán shear velocity ό , and a length scale related to the scale of the turbulent shear flow, 

e.g. a channel depth or width in case of surface flow. 

Ὀ  θ ὒό  Eq. 2.3-11 

 

The derivation of shear dispersion is ōŀǎŜŘ ƻƴ ¢ŀȅƭƻǊΩǎ ŀǎǎǳƳǇǘƛƻƴ ƻŦ ƳŜŀƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴ 

gradients, in the streamwise direction, being much larger than small cross sectional 
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concentration variations. This implies that after injection, the longitudinal extent of the cloud 

of dye is larger than ὒ. This happens when molecular or turbulent diffusion have completely 

spread the cloud in the cross-sectional direction (Fischer et al., 1979). Before this asymptotic 

case, the cloud of dye will deveƭƻǇ ŀ ΨǘŀƛƭΩΣ ƛΦŜΦ ǎƪŜǿƴŜǎǎ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ŘƻƳƛƴŀƴǘ ǎƘŜŀǊΣ ǿƘƛŎƘ 

will grow steadily until cross-sectional mixing and turbulent diffusion equilibrate each other 

(Rutherford, 1994). Once this condition is reached, the tail will slowly disappear and the cloud 

profile will resemble a Fickian (normal) diffusion profile.  

The existing models for turbulent and shear dispersion are only valid after an equilibrium zone 

has been reached. This zone is reached once the solute cloud is considerably larger thanτand 

hence unaffected byτturbulent integral scales and cross-sectional velocity gradients. This is 

manifested as a linear increase in the variance of the concentration profile, and a Fickian 

behaviour in the limit of very large times since injection (Fischer, 1973). Conversely, the region 

preceding this Fickian regime will be characterised by random dislocations of the cloud centroid 

(due to turbulence scales), and a tail proportional to the shear in the cross-sectional velocity 

profile (due to boundary-induces shear). The effect of these regimes on the variance and 

skewness (tail) is presented in Figure 2.3-3.  

 

Figure 2.3-3. Effect of the advective and equilibrium zones on the variance and skewness (tail) of a 
concentration profile. Taken from Shucksmith, Boxall and Guymer (2007), source Rutherford (1994, p. 

182). 

Considering a real flow with both turbulence and shear components, it is expected that the 

equilibrium zone is reached after a time scale proportional to the Lagrangian time scale, Ὕ, 

determined by Taylor (1922). This time scale is also proportional to the ratio ὒȾὈ (Fischer, 

1967). However, of the handful of experiments and numerical simulations that have been 

conducted to measure the time scale of the advective zone, a lack of agreement in reported 

results is found (Shucksmith, Boxall and Guymer, 2007). From the experiments conducted by 
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(Shucksmith, Boxall and Guymer, 2007), some initial assessments are provided. First, the length 

of the advective zone seems to increase with discharge; second, the channel width has no 

bearing on the length of the advective zone. Lastly, the best estimator of the advective length 

is the skewness of the concentration profile, specifically the peak value indicating the transition 

to the equilibrium zone. Further, experiments conducted in rivers and laboratory channels 

report increases in the advective zone length due to sinuosity and cross-sectional variations 

(Guymer, 1998; Boxall and Guymer, 2007). 

2.4. Mixing in Vegetated Flows 

This section recapitulates previous concepts, in the context of mixing within emergent 

vegetation. To avoid confusion, the terms diffusion, dispersion and mixing are distinctly 

defined. Diffusion refers to processes that cause isotropic spreading of a solute. Dispersion 

defines processes that lump the effects of flow and boundary conditions along each direction 

independently. For instance, mechanical dispersion, is the result of obstructions and flow path 

tortuosity imposed by stems and causes predominantly lateral dispersion. Mixing will be 

defined as the aggregate effect of processes that contribute to the spread of a substance as a 

whole (Fischer et al., 1979). 

Mixing in vegetation is the result of several interacting processes, making any distinction 

unmanageable. Nonetheless, experimental evidence suggests that vegetated mixing can be 

divided into the following main processes: turbulent diffusion, mechanical dispersion, 

differential advection and trapping, each with a range of associated sub-processes. The 

existence of different mixing scales along stem wakes induces non-uniform turbulence 

production, shedding frequency and energy dissipation. In other words, turbulence in 

vegetated flow is anisotropic and heterogeneous, therefore, a localised difference in 

turbulence diffusion is expected. Differential advection encompasses dispersion caused by bed 

shear (Shucksmith, Boxall and Guymer, 2007; Sonnenwald et al., 2017) and stem shear from 

acceleration and trapping zones (White and Nepf, 2003; Nepf, 2004; Serra, Fernando and 

Rodríguez, 2004). Trapping is associated with the existence of recirculation cells, boundary 

layers and dead zones, which, after temporarily capturing mass, release it at a lower rate than 

the mean flow and therefore contribute to the spreading of the concentration profile (Beer and 

Young, 1983; Young and Jones, 1991; Sonnenwald, Stovin and Guymer, 2019a). 

Although the physics behind each mixing component are not entirely understood, previous 

studies have shed some light into the relationship between vegetated hydrodynamics and 
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mixing in emergent vegetation. The following sections present the most important results 

regarding the hydrodynamics of vegetated flows, and their influence on the computation of 

mixing parameters. 

2.4.1. Hydrodynamics of Vegetated Flows 

The relevant results, to date, on the study of vegetation hydrodynamics are presented in this 

section. Shallow open channel flow can be considered as a vertically varying two-dimensional 

flow  (Jirka and Uijttewaal, 2004), and the difference between a vegetated channel and a non-

vegetated one lies in the relative difference between bed effects and stem turbulence 

production. Turbulence intensity increases with vegetation density (Nepf, Mugnier and 

Zavistoski, 1997; Ricardo, Franca and Ferreira, 2016), and vertical fluxes of momentum increase 

with stems, although the magnitudes of the transfer are still negligible (Ricardo, Franca and 

Ferreira, 2016). These two effects, mean that the vertical profile of mean velocity, Ὗᾀ, will 

become constant, away from the reduced bed boundary layer (Nepf, Sullivan and Zavitoski, 

1997).  Therefore, mean vertical shear (ὨὟȾὨᾀ π) is negligible within emergent vegetation. 

The most prominent results of the study of vegetated hydrodynamics are given in the same 

order as the concepts were presented in section 2.2, for consistency.  

2.4.1.1. Mean quantities in vegetated flows 

Vegetated flows present a strong horizontal heterogeneity which leads to differential 

advection. The term differential advection refers to the long term spatial variations of the 

velocity field, i.e. heterogeneities in the mean velocity maps. These variations are connected to 

the appearance of recirculation areas and therefore of trapping zones (Beer and Young, 1983). 

The spatial extent of these heterogeneities will consequently be proportional to the rate of 

spread of the concentration profile of a solute (Taylor, 1953). Mixing is proportional to both 

differential advection and mean shear, which are also proportional to one another (Rutherford, 

1994). Figure 2.4-1 shows two examples of flow heterogeneities related to differential 

advection in vegetated flows, the velocity-defect behind stems is compensated by local 

acceleration zones between stems. 
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Figure 2.4-1 Flow visualization of differential advection. a) map of mean longitudinal velocity using 
Surface PIV (Corredor-Garcia et al., 2020); b) time-averaged longitudinal velocity map for a section of 
flow at mid-depth, using conventional PIV (Ricardo, 2014). Black arrows indicate the direction of flow. 

Several studies have quantified the vertical variation of the mean flow features. For artificial 

emergent vegetation, (Nepf, Mugnier and Zavistoski, 1997) measured the relationship between 

Ὗ, ὡ and distance downstream from the stem. These measurements were complemented by 

Ricardo, Franca and Ferreira (2016) and (Ricardo, 2014) for the double-averaged (DA) 

quantities. The effect of the recirculation zone can be seen in Figure 2.4-2c for the points 

marked with  symbols. Figure 2.4-2a shows a DA plot of Ὗᾀ, where the effect of the bed 

boundary layer is seen to be confined to a lower vertical extent for vegetated flows than for 

open channels. The profiles are vertically constant for the region dominated by stems. In the 

case of mean vertical velocity ὡ ᾀ, shown in Figure 2.4-2b, the profile with the increase close 

to the bed reflects a low density configuration; for closely packed stems, the energy of the 

mean velocity is quickly transferred to turbulent motions and the vertical component of 

velocity is quickly damped, as shown for the other plots with a relatively flat distribution of 

ύᾀ. 

 

Figure 2.4-2 Vertical profiles of mean velocities for artificial vegetation. a) double averaged (time and 
area) longitudinal velocity as a function of vegetation density (Ricardo, Franca and Ferreira, 2016). b) 

double-averaged (time and area) profile of vertical velocity as a function of vegetation density (Ricardo, 
Franca and Ferreira, 2016). c) Vertical profiles of mean longitudinal velocity as a function of normalised 

distance downstream, ὼᶻ ὼȾὨ, ( ) 0.5, (    ) 3, (    ) 11, ( ) 26, (Ў) 34, (ὕ) 42 (Nepf, Mugnier and 
Zavistoski, 1997). 
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Care must be exercised when interpreting results from artificial vegetation (e.g. Figure 2.4-2), 

as real vegetation has a richer morphology and thus additional sources of resistance. Figure 

2.4-3 shows vertical profiles of mean longitudinal velocity for real vegetation, specifically for 

winter Typha at several points within the same array (Figure 2.4-3a; West, 2016), salt marsh 

vegetation with vertical variation in frontal-facing area per unit volume, and therefore drag 

(Figure 2.4-3b; Lightbody and Nepf, 2006) and Carex and Reeds, for different growing stages 

(Figure 2.4-3c; Shucksmith, Boxall and Guymer, 2010). At a first glance, all profiles shown in 

Figure 2.4-3 show a considerably larger spread than the profiles shown in Figure 2.4-2a; these 

variations imply a larger resistance compared with artificial vegetation and a different 

turbulence regime. 

Figure 2.4-3a and Figure 2.4-3b show that, although there is a large spread between the velocity 

profiles taken at different points, the general shape of the velocity curve is similar. This 

reinforces the idea of emergent vegetation being vertically uniform, and therefore, able to be 

modelled using a 2D approximation.  

 

Figure 2.4-3 Vertical profiles of mean longitudinal velocity a) profiles of U(z) and ensemble average for 
different stems (West, 2016) b) vertical variation in mean longitudinal velocity as a function of vertical 
variation in frontal-facing area (Lightbody and Nepf, 2006b) c) vertical variation in mean longitudinal 
velocity as a function of age, increase of resistance with age (Shucksmith, Boxall and Guymer, 2010). 
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Artificial vegetation is usually represented as arrays of cylinders with a single diameter, which 

clearly unifies the response with respect to recirculation zone size (White and Nepf, 2003), 

wake width and shape of the velocity profile. It should be noted that variations in season, age 

and local density (i.e. clustering) generate a distribution of stems of different diameters 

(Sonnenwald et al., 2017) which can explain the variance in the ensemble average of profiles 

shown (e.g. Figure 2.4-3a).  This variation in stem diameter, which redefines the dominant 

ƭŜƴƎǘƘ ǎŎŀƭŜ ƻŦ ǘƘŜ ǾŜƎŜǘŀǘƛƻƴ ƘŀǎΣ ǘƻ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ ōŜŜƴ ŎƻƴǎƛǎǘŜƴǘƭȅ ƻǾŜǊƭƻƻƪŜŘΦ  

2.4.1.2. Turbulence and coherent structures in vegetated flows 

Turbulence is generated primarily at the stem scale, due to wake effects, which overshadows 

turbulent effects from the bed (Nepf, 1999). For cylinders as a proxy for stems, a clear increase 

in turbulence production, quantified as turbulent intensities ό , ὺ , with respect to vegetation 

density, has been consistently registered in the literature (Nepf, Mugnier and Zavistoski, 1997; 

Nepf, 1999; Ricardo, Franca and Ferreira, 2016). Figure 2.4-4 shows a subset of experimental 

normalised turbulence intensities for the longitudinal (Figure 2.4-4a) and vertical (Figure 

2.4-4b) components of velocity; and vertical turbulence stresses (Figure 2.4-4c). 

 

Figure 2.4-4 Vertical profiles of turbulence production a) turbulence intensity of the longitudinal 
component of velocity. b) turbulence intensity of the vertical component of velocity and c) space 

averaged Reynolds stresses between the longitudinal and vertical directions (source Ricardo, Franca and 
Ferreira, 2016). 

The changes in magnitude for the profiles shown in Figure 2.4-4 correspond to different local 

stem densities. Sparser distributions tend to show the highest magnitudes, while the profile 

shapes are approximately constant. This means that a singular type of turbulence production 

regime is obtained for different local stem densities, and profiles only scale depending on mean 

distance between stems. However, these conclusions cannot be extrapolated to the case of 

varying distributions of diameter. Figure 2.4-4c shows that vertical momentum transfers due to 

turbulence are confined to the bed: όό π, for most ᾀ. 
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Mean flow heterogeneities are quantified via spatial and double averaging frameworks 

(Raupach and Shaw, 1982; Finnigan, 2000; Nikora et al., 2007, 2013), and the effects of 

differential advection are transformed into virtual stresses in the same way that temporal 

fluctuations are transformed into turbulent stresses in the Reynolds decomposition. These new 

virtual stresses are associated with spatial fluxes of momentum and mass due to flow 

heterogeneities, or differential advection, and are named form-induced stresses (Giménez-

Curto and Corniero Lera, 1996).  

Few studies have quantified the extent of form-induced stress in emergent vegetation. They 

reveal that the fluxes of momentum always increase when compared to non-vegetated 

conditions. Ricardo, Franca and Ferreira (2016) measured form-induced stresses for a 

configuration with local changes in stem density. It was shown that vertical diffusion of vertical 

momentum is concentrated near the bed (Figure 2.4-5b), similar to vertical diffusion of 

longitudinal momentum (Figure 2.4-5c) due to flow heterogeneities. Conversely, the diffusion 

of longitudinal momentum due to differential advection is vertically constant. Different local 

densities generate different profiles in terms of shape and magnitude, suggesting that even for 

single-diameter arrays, the advection regime changes due to transport effects of large scale 

motions (Ricardo, Franca and Ferreira, 2016). A consequence of this is that a wider range of 

flow scales can result from stem interactions, which would tend to expand for arrays with non-

uniform stem diameter distributions. 

 

Figure 2.4-5 Vertical profiles of dispersive fluxes due to spatial heterogeneity a) form-induced stresses in 
the longitudinal component of velocity. b) form-induced stresses of the vertical component of velocity 

and c) Spatial fluxes in the vertical plane due to flow heterogeneity between the longitudinal and 
vertical components of velocity (source Ricardo, Franca and Ferreira, 2016) 

Double-averaged Reynolds stresses depend on the local averages of the stem density ά. This 

local adjustment suggests that turbulent stresses are independent of changes in stem density 

or solid volume fraction, i.e. ὨάȾὨὼ. Form-induced stresses were found to always increase for 

non-constant distributions of stems, i.e. ὨάȾὨὼ π. This reveals that flow structures are not 
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broken down immediately after formation, regardless of local vegetation density downstream 

(Ricardo, 2014; Ricardo, Franca and Ferreira, 2016). These changes in spatial fluxes are caused 

by the additional turbulence conditions caused by wake interactions, as opposed to when a 

stem is isolated (Raupach, 1992; Sumner, 2010; Zhou and Mahbub Alam, 2016). 

Another important component in the description of vegetated turbulence is the generation and 

evolution of vortex motion. Knowing that background turbulence, shear and differential 

advection can affect the already complex vorticity regime of a cylinder (Kiya, Tamura and Arie, 

1980; Williamson, 1996a), experimental studies can help elucidate the dependency of the 

vortex motions on vegetation morphology. Stoesser, Kim and Diplas (2010) conducted a series 

of numerical experiments using Large Eddy Simulation, and found that the shedding regime of 

the cylinders was still largely two-dimensional, despite the interference of upstream effects. 

However, regular arrays were modelled, which limits the extensibility of the results to random 

arrays. Figure 2.4-6 shows two instantaneous streamline maps, from a PIV (Particle Image 

Velocimetry) visualization of the velocity field, within random cylinder array (Ricardo, 2014; 

Ricardo, Sanches and Ferreira, 2016). The streamlines show that the scales of vortices detached 

are influenced by background turbulence. Also, that depending on the modulation of the 

background turbulence, the vorticity of the shed vortices can either be increased or decreased, 

in the latter case meaning that the life span of vortices will be shorter (Ricardo, Sanches and 

Ferreira, 2016). 

 

Figure 2.4-6 Instantaneous maps of  stream lines indicating the change with time of the modes of 
rotation (Ricardo, Sanches and Ferreira, 2016) 

The life span of vortices is determined by their coherence, and energy input. Although 

background turbulence can effectively increase the shedding rate of vortices by precipitating a 

laminar-turbulent transition in the recirculation zone (Roshko, 1954), this does not guarantee 

ŀƴ ƛƴŎǊŜŀǎŜ ƻŦ ŘƛŦŦǳǎƛƻƴ ŘǳŜ ǘƻ ǾƻǊǘƛŎƛǘȅ ŦǳǊǘƘŜǊ ŘƻǿƴǎǘǊŜŀƳΦ  IƻǿŜǾŜǊΣ ƛǘ ƛǎ ǘƘŜ ŀǳǘƘƻǊΩǎ ōŜƭƛŜŦ 

that, since shed vortices are still the main carriers of turbulent kinetic energy (Ricardo, Koll, et 

al., 2014), a localised increase in diffusion will occur when a vortex encounters a stem 

downstream, and the spread of matter owing to this mechanism can be quantitatively more 

significant than the customary definition of mechanical dispersion.  
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2.4.1.3. Energy considerations in vegetated flows 

Much of the energy considerations of turbulence due to rigid obstructions has been done in 

the study of atmospheric, canopy flow (Raupach and Shaw, 1982; Raupach, Antonia and 

Rajagopalan, 1991; Finnigan, 2000). Although the scale of the problem is different, the 

principles of energy transfer across different scales remains the same. (Raupach, Finnigan and 

Brunet, 1996) presents a turbulent kinetic energy (TKE) budget, from an early application of the 

double averaging methodology. 

‬Ὁ

‬ὸ
 ὖ ὖ ὖ Ὕ Ὕ ἂ‐ἃ π Eq. 2.4-1 

 

The terms being summed are, from left to right: ὖ, shear production; ὖ, wake production; ὖ, 

buoyant production; Ὕ, turbulent transport; Ὕ, pressure transport; and ἂ‐ἃ, dissipation. Of all 

these terms, only ὖ has been related to the production of energy at the stem scale. ὖ is 

neglected because it is linked to the shear layer developed above the canopy layer, a case 

excluded from emergent vegetation. Nonetheless, turbulent transport and shear production 

are still expected to be present in some form within vegetative flow (Raupach, Finnigan and 

Brunet, 1996). 

The assumption of steady flow implies that energy transfer and therefore dissipation do not 

change with time (Raupach, Antonia and Rajagopalan, 1991). The empirical relations 

underpinning Eq. 2.4-1, were derived from velocity measurements within and above terrestrial 

canopies (Raupach, Antonia and Rajagopalan, 1991; Kaimal and Finnigan, 1994; Raupach, 

Finnigan and Brunet, 1996). It is possible to extrapolate the conclusions from these studies to 

cases of flow through emergent (and submerged) riparian vegetation. Figure 2.4-7 shows the 

vertical variation of the components of Eq. 2.4-1, for atmospheric flow. Within the vegetation, 

ᾀȾὬ ρ, wake production is a dominant production term, alongside turbulent transport. For 

vegetated flows, a similarity exists between the vertical dispersive flux measured by (Ricardo, 

Franca and Ferreira, 2016), shown in Figure 2.4-5c; and that measured in canopy flow, Figure 

2.4-7, In both cases, the objective of turbulent transport seems to connect bed-generated and 

stem-scale turbulence production. 
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Figure 2.4-7. Vertical variation of the energy budget constituents, from velocity measurements in 
canopy flow. Source Kaimal and Finnigan (1994). 

Nepf (1999) presented a model for isotropic turbulent diffusion, based on the equilibrium 

between turbulence production due to stem drag, and direct viscous dissipation. However, for 

low and moderate Reynolds numbers (ὙὩ ςππ), viscous drag will also dissipate a portion of 

energy at the stem level, without the transition to turbulence (Nikora, 2000). At higher 

Reynolds numbers this equilibrium is still undetermined, since the universal equilibrium 

assumed by Nepf (1999), depends on Kolmogorov (1941a) assumption of local isotropy and 

homogeneity; conditions that, are unconfirmed for vegetated flows. Energy schemes like Figure 

2.4-7 tend to corroborate (Ferreira, Ricardo and Franca, 2009) assertion that turbulent 

transport (dispersive fluxes) are of a similar order of magnitude to wake production, and are in 

consequence not negligible. 

From Strouhal number, Ὓ, measurements in stem wakes, turbulent kinetic energy is 

concentrated in the vortex street (Raupach, Finnigan and Brunet, 1996; Ricardo, Sanches and 

Ferreira, 2016); as peaks are always found close to the end of the recirculation region. The 

downstream evolution of this spectral behaviour can inform vorticity dissipation along the 

wake, and therefore, the amount of energy that is transferred to the generation of smaller 

structures or direct viscous dissipation. These effects have not, to the auǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ ōŜŜƴ 

explored, further results of the energy spectra from velocity statistics along the wake are 

needed. 
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2.4.1.4. Drag and shear in vegetated flows 

Most measurements of drag coefficients are based on a large-scale momentum balance on 

canopy flow. This equilibrium includes: the effect of gravity, viscous stresses, dispersive fluxes, 

and mean drag force (Raupach and Thom, 1981; Finnigan, 2000). Depending on the ὙὩ regime, 

different terms will be dominant. 

The drag coefficient, ὅ , is mainly dependent on ὙὩ. Tanino and Nepf (2008a) developed a 

model for the individual and array drag as a function of the DA momentum equation and the 

effect of stem spacing. The dependency of ὅ  on ὙὩ, for artificial vegetation is reproduced in 

Figure 2.4-8a. For comparison, Figure 2.4-8b shows non-dimensional bulk force drag per unit 

leaf area, as a function of velocity, for different species of emergent riparian vegetation (Aberle 

and Järvelä, 2013). Quantifying bulk drag using particular features of the natural vegetation, 

such as leaf and plant area, has proven successful to estimate/model flow resistance models in 

fluvial systems (Jalonen and Järvelä, 2014). However, this bulk characterisation for natural 

vegetation, though useful for large scale systems, provides no insight into small-scale 

processes. This limits the scalability and reproducibility of results, such that different relations 

must be derived for seasonal variations, different growing patterns, etc. 

 

Figure 2.4-8 a) Results of experimental investigations on the dependency on solid volume fraction (stem 
density) of the array drag coefficient for artificial emergent vegetation (Tanino and Nepf, 2008a). 
b) Experimental results for the drag force (per unit leaf area) as a function of velocity, for different 

natural species (Aberle and Järvelä, 2013) 

Evidently, the variation of non-dimensional drag with Reynolds number scales in a similar way. 

This indicates that a general expression for drag is scalable for different vegetation species. 

Indeed, following experimental datasets and models developed by Tanino and Nepf (2008a); 
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Ferreira, Ricardo and Franca (2009; Tinoco and Cowen (2013); A.M. Ricardo et al. (2014), for 

the quantification of array drag coefficient, Sonnenwald, Stovin and Guymer (2019b) included 

the effect of direct viscous dissipation as a linear dependency on solid volume fraction, •, and 

obtained the expression for ὅ  following a re-parameterisation of Ergun (1952) initial 

expression 

ὅ ς
φτχυὨ σς

ὙὩ
ρχὨ σȢς• πȢυ Eq. 2.4-2 

 

The results shown in Figure 2.4-8a,  were obtained from a series of experiments with solid 

volume fractions, •, between  0 and 0.4; and ὙὩ, between 1 and 700, conducted by (Tanino 

and Nepf, 2008a). Although an inverse proportionality is found between ὅ  and ὙὩ, the actual 

drag force per unit vertical length, Ὂ, is expected to increase with the same parameter. 

Increases in • will induce increments in both Ὂ and ὅ ; this proportionality (ὅ ᶿ•) is 

expected to change at ὙὩ ρπππ according to Nepf (1999). To date, Tanino and Nepf (2008a) 

study presents the most relevant characterisation of drag for random emergent artificial 

vegetation. Their model neglects stresses appearing in the DANS equation and reduces the 

force balance to an equilibrium between hydrostatic pressure and drag force. As indicated by 

Ferreira, Ricardo and Franca (2009); A. M. Ricardo et al. (2014); and Ricardo (2014) (and 

suggested in Figure 2.4-7), form-induced stresses are not always negligible in random 

vegetation stands. Dispersive fluxes and other momentum-generating variables can be relevant 

in some cases. These studies also found drag force to be independent of stem arrangement, 

although ΨǇŀǘŎƘƛƴŜǎǎΩ was found to have an effect on ὅ , i.e. localised values of drag induced 

by longitudinal variation in solid volume fraction. The distribution of drag at the stem scale, and 

the effects of stem layout on flow resistance need to be explored further. 

2.4.2. Solute Transport in Vegetated Flows 

Current understanding of mixing in emergent vegetation describes dispersion to be direction-

dependent. The ADE then considers the three main components of flow: Ὀ , Ὀ  and Ὀ. Since 

all flows are herein analysed under the 2D hypothesis (see Section 2.4.1), all solutes are 

considered to be vertically well mixed in flow descriptions. The ADE can be fully described using 

a 2D framework. 

Mixing also depends on geometry and morphology, which are the physical parameters 

(boundary conditions) of the vegetation. These parameters affect mixing through stem wakes, 
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boundary layers and their interaction with the mean flow (Nepf, 1999). In consequence, each 

dispersion/diffusion coefficient is related to a set of hydrodynamic processes. Below is a 

discussion of the features of each particular component of mixing. 

Molecular diffusion, Ὀ, describes the effect of mixing of a solute in static aqueous media. For 

fluid flow, Ὀ is several orders of magnitude smaller than other process and is therefore 

negligible. 

2.4.2.1. Turbulent diffusion ╓◄ 

Even for low Reynolds numbers (ὙὩ τπ), a transition and boundary layer separation occurs 

at the bed, which interacts with the mean flow and generate velocity fluctuations that diffuse 

mass more efficiently than molecular diffusion.  

For larger Reynolds numbers, turbulence is generated at the stem wake scale. Following 

tǊŀƴŘǘƭΩǎ ƳƛȄƛƴƎ ƭŜƴƎǘƘ ŀƴŀƭƻƎȅΣ ŘƛŦŦǳǎƛǾŜ ƭŜƴƎǘƘǎ ŀǊŜ ǇǊƻǇƻǎŜŘ ǘƻ ǎŎŀƭŜ ƭƛƴŜŀǊƭȅ ǿƛǘƘ ǘƘŜ ΨƭŜǾŜƭ 

ƻŦ ǘǳǊōǳƭŜƴŎŜΩ. The characteristic Lagrangian length scale of turbulence is usually Ὠ for 

vegetated flows (Nepf, Sullivan and Zavitoski, 1997). Integrating YƻƭƳƻƎƻǊƻǾΩǎ hypotheses with 

the mixing length analogy, Nepf (1999) arrived at the following expression for the non-

dimensional turbulent diffusion 

Ὀ

ὟὨ
 θὅὥὨȾ  

ЍὯ

Ὗ
 Eq. 2.4-3 

 

Measurements of ensemble concentration profiles showed that the stem diameter (Ὠ) can be 

considered as a relevant mixing scale (Nepf, Mugnier and Zavistoski, 1997; Nepf and Vivoni, 

2000). As shown in Section 2.4.1, array drag and background turbulence can induce a variation 

in shedding frequency and consequently, length scales. Moreover, if an array with varying stem 

diameters is used to describe the natural variations in vegetation condition and age 

(Shucksmith, Boxall and Guymer, 2010; Sonnenwald et al., 2017), the assumption of a unique 

length scale and the validity of the mixing length analogy come into question. Even when 

considering single diameter arrays, the assumption of a mixing length equal to stem diameter 

depends on spacing as stem interactions can change the size and frequency of shed vortices 

(Sumner, 2010). 

The sole contribution from drag to turbulent diffusion, as presented in Eq. 2.4-3, results from 

an equilibrium between turbulence production (from stem wakes), and dissipation. This is 

equivalent to reducing Eq. 2.4-1 to the expression ὖ ἂ‐ἃ. According to (Tennekes and 
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Lumley, 1972), the term ἂ‐ἃ scales as ἂ‐ἃḐ  όȾЉ, where ό and Љ are relevant turbulent 

velocity and length scales respectively. Both Nepf (1999) and (Tanino and Nepf, 2008b) consider 

the velocity scale ό to be represented by the mean turbulent kinetic energy, Ὧ. However, it 

should be noted that the relation ἂ‐ἃḐό was proposed by Taylor (1935), and was conceived 

ǳƴŘŜǊ ǘƘŜ ŎƻƴŘƛǘƛƻƴ ƻŦ ƛǎƻǘǊƻǇƛŎ ǘǳǊōǳƭŜƴŎŜΤ ǿƘƛŎƘ Ƙŀǎ ƴƻǘΣ ǘƻ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ ōŜŜƴ 

proven for vegetated flow. 

2.4.2.2. Longitudinal Dispersion ╓● 

This section will treat the coefficients that characterise the entirety of Longitudinal Dispersion, 

as described by White and Nepf (2003), and shown in Eq. 2.4-4. It should be noted that the 

linear superposition of the terms given in Eq. 2.4-4 presumes independence between 

underlying physical mechanisms. The decomposition presented in Eq. 2.4-4 is empirically 

based, and a rigorous derivation from first principles is still required. 

Ὀ  Ὀ  Ὀ  Ὀȟ  Ὀȟ  Ὀȟ  Ὀ  Eq. 2.4-4 

 

Where 

Ὀ: Molecular Diffusion 

Ὀ: Turbulent Diffusion 

Ὀȟ: Vortex trapping Dispersion 

Ὀȟ: Secondary wake Dispersion 

Ὀȟ: Dispersion caused by advective acceleration in the gaps between stems 

Ὀ : Dispersion caused by trapping in Laminar Boundary Layers. 

The term Ὀȟ represents the increase in velocity between stems to compensate for the 

decrease of mean velocity behind stems. Velocity fluctuations in these regions are assumed 

small compared to those in the actual wakes, rendering Ὀȟ negligible (White and Nepf, 2003). 

The tem Ὀ  ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ Ψ.ƻǳƴŘŀǊȅ [ŀȅŜǊ 5ƛǎǇŜǊǎƛƻƴΩΣ ŀǎ ǇǊŜǎŜƴǘŜŘ ōȅ Koch and Brady 

(1985), which makes reference to the dispersion generated by mass being trapped in the 

boundary layers of solid surfaces. Both the small spatial extent of stem boundary layers and the 

large time scales of trapping make this term negligible (White and Nepf, 2003). 

We are left with the following terms defining Longitudinal dispersion. 
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Ὀ  Ὀ  Ὀ  Ὀȟ  Ὀȟ Eq. 2.4-5 

 

The following discussion will focus on obtaining each of the directional components of Ὀ . 

2.4.2.3. Vortex trapping Dispersion ╓●ȟ○ 

Vortex trapping dispersion refers to the variance in the concentration distribution induced by 

the alternation trapping and release of mass from primary wakes (cf. recirculation region). The 

contribution from Ὀȟ depends on two factors: i) the number of times a particle is trapped 

within a primary wake and ii) the time each particle remains within this zone. Overall, Ὀȟ is 

directly proportional to both. This can be expressed by the expression 

Ὀȟᶿ‭Ὗ †Ӷ Eq. 2.4-6 

 

The rationale behind Eq. 2.4-6 is that the probability of trapping is equal to the proportion of 

the flow field occupied by primary wakes, ‭ . Also, the mean residence/trapping time, †Ӷ, is 

inversely proportional to Ὢ, the shedding frequency, which can be expressed in non-

dimensional terms as the Strouhal number, Ὓ, yielding 

Ὀȟ  θ
‭Ὗ Ὠ

Ὓ
 Eq. 2.4-7 

 

The Strouhal number, Ὓ, is defined as the ratio of Ὢ and the product of relevant length and 

velocity scales, that is,  ὛὸὪȾὟ Ὠ (Tennekes and Lumley, 1972). Applying this to Eq. 2.4-7 

the following expression for the vortex trapping dispersion is obtained 

Ὀȟ  θ
‭Ὗ Ὠ

Ὓὸ
 Eq. 2.4-8 

 

2.4.2.4. Secondary wake Dispersion ╓●ȟ▼ 

White and Nepf (2003) derived the general expression given in Eq. 2.4-9 from the added effects 

of turbulence motions and reduced mean velocity behind stems (outside of the primary wake).   

Ὀȟ ς„ᶻίᶻ
Ὓὧ

Ὓὧ ρ
ὟὨ Eq. 2.4-9 
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Where the term „ᶻ  is the non-dimensional variance of secondary wake velocity 

„ᶻ   „ȾὟ ; ίᶻ is the mean separation of stems in the longitudinal direction divided by the 

stem diameter ίᶻ ίȾὨ and Ὓὧ is the turbulent Schmidt number which defines the ratio 

between eddy/turbulent viscosity and turbulent diffusion:  Ὓὧ  ’ȾὈ. A discussion on the 

derivation of Eq. 2.4-9 is given in Chapter 3. 

2.4.2.5. Relevant results 

Longitudinal dispersion is proportional to shear velocity (Nepf et al, 1997a; Elder 1959), which 

can be vertical (i.e. caused by bed effects) and horizontal due to differential advection. 

(Lightbody and Nepf, 2006; Lightbody and Nepf, 2006) presented an equation for the vertical 

profile of longitudinal velocity as a function of the vertical variation in canopy area, represented 

as ὅὥᾀ, (see Figure 2.4-3b). The model was based on Mauri and Haber (1986), solution to 

the triple integral given by Fischer et al. (1979), (see Eq. 2.3-10). Vertical changes in frontal 

facing area, ὥᾀ, and the gradient ὨὟȾὨᾀ, were seen to generate higher shear, and therefore 

higher vertical dispersion.  

Figure 2.4-3 shows natural vegetation to have a consistent vertical velocity profile and hence 

shear. From this it can be concluded that variations in the horizontal distribution of stems do 

ƴƻǘ ŀŦŦŜŎǘ ǾŜǊǘƛŎŀƭ ǎƘŜŀǊΣ ǎƻ ƛǘǎ ŜŦŦŜŎǘǎ Ŏŀƴ ōŜ ΨƭǳƳǇŜŘΩ ƛƴǘƻ ǘƘŜ Ὀ  coefficient. By aggregating 

vertical effects into Ὀ , emergent vegetation can be reliably modelled as a 2D system 

(Lightbody and Nepf, 2006). 

Huang et al. (2008) studied mixing in emergent Everglade, using tracer particle injections (1 ‘m 

latex microspheres), for different types of salt marsh vegetation and different vegetation 

densities. The experimental results were compared with estimations using Lightbody and Nepf 

(2006) model, assuming a linear Ὗᾀ, and the wake zone formulation presented in White and 

Nepf (2003), and Nepf (2004). A relatively constant value of Ὀ  with depth was registered; 

which supports the assumption of vegetated flows as 2D systems. However, the modelled 

longitudinal dispersion coefficient, Ὀ , was found in some cases almost an order of magnitude 

smaller than the actual measurement. This difference was attributed to flow heterogeneity 

caused by plant morphology, and the existence of physical processes still unreported in the 

current artificial vegetation models. 

Shucksmith, Boxall and Guymer (2010) studied the effects of growth (in controlled conditions) 

and age of natural emergent vegetation on flow resistance, turbulence and longitudinal 

dispersion. Shear velocity was found to be directly, and Ὀ  inversely, proportional to plant age. 
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The species used in this study were Phragmites australis (Reeds), and Carex, and it was found 

that the former, being more rigid and less ΨleafyΩ, presented a smaller variation of the transverse 

flow profile, and higher longitudinal dispersion than the latter, which was denser and more 

flexible. Age was also found to be inversely proportional to Ὀ  for Reeds. No trend was found 

for Carex. Turbulence production was found to increase in the transverse direction, and 

decrease in the vertical one, as previously found by Nepf, Sullivan and Zavitoski (1997) and Nepf 

(1999), which is a consequence of turbulence being mainly produced at the stem wakes rather 

than at the channel bed (Leonard and Luther, 1995).  

Shear is commonly associated with the formation of vortices; mass and momentum transport; 

and the shape and magnitude of the Ὗᾀ profile; only in the exchange zone between vegetated 

and non-vegetated zones (Ghisalberti and Nepf, 2004, 2009; White, 2006; Nepf et al., 2007; 

Nepf, 2012). However, it is important to note that differential advection, represented as 

secondary wake, Ὀȟ, and gap, Ὀȟ, dispersion is also connected to the appearance of 

horizontal velocity shear. A clear need for experimental results of differential advection exists, 

which could clarify the role of shear and gap acceleration on dispersion. 

Previous measurements of Ὀ  in artificial vegetation and natural species, as a function of 

vegetation density, •, were compiled by Sonnenwald et al. (2017) and reproduced in Figure 

2.4-9. For artificial vegetation (AV), a dependence of normalised Ὀ  on vegetation density (•) 

cannot be identified. Following the argument presented in Sonnenwald et al. (2017), it is 

possible that • is not a robust parameter to characterise vegetation morphology. Two arrays 

with the same density can have radically different distributions of stem spacing and diameters, 

and hence distinct flow field configurations leading to different regimes of solute transport. 
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Figure 2.4-9 Comparison between the results of physical models given in the literature, for the 
computation of: a) vortex trapping, and b) secondary wake dispersion components, of the longitudinal 

dispersion coefficient Ὀ . Source Sonnenwald et al. (2017) 

In general, the presence of stems reduces Ὀᶻ, when compared to non-vegetated conditions, 

and increasing • causes a consistent decrease in streamwise dispersion. The steps to this 

conclusion can be summarised as follows: stems increase turbulence at the stem scale, and 

overshadow bed-generated turbulence; this makes the vertical, mean velocity more uniform 

(see Figure 2.4-4). Also, higher turbulence along stem axes better distributes mass vertically, 

which, alongside a decreased vertical velocity gradient, diminish the effect of vertical shear and 

therefore its contribution to Ὀ . Increasing vegetation density will diminish vertical shear 

effects and ultimately decrease longitudinal dispersion.  

2.4.2.6. Transverse Dispersion ╓◐ 

Transverse dispersion in emergent vegetation was initially proposed by Nepf (1999) to be 

dependent on turbulent diffusion, represented as turbulent kinetic energy (Eq. 2.4-3). 

Experiments showed that turbulent diffusion on its own could not account for measurements 

of Ὀ . To complement the effect of transverse spreading, Nepf (1999) introduced mechanical 

dispersion as the aggregate of contributions from obstructions and path tortuosity. For a stem 
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array, the number of collisions that a batch of particles undergoes will tend to a normal 

distribution due to the central limit theorem (Nepf, Mugnier and Zavistoski, 1997). The variance 

of a solute cloud will increase linearly with distance traversed downstream. Following a random 

walk approach to describe dispersion due to mechanical effects, Ὀ  was initially defined as.   

Ὀ

ὟὨ

Ὀ

ὟὨ

‍

ς
ὥὨ Eq. 2.4-10 

 

Ὀ is defined as in Eq. 2.4-3. The second term on the RHS of Eq. 2.4-10 is the mechanical 

dispersion coefficient, where ‍ is a proportionality constant of the first order, representing the 

fraction of the stem diameter (Ὠ) each particle is moved laterally when colliding with a stem, 

and ὥὨ is an proxy for the solid volume fraction •. 

Serra, Fernando and Rodríguez (2004) studied Ὀ  for a random stand of emergent artificial 

vegetation (Ὠ ρcm), at low Reynolds numbers (ρπ ὙὩ ρππ), and moderate to high 

vegetation densities (• πȢρπȟπȢσυ and πȢφυ). Concentration measurements were obtained 

via Laser Induced Fluorescence. Dispersion coefficients were calculated from a Gaussian best-

fit procedure of transverse concentration profiles. Ὀ  results were found to depend on, ὅ , and 

the ratio of mean stem spacing to stem diameter.  

The results confirmed that ὅ  for a vegetated reach is a function mainly of ὙὩ (see Section 

2.4.1.4). For low Reynolds numbers (ὙὩ ρππ), ὅ  decreases with increasing ὙὩ, until a 

threshold at ὙὩ ρππ, where ὅ  plateaus. Serra, Fernando and Rodríguez (2004) connected 

this variation of ὅ , with the change from a viscous to an inertial flow regime. Also, 

measurements of Ὀ  were consistently higher than predictions from Eq. 2.4-10, suggesting that 

this model tends to underestimate transverse dispersion. However, the model proposed in 

Serra, Fernando and Rodríguez (2004) was not assessed for predictive performance, so, its 

physical validity requires further analysis.   

Building on these shortcomings, Tanino and Nepf (2008b) developed a model for transverse 

dispersion considering the following conditions: 

The fraction of turbulent diffusion that contributes to lateral dispersion is assumed to be the 

length scales bigger than stem diameter, Ὠ. These scales can exist only within patches of fluid 

larger than Ὠ, whose occurrence depends on the variation of porosity (i.e. ρ •) and the 

average of turbulence intensity occurring in these areas. The expression for Ὀ then has the 

form 



Chapter 2. Literature Review 
Jesús Leonardo Corredor García                                                                                     

51 
 

Ὀ

ὟὨ
‎
ό

Ὗ
 
ộίỚ ᶻ

Ὠ
 
•

“Ⱦτ
 ὖ  z Eq. 2.4-11 

 

Where 

: is the spatial average of the turbulence intensity, conditioned to the zones where the 

turbulent length scales ὒ Ὠ. 

ộ Ớ ᶻ
: is the normalised area around each cylinder containing length scales according to the 

previous condition. 

Ⱦ
 ὖ  z: is the fraction of cylinders with a nearest neighbour further than ὶᶻ, which is the 

centre-to-centre distance necessary to allow relevant length scales. 

‎: proportionality constant 

ὶᶻ : minimum distance between cylinders to allow turbulent diffusion. Imposed ὶᶻ ςὨ. 

Mechanical dispersion depends on the interactions of close cylinders and their degree of 

ΨpackingΩ. (Tanino and Nepf, 2008b, 2009) developed an expression for mechanical dispersion, 

from a model for dispersion due to velocity heterogeneities in Stokes flow, through fibrous 

cylindrical elements (Koch and Brady, 1986). A net increase in mechanical dispersion is 

expected from interactions between pairs of adjacent stems. A higher probability of mechanical 

dispersion is attributed to closer stems, and higher resistance to flow. The latter is defined as 

the inverse of the vegetation permeability. The equation for mechanical dispersion then takes 

the form.   

Ὀȟ

ὟὨ
‎ὖ

“

τπωφ
 
Ὠ

Ὧ

Ⱦ

 
ρ •

•
 Eq. 2.4-12 

 

 

Where 

ὖ : is the probability of finding a stem within 5 diameters from each stem. The υὨ 

threshold is defined as the maximum distance necessary to have wake interaction effects 

(Zhang and Zhou, 2001) and mechanical dispersion. 

Ὧ : is the permeability of the array 
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Ⱦ

 : this factor represents the mean form drag as given in the initial model of 

(Koch and Brady, 1986). 

For π  • πȢπσ, transverse dispersion (Ὀ ) is proportional to Ὠ, but decreases with 

increasing stem (edge-to-edge) spacing. For increasing •, transverse dispersion is expected to 

increase rapidly. For πȢπσ • πȢς, an increase in flow path tortuosity due to a reduced stem 

spacing entails a decrease in Ὀ . An increase in vegetation density will damp turbulence effects, 

and mechanical dispersion will increasingly become the main source of transverse dispersion. 

This last conclusion seems validated by a reported increase in Ὀ ,  for • πȢς, which is the 

result of an increase in mechanical dispersion alone (Tanino and Nepf, 2008b), due mainly to 

flow path tortuosity.  

Figure 2.4-10 shows the variation of non-dimensional Ὀ  and its main components: turbulence 

and flow heterogeneity, as a function of the surrogate density value ὨȾἂίἃ, used to illustrate 

the reduction of pore space with increasing •. As mentioned above, an initial steep increase in 

Ὀ  occurs as a function of stem-induced turbulence. Increasing the density further actually 

limits the number of spaces where large turbulent scales can exist, therefore, turbulence-

induced diffusion decreases. Finally, as turbulence is dampened to the point of not contributing 

to large scale transverse dispersion (turbulence will still play a role in smoothing concentration 

profiles, due to small-scale mixing), both mean flow heterogeneity and mechanical dispersion 

dominate, which explains the last, more gradual, increase in normalised dispersion. 

 

Figure 2.4-10. Components of Transverse Dispersion as a function of solid volume fraction, for turbulent 
flows, wherein dispersion is expected to be independent of Reynolds number. The dot-and-dash line 
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represent the contribution from turbulent dispersion arising from wake transitions and the dashed line 
represents the contribution from spatial heterogeneity. The solid line and circles represent the complete 

model and the experimental results respectively. Source (Tanino and Nepf, 2008b) 

From experimental results, Tanino and Nepf (2008b) also assert that the variation of non-

dimensional Ὀ  with • is independent of ὙὩ. This finding suggests that the model for Stokes 

flow (Koch and Brady, 1986), can still be useful to calculate dispersion in turbulent shear flows 

(see Eq. 2.4-12). Whether this independence of dispersion on flow regime is valid (more 

experimental evidence is needed), it does reflect a need to characterise shear flow and its 

variation in emergent vegetation, as a function of both • and ὙὩ. 

From the threshold for dominant mechanical dispersion (• πȢς), Nepf (2012) proposed an 

alternative expression for Ὀ , in sparse arrays, •  πȢρ, which is a limit where ὖ  tends 

to zero and the contribution of mechanical dispersion is negligible. This assumption leaves a 

dispersion coefficient weakly dependent on Reynolds number, from which it is reasonable to 

expect a constant normalised dispersion coefficient ὈȾὟὨ ὕπȢρ. 

Figure 2.4-11, shows a comparison of Ὀ  results for different vegetation species and artificial 

vegetation, as a function of •. Although Tanino and Nepf (2008b) model performs well for the 

artificial vegetation, the variations with Reynolds numbers analysed are limited. Also, it has 

consistently been found that longitudinal dispersion, Ὀ , is approximately one order of 

magnitude greater than Ὀ  (Sonnenwald et al., 2017). In this study it is also hypothesised that 

a distribution of stem diameter can approximate the natural variations in plant morphology 

caused by clustering, age and seasonal variation. 
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Figure 2.4-11 comparison between physical models given in the literature for the computation of 
transverse dispersion coefficients, Ὀ , for artificial and natural vegetation, source Sonnenwald et al., 

(2017) 

Ὀ  in flows through vegetation is greater than in shallow open channels. This trend is easily 

identified from the theoretical and experimental values shown in Figure 2.4-10. However, when 

comparing the results from different studies a trend cannot be identified, since deviations from 

a straight line (which would be the estimated trend in Figure 2.4-11) are up to two orders of 

magnitude. The differences reported in the studies analysed can have different causes: 

experimental conditions, effects of the advective zone, over-simplification of the vegetation 

morphology or unknown additional physical effects. Discussions on possible causes of error are 

further explored in this thesis. 
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Chapter 3. PRELIMINARY EXPERIMENTS 

Abstract 

This chapter presents a series of preliminary studies motivated by an analysis of the treatment 

of velocity statistics in the derivation of the most relevant model for longitudinal dispersion 

(White and Nepf, 2003). The first study, presented in Section 3.1, combines concentration and 

Surface PIV measurements in a sparse array configuration, with 4 mm-diameter cylinders, in a 

300 mm-wide flume at the University of Warwick. This experiments have as an objective to 

quantify the main components of the White and Nepf (2003) model, namely turbulent diffusion 

and secondary wake dispersion, also called dispersion by differential advection in this work. 

The results show that the velocity heterogeneities are approximated by the secondary wake 

term, only for low Reynolds numbers. The trends for intermediate Reynolds numbers suggest 

that the secondary wake dispersion term, will underestimate the effect of velocity 

heterogeneities owing to the initial assumption of linear velocity superpositions, which 

overlooks higher order stem wake interactions. 

The importance of the White and Nepf (2003) should always be, acknowledged. However, the 

treatment of velocity statistics, based on the conceptual framework used for the Lagrangian-

to-Eulerian transformation, as well as the contribution of the mean velocity field, require 

further discussion. The validity of the theoretical assumptions, and their consequences on 

concepts such as homogeneity, stationarity (i.e. steady flow conditions) and isotropy are 

explored in Section  3.2. This analysis is donen by means of simultaneous 2-point velocity 

statistics, using ADV probes, measured in a sparse array, with 20 mm-diameter cylinders, in a 

300 mm-wide flume in the University of Sheffield. The results from the ADV experiments show 

wakes are dominated by persistent coherent features, that are associated to large scales of the 

flow. Further, velocity heterogeneities are dominated by these wake effects, since, in the 

absence of clear momentum transfer between wakes, these tend to deform due to array 

configuration. A model is suggested to extrapolate coherence metrics (i.e. correlation 

functions) from single-point measurements to Lagrangian functions. 
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3.1. CHARACTERISATION OF LONGITUDINAL 

DISPERSION IN EMERGENT VEGETATION 

USING SURFACE PIV 

3.1.1. Introduction 

This chapter presents the results of the characterisation of velocity fields, from measurements 

of surface PIV, to predict longitudinal dispersion in flow through emergent vegetation. The 

experimental results presented correspond to joint measurements of longitudinal dispersion, 

from tracer tests using submersible fluorimeters (cyclops), and velocity variations from Surface 

Particle Image Velocimetry (PIV). The experiments were carried out in the Armfield Flume, at 

the University of Warwick, by other researchers, prior to the start of this PhD. 

Flow field measurements and dispersion coefficients are related using the model for scalar 

transport given in White and Nepf (2003). A summary of the key points of the model, the 

relevant equations and parameters is presented. This is followed by a discussion of the 

information required to obtain the inputs of the model from the Surface PIV data. 

Subsequently, quantification of dispersion coefficients from the velocity data is presented. 

Based on the predictions, and comparing the results with the measured dispersion coefficients, 

it is evident that a two-dimensional characterisation of the velocity field can be used to 

calculate dispersion processes. However, it is found that one component of the model, 

secondary wake dispersion, is not well predicted from the data. A discussion reveals that the 

analytical developments from which this component was developed, tend to overlook the 

effects of spatial heterogeneities in the flow field caused by the vegetated array. 

3.1.2. Experimental set-up 

The experiments were conducted in a 300 mm wide flume, the specific details of which are 

covered in Sonnenwald, Stovin and Guymer (2019a), with the camera located above the flume, 

as shown in Figure 3.1.2-1a. The focal plane was perpendicular to the bed, at a small enough 

distance to avoid projection errors, thereby eliminating the need for image distortion 

corrections. Surface PIV and dispersion measurements were taken for a random, synthetic 
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vegetation array, composed of rigid stems (plastic straws), with uniform diameter Ὠ of 4 mm, 

a stem density of 398 stems/m2 and a solid volume fraction • of 0.005.  

 

  

Figure 3.1.2-1. a) Surface PIV configuration, b) Locations of the fluorimeters for the measurements of 
concentration profiles. 

Measurements of concentration and Surface PIV were taken under uniform flow conditions, 

with a constant depth of 150 mm for a total of 4 flow scenarios. The nominal flow rates set for 

the pump were validated using the travel velocities from the concentration measurements. 

These measured velocities will be used as reference as they better represent flow conditions 

within the vegetated array. The velocities and Reynolds numbers of each test are presented in 

Table 3.1.2-1. 

Table 3.1.2-1. Nominal mean velocities and stem Reynolds numbers for the tests analysed. 

TEST 
╤  

[mm s-1] 

╡▄▀*  

[-] 

1 14 57 

2 20 80 

3 40 158 

4 68 270 

*With a kinematic viscosity of 1.01ẗ10-6 m2/s 

Concentration measurements were taken with 5 fluorimeters, 4 of which were distributed 

uniformly along the flume, within the artificial vegetation, and one in the inlet pipe, upstream 

of the injection point, to confirm a fixed background concentration during the tests. The 

distances between fluorimeters, the location of the injection point, and the general 

configuration for the tracer tests are shown in Figure 3.1.2-1b. Three repeats for each test were 

performed, resulting in 9 values of longitudinal dispersion, Ὀ , for each test, calculated from an 

optimised routing of two consecutive concentration profiles (Eq. 2.2-6, Chapter 2). The results 

(a) (b) 
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of longitudinal dispersion for all repeats and reaches (i.e. consecutive fluorimeters) are grouped 

for each test shown in Figure 3.1.2-2.  

 

Figure 3.1.2-2. Results of Longitudinal Dispersion for all trials and all tests. External whiskers in the 
boxplots represent ±2.7 standard deviations from the mean of the data, the boxes represent the data 
between the first and third quartile, and the central line represents the median of the experimental 

results. Measurements of longitudinal dispersion for each test and trial are shown to illustrate variation 
in terms of Dispersion and Reynolds number. 

The main purpose of the analysis is to perform a full characterisation of the velocity field from 

the Surface PIV measurements, to obtain the relevant parameters to predict the longitudinal 

dispersion coefficients. The specific details of this model are given in the following section. 

3.1.3. Data Analysis 

3.1.3.1. Theoretical Background 

This section will treat the components that characterise the longitudinal dispersion coefficients, 

as described by White and Nepf (2003), namely 

Ὀ  Ὀ  Ὀ  Ὀȟ  Ὀȟ  Ὀȟ  Ὀ  Eq. 3.1.3-1 

 

Where 

Ὀ: Molecular Diffusion 

Ὀ: Turbulent Diffusion 
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Ὀȟ: Vortex trapping Dispersion 

Ὀȟ: Secondary wake Dispersion 

Ὀȟ: Dispersion caused by convective acceleration in the gaps between stems 

Ὀ : Dispersion caused by trapping in Laminar Boundary Layers. 

 
The term Ὀȟ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ǾŜƭƻŎƛǘȅ όŎŀƭƭŜŘ ΨƭƻŎŀƭ ŀŘǾŜŎǘƛǾŜ ŀŎŎŜƭŜǊŀǘƛƻƴΩύ ǘƘŀǘ ƛǎ 

generated in the gap between stems as a compensation for the decrease of mean velocity 

behind stems. White and Nepf (2003) assume, under dimensional considerations, that 

turbulence-induced velocity variations in these regions are small compared to those in the 

actual wakes, and Ὀȟ is therefore negligible. 

The tem Ὀ  ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ Ψ.ƻǳƴŘŀǊȅ [ŀȅŜǊ 5ƛǎǇŜǊǎƛƻƴΩΣ ŀǎ ǇǊŜǎŜƴǘŜŘ ōȅ Koch and Brady 

(1985). Given the small spatial extent and the large time scales of this effect, Ὀ  is considered 

negligible for experimental purposes. Molecular diffusion is several orders of magnitude 

smaller compared to other physical processes. Longitudinal dispersion in emergent (artificial) 

vegetation, is defined as 

Ὀ  Ὀ  Ὀ  Ὀȟ  Ὀȟ Eq. 3.1.3-2 

 

These individual contributions are the result of cross-correlation terms (e.g. όὅ)  generated 

by the consecutive time and space averaging of the ADE (see Eq. 2.3-5). Their physical meaning 

was explored by White and Nepf (2003), and are briefly covered here in Section 2.4.2. The 

following discussion will focus on quantifying each of the components of Ὀ . 

3.1.3.1.1. Molecular Diffusion ╓□ 

The constant of molecular diffusion Ὀ  is known for most components, including Rhodamine.  

The common values found in technical notes and the literature varies within the range. 

Ὀ τȢφ πȢυϽρπ ά ί  
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3.1.3.1.2. Turbulent Diffusion ╓◄ 

Turbulent Diffusion Ὀ can be obtained from the turbulence kinetic energy per unit mass2, Ὧ, 

see Eq. 3.1.3-3, or alternatively from the array drag coefficient, ὅ  shown in Eq. 3.1.3-4, as 

explained in Nepf (1999). 

Ὀ

ὟὨ
‌
ЍὯ

Ὗ
  Eq. 3.1.3-3 

Ὀ

ὟὨ
‌ὅὥὨȾ  Eq. 3.1.3-4 

Where ‌ and ‌ are proportionality constants, ὥ, is the mean frontal facing area per unit 

volume, and Ὠ is the mean diameter of stems. 

3.1.3.1.3. Isotropic vs Anisotropic diffusion/dispersion 

All dispersive/diffusive processes in Eq. 3.1.3-1 are indicated by Ὀ, and the subscripts give an 

indication of the physical process in each case. Two types of subscripts are used. First, 

coefficients with a single subscript denote isotropic diffusion coefficients, i.e. remain equal 

after any rotation of the coordinate system. The second type of coefficients refer to processes 

that are dominant in one direction, and whose effect in all other directions are overshadowed 

by isotropic effects. These are called anisotropic/directional dispersion coefficients (e.g. Ὀȟ 

for secondary wake dispersion). The distinction between isotropic and anisotropic coefficients 

is considered relevant because the extent to which certain mechanism is Fickian, must be 

considered in a directional basis. 

3.1.3.1.4. Primary and Secondary wakes 

To understand the equations describing vortex trapping and secondary wake dispersion, it is 

necessary to define the spatial domain of each process. To do that, Figure 3.1.3-1 shows the 

extent of the primary and secondary wakes graphically, as explained in White and Nepf (2003). 

The primary wake corresponds to the region dominated by recirculation, which, at low 

Reynolds numbers, is bounded by closed streamlines and therefore no direct mass exchange 

other than that due to molecular diffusion occurs. After this initial recirculation zone 

characterising the primary wake, a region of velocity defect induced by the cylinder is formed, 

                                                           
2 Following considerations of two-dimensionality, the turbulent kinetic energy per unit mass, Ὧ, can be 
defined only from the longitudinal and transverse velocity components: Ὧ ό ὺ Ⱦς. 
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called secondary wake, which extends to a scale defined by the drag imposed by the stem and 

the solid volume fraction (White and Nepf, 2003). 

 

Figure 3.1.3-1. Separation of the wake generated by a single cylinder, into a primary wake, defined by 
the recirculation region immediately behind the stem; and a secondary wake characterised by the 

velocity defect further downstream. ὰ: length scale of the recirculation region. ὰ: Attenuation length, 
i.e. streamwise extension of the velocity decay caused by the stem.  

3.1.3.1.5. Vortex trapping Dispersion ╓●ȟ○ 

This refers to the spread of the concentration distribution induced by mass trapping in primary 

wakes. During early stages of formation (ὙὩ τπ; Gerrard, 1978) this region contains two 

symmetric vortices with opposite rotation and any mass can only escape through molecular 

diffusion. As ὙὩ increases above this threshold, mass exchange pathways are opened between 

the primary wake and the outer flow, thereby decreasing the retention time, †, and dispersion. 

The length of this formation region grows ὙὩ, until periodic vortex shedding starts. The length 

of the primary wake, at this transition, has been found to be 2Ὠ (Gerrard, 1978).  

As mentioned in Chapter 2, Eq. 2.3-8, White and Nepf (2003) define vortex trapping dispersion 

as the result of two main factors: the proportion of the flow field occupied by primary wakes, 

‭ , and the average trapping time, †. The former represents the vegetated array, and the latter 

depends on ὙὩ, and is represented by the Strouhal number, Ὓ (i.e. non-dimensional vortex 

shedding frequency). We know that ‭  can be readily measured from the Surface PIV (SPIV) 

data collected, so the use of the equation ‭ ᶿὥὨ ǳǎŜŘ ƛƴ ²ƘƛǘŜΩǎ ǇŀǇŜǊ ƛǎ ƴƻǘ ƴŜŎŜǎǎŀǊȅΦ 

An advantage of having spatially and temporally resolved flow fields is that both ‭  and Ὓ can 

be computed directly from the SPIV data available. This calculation is explained below. 
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3.1.3.1.6. Secondary wake Dispersion ╓●ȟ▼ 

This effect has to do with the velocity perturbations induced by the stems, but outside of the 

recirculation zone. These are related to instabilities that induce the generation of coherent 

structures and turbulence production downstream of the wake and therefore a reduction in 

mean velocity (i.e. a velocity defect). This velocity defect is more noticeable along the stem 

centreline (parallel to the flow direction, see also Figure 3.1.3-9).  

Particles advecting through the secondary wake will be slowed down when they are captured 

in vortices and recirculating locally, or simply by encountering a stem. If a single particle is 

followed in a Lagrangian manner through the vegetation array, the delays can be accounted for 

by measuring the changes in velocity along its path. Statistically, the tool that allows for such 

quantification is the autocorrelation function ד ὸ, defined as 

ד ὸ  
ρ

‡ †‡ † ὸ Ὕ
‡ᴂ†‡ᴂ† ὸὨ† Eq. 3.1.3-5 

Where ‡† represents the (Lagrangian) velocity fluctuations of a particle in the Ὥ-th direction. 

The general autocorrelation ד ὸ considers the turbulence intensities at different intervals 

during ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ƳƻǘƛƻƴΦ !ƭǘƘƻǳƎƘ ƴƻ ǊŜǎǘǊƛŎǘƛƻƴǎ ǊŜƎŀǊŘƛƴƎ ƛǎƻǘǊƻǇȅ ƻǊ ƘƻƳƻƎŜƴŜƛǘȅ ŀǊŜ 

imposed on Eq. 3.1.3-5, there is a requirement for the interval Ὕ to be significantly larger than 

the characteristic integral scales of the flow. The secondary wake dispersion coefficient will be 

given by (Csanady, 1973). 

Ὀȟ  ‡ ὸ ‡ † ὸ ד †Ὠ† Eq. 3.1.3-6 

For want of space it is only necessary to know that the general expression given in Eq. 3.1.3-6 

is the added effect of perturbations induced by velocity fluctuations and the heterogeneous 

time-averaged flow field behind stems (yet outside of the primary wake), and between stems. 

The latter is considered negligible based on dimensional considerations (White and Nepf, 2003).  

The same restriction on ὸ being larger than the integral scales is necessary. By expressing Eq. 

3.1.3-6 in terms of the time-average velocity field (White and Nepf, 2003), Eq. 3.1.3-7 is 

obtained. The validity of this treatment of Eq. 3.1.3-6 is discussed in detail in Chapter 3.2.  

Ὀȟ ς„ᶻίᶻ
Ὓὧ

Ὓὧ ρ
ὟὨ Eq. 3.1.3-7 
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Where the term „ᶻ  is the non-dimensional variance of time-averaged velocity fluctuations in 

the secondary wake „ᶻ  „ȾὟ , ίᶻ is the mean separation of stems in the longitudinal 

direction divided by the stem diameter ίᶻ ίȾὨ and Ὓὧ is the turbulent Schmidt number 

which defines the ratio between eddy/turbulent viscosity and turbulent diffusion:  Ὓὧ

 ’ȾὈ. 

Eq. 3.1.3-7, as presented by White and Nepf (2003) can be treated in several ways. In this report 

three approaches will be explored, which will involve the calculation of the following 

parameters. 

a. The term „ᶻ  is expressed in terms of ὅ , Ὀ, Ὓὧ and ὥ, in the form of an incomplete 

gamma function calculated from the end of the inner wake (termed ὼᶻ in the paper). 

We can compute all those terms and find the best-fit for the gamma function defining 

„ᶻ  and solve Eq. 3.1.3-7 directly. 

 

b. An estimate of mean velocity heterogeneities can be obtained from the dispersive 

fluxes computed from SPIV maps. 

 

c. We re-formulate Eq. 3.1.3-5 and Eq. 3.1.3-6, and use an experimental proxy for ד ὸ. 

To do this, we must convert the autocorrelation function for a single particle in the 

temporal domain, to a Eulerian cross-correlation (or simply correlation) function 

between consecutive points within a wake, starting at the onset of the secondary wake, 

i.e. Ὑ ‪ , in the spatial domain (like the axis presented in Figure 3.1.3-2c). The validity 

of this Eulerian-Lagrangian similarity requires a detailed analysis, which is presented in 

Chapter 3.2. 

 

In this analysis, option (a) requires empirical estimations of ὅ  and the other parameters, which 

become additional sources of uncertainty. (b) will also be explored here, as Surface PIV provides 

the spatially resolved velocity fields to obtain velocities along the secondary wake. Finally, 

option (c) requires a more detailed treatment of multi-point velocity statistics, and a detailed 

analysis of the necessary empirical assumptions and simplifications to relate Lagrangian and 

Eulerian statistics. The necessary conditions for its application are explored in Chapter 3.2. 

In conclusion, we have to calculate 2 parameters to obtain Ὀȟ, and have three approaches to 

compute Ὀȟ. These alternatives are explained later on. For now, the focus is on the capabilities 

of Surface PIV for the extraction of detailed flow field information. This analysis, will be seen, is 
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beneficial because the computation of parameters that previously had to be assumed or drawn 

from different studies. Further, allows the characterisation of velocity perturbations in more 

detail to discuss the validity of the physical assumptions given in the derivations of the current 

models. 

3.1.3.2. Characterisation of the Flow Field and Dispersion Coefficients via 

SPIV 

Having outlined dispersion models, this section is devoted to the methods to compute velocity-

dependent measurements using (Surface) PIV. The common feature for foregoing formulations 

is the notion of an ensemble average of Lagrangian transport equations, which are defined for 

distinct solute elements throughout the motion. This approach will be followed here, and all 

computations will be explained for a single stem, i.e. wake. The results will be extended to the 

complete test section via ensemble averages. 

Figure 3.1.3-2a shows the pattern of the pseudo-random vegetation array in which dispersion 

and velocity were measured. The Surface PIV field of view is shown in Figure 3.1.3-2b. There 

the stem wake of analysis is depicted in detail. According to the subdivision of the wake 

presented (see Figure 3.1.3-2c), three specific points have been chosen: k, p and q; which were 

chosen to represent the recirculation region (i.e. primary wake), the shedding or transition 

region, and the secondary wake, respectively. Further, the wake centreline, ὢ , which is used 

in the next section to describe the mean flow field, is presented. 
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Figure 3.1.3-2. Area of study for Surface PIV. a) 2.5 m-long repeating pattern of pseudo-random 
vegetation. b) Sample image taken from SPIV experiments. c) Stem wake under analysis, wake 

centreline and location of the points for the temporal analysis of the velocity variations. Point k is 
located as close to the recirculation zone as possible; point p is chosen close enough to the inner wake 

but within the secondary wake to allow for the characterisation of velocity fluctuations for the 
measurement of vortex shedding frequency. 

3.1.3.2.1. Computation of the volume fraction of primary wakes ◌ꜗ 

Although the concept of a volume fraction of primary wakes, in vegetated flows, was 

introduced by White and Nepf (2003); a clear methodology for its calculation is required. 

Remembering the mathematical definition of instantaneous vorticity, 
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ɱ  
‬Ὗ

‬ώ
  
‬ὠ

‬ὼ
 Eq. 3.1.3-8 

Corredor-Garcia et al. (2020) proposed a method for calculating the fraction of the flow field 

occupied by primary wakes, based on the reported features of increased time-avereage 

vorticity (cf. recirculation) and decreased mean longitudinal velocity (cf. velocity defect) 

evidenced in the vicinity of circular cylinders. Accordingly, this method considers a primary 

wake to be composed of the points, ά, in a discrete velocity map, that comply with the 

following conditions. 

Ὗ

ộὟỚ
  ‌       ὥὲὨ         

ȿɱ ȿ

 ộȿɱȿỚ
   ‐ Eq. 3.1.3-9 

The values Ὗ  and ɱ  represent the time-averaged longitudinal velocity and vertical vorticity 

(i.e. Ὗ ό , and ɱ ‫ ), at a particular point ά in a discrete map. The term ộȿɱȿỚ 

represents the intrinsic spatial average3 of the time-averaged, absolute vorticity field (map); 

ό  and ‫ȟ  represent, respectively, the time-averaged longitudinal velocity and vorticity 

magnitude at ά; and Ὗ is the mean pore velocity. The criteria in Eq. 3.1.3-9 indicate that 

primary wakes are composed of points with vorticity fluxes higher than a threshold, ‐ ,  and 

longitudinal velocity lower than a predetermined value, ‌ . Both constants have to be 

determined empirically, and are expected to vary depending on the macroscopic descriptors of 

vegetation. Spatial averages (i.e. ộὟỚ and ộȿɱȿỚ) are used as reference thresholds to reflect the 

macroscopic flow properties, and also, to smooth any possible outliers remaining after the 

initial filtering of erroneous velocities. 

Before discussing the values of ‌  and ‐ , the criteria is described graphically. Figure 3.1.3-3 

to Figure 3.1.3-5 show the maps for Ὗ, ,and volume fraction of primary wakes ‫ ‭  

respectively. Clearly, Figure 3.1.3-3 shows that decreases in Ὗ take place not only behind stems 

but also expands radially near the stem (area A). Further, when two stems are sufficiently closed 

together, their wake effects and hence their recirculation regions combine (area B). For Figure 

3.1.3-4, a key detail is the fact that mean vorticity is highest not only behind stems but a 

vorticity field is created stems. This can be explained by the shear induced by each stem, which 

guarantees a source of vorticity around a stem. 

                                                           
3 Intrinsic average refers to averages considering only the extent of the pore space, omitting the space 
occupied by stems. 
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Figure 3.1.3-3. Map of non-dimensional mean longitudinal velocity for Test 3. 

 
Figure 3.1.3-4. Map of non-dimensional Vorticity for Test 3. 

 
Figure 3.1.3-5. Map of primary wakes ‭ πȢπφ. With ‌ πȢυ and ‐ πȢπφσ, for Test 3. 
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The appropriate arguments for the estimation of the vorticity threshold, ‐ , must be 

considered empirically. For the longitudinal velocity threshold, ‌ , on the other hand, a 

detailed spatial analysis of the mean velocity can inform the natural range at which the inner 

wake exists. Since no precedents exist for these values, these were adjusted to have primary 

wakes as close to the ςὨ recirculation region found in Gerrard (1978). The next section is 

devoted to the calculation of the shedding frequency, which is based on the temporal variation 

in velocity for the points shown in Figure 3.1.3-2c.  

3.1.3.2.2. Computation of the Shedding frequency and Strouhal number 

The shedding frequency describes the rate at which vortices detach from the inner wake and 

move along the secondary wake. Behind stems, where energy from the mean flow is 

transferred to vortex generation, times series of velocities, όὸ and ὺὸ, show periodic 

ŦŜŀǘǳǊŜǎ ŦǊƻƳ ǘǊŀǾŜƭƭƛƴƎ ǾƻǊǘƛŎŜǎ ǿƘƛŎƘ ƭŜŀǾŜ ǘƘŜƛǊ ΨŦƻƻǘǇǊƛƴǘǎΩ ŀǎ Ǌƻǘŀǘƛƻƴŀƭ ǾŀǊƛŀǘƛƻƴǎΦ ¢ƻ 

characterise vorticity and shedding frequency, the sinusoidal patterns in the ὺὸ profile at 

different points along the wake centreline are used. The dominant frequency is obtained via 

spectral analysis, using Fourier Transforms4 to get the spectrum (see Eq. 2.1-18, Chapter 2).  

In the primary wake, the velocity damping effect will mask fluctuations5, so variations in the 

velocity profiles due to vorticity will be difficult to detect (without measurements at higher 

frequencies). However, further downstream, when vortices detach, they will rotate, travel, and 

diffuse, so we can expect a decay in the sinusoidal patterns further downstream. Figure 3.1.3-6a 

shows the profiles of transverse velocity for points k, p and q (See Figure 3.1.3-2c). 

 

                                                           
4 Note that spectral analyses can only provide evidence of the length scale and frequency of detached 
vortices, and cannot describe coherent structures (Hussain, 1983). 
5 (Taylor, 1935, Part I and II) proposed an empirical, linear relationship for the ratio of mean velocity to 
turbulence intensity, ὟȾό ὥὼ ὦ, for dissipative turbulent flows behind honecomb and square grids.  
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Figure 3.1.3-6. a) Variation of Transverse velocity behind the stem, for points k, p and q. b) Frequency 

spectra of the velocity series for points k, p and q. 

As expected, for points behind a stem (Figure 3.1.3-6ς point k) vortices are not fully formed, 

and the reduction in velocity decreases the signal-to-noise ratio, concealing rotational motions 

in recorded velocity signals. This makes dominant frequencies harder to identify. Further 

downstream, at the point where vortices start to detach (Figure 3.1.3-6 ς point p), clear 

sinusoidal patterns in the transverse velocity time series can be discerned. Performing a 

spectral decomposition, the dominant frequency, Ὢ, which in this case corresponds to 1.56 Hz 

is clearly found. The amplitude (energy) of this frequency indicates that the flow structures are 

dominant and stable, albeit only at this location. Moving further downstream, the information 

for point q (Figure 3.1.3-6), shows that dissipation and diffusion have taken energy (i.e. 

rotation) from the detached structures. As a consequence, a reduction in the energy of the 

dominant frequencies is evident, as the larger structures are broken down into lower 

frequencies (i.e. energies). 

The next step is to extrapolate this measurement of shedding frequency Ὢ of a single stem, to 

that of the entire arrayτat least a subsample of stems from the image; to obtain an estimate 

for the entire vegetated array. To do this a total of 30 stems were chosen at random, and their 

frequencies computed at the equivalent location of point p for each one, that is ςὨ downstream 

from the stem rear. The results of this ensemble average of shedding frequencies, for each test, 

is presented in Table 3.1.3-1. 
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Table 3.1.3-1. Estimation of shedding frequencies and Strouhal number, from empirical predictions 

using nominal and corrected estimations of velocity, and from experimental estimations using spectral 

frequencies. 

TEST 

Predicted values Measured values from SPIV 

1 2 3 4 5 6 7 8 9 10 

╤   

[mm/s] 

╡▄▀  

[-] 

Ὓ*  

[-] 

Ὢ  

[Hz] 

ộ╤Ớ  

[mm/s] 

╡▄▀  

[-] 

Ὓ*  

[-] 

Ὢ **  

[Hz] 

Ὓ  

[-] 

ộȿⱷȿỚ  

[Hz] 

1 14 57 0.13 0.5 14.5 52 0.12 0.56±0.2 0.15 0.46 

2 20 80 0.15 0.8 15.2 56 0.13 0.64±0.3 0.17 0.52 

3 40 158 0.19 1.9 34.0 123 0.17 1.60±0.4 0.19 0.93 

4 68 270 0.21 3.5 59.0 214 0.20 2.90±0.8 0.20 1.25 

*Values from the equations for Ὓ in Fey, König and Eckelmann (1998) and McCroskey (1977) 

**Value of shedding frequency obtained as the ensemble average from a subsample of stems 

Table 3.1.3-1 shows the results of the ensemble average of shedding frequency for all tests. 

Assuming that the discharge was correctly calibrated, the nominal values of Ὗ , from 

continuity, and ὙὩ shown in Table 3.1.2-1 can be considered valid, and can thus be used to 

obtain shedding parameters, i.e. Strouhal number, from the empirical equations proposed by 

Fey, König and Eckelmann (1998) and McCroskey (1977). The obtained values are presented in 

column 3 of Table 3.1.3-1, and the shedding frequency based on this value is shown in column 4. 

The measured mean velocity, ộὟỚ, shown in column 5 of Table 3.1.3-1, was added to illustrate 

the variation in mean velocity within the array, from its nominal value. The value was measured 

as the double average of longitudinal velocity, only considering the pore space (see Figure 

3.1.3-3). This change in mean velocity with respect to the nominal value can be the effect of 

two possible causes: surface values deviate from mid-flow velocities, or values not being 

correctly calibrated during the experiments. The corrected Reynolds numbers from these 

estimations are shown in column 6, and the empirical estimations of Ὓ are presented in column 

7. Using the methodology explained above for the experimental estimation of Ὢ, based on a 

subsample of stems, the ensemble average is presented in column 8, and the corresponding 

experimental value of the Strouhal number is given in column 9. The spatial average of the 

time-averaged vorticity magnitude is presented in column 10. 

The empirical predictions of Strouhal number based on the double-averaged velocity are lower 

than the values obtained using nominal mean velocity values, and both values are lower than 

the experimental estimations via the ensemble averages of Ὢ, for tests 1 ς 3. Nonetheless, the 

differences between estimations are not large enough to induce errors in the predictions of 

vortex trapping dispersion, Ὀȟ. These estimations reveal a contradiction, the increase in shear 
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stress has been shown to delay the onset of vortex shedding (Kiya, Tamura and Arie, 1980). The 

higher values of shedding frequency reported in Table 3.1.3-1 may be explained by the fact 

that, while for some stems the increase in shear can delay the onset of wake oscillations and 

hence frequency; in other stems, background turbulence can induce instabilities that will 

precipitate the formation of vortices. Also, stem interactions can induce pairs of stems to 

behave as a single obstruction, so, by having the same shedding frequency (as it is a function 

of the array Reynolds number) with a larger length scale, a higher Strouhal number is obtained. 

The question now is: how can this analysis be extrapolated to cases where a detailed 

characterisation of Ὢ for each stem is not possible? This could arise, for instance, in CFD 

modelling where a detailed temporal characterisation of the flow is unattainable, but mean 

variations of the quantities of interest are available. To address this question, some basic 

information of the vorticity is necessary, which is a quantity relatable to shedding frequency. 

These are two different parameters describing a single process. We know that shedding 

frequency and absolute vorticity, are both proportional to mean longitudinal velocity and will 

scale accordingly, i.e. ȿ‫ȿḐὪ . As an example, consider the spatial average of mean absolute 

vorticity,  ộȿ‫ȿỚ, the quantities of which are given in Table 3.1.3-1 for each test. If we compare 

the variation in ộȿ‫ȿỚ with the changes in Ὢ, a proportional relationship is obtained, as shown 

in Figure 3.1.3-7. 

 

Figure 3.1.3-7. Linear best-fit of shedding frequency as a function of mean absolute vorticity. 

Figure 3.1.3-7 shows a strong correlation between the increase in mean absolute vorticity and 

shedding frequency. This illustrates a possible relationship between a time-averaged descriptor 
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of vorticity, or rotational motion6, shedding frequency and subsequently Strouhal number. 

However, experimental limitations make this dataset insufficient to conclude a valid applicable 

relationship.  

From this section, the following conclusions can be drawn: 1) for the purposes of calculating 

the shedding frequency as the reciprocal of retention time, †, for the White and Nepf (2003) 

model, a single value of Ὢ does not represent the variation in retention time in the array. A 

characterisation that takes into account the effects of shear and background turbulence is 

needed. 2) Whilst the actual frequency might change for different stems within a vegetated 

reach, its non-dimensional parameter, Strouhal number, Ὓ, will not vary significantly. This 

means that even for high vorticity, an effective removal of mass from the inner wake will greatly 

depend on the mean longitudinal velocity, as this will describe the speed with which vortices 

are transported downstream. 3) An experimental relationship between shedding frequency 

and a descriptor of mean vorticity can be obtained, but more data is needed to assert the 

validity of this statement.  

3.1.3.2.3. Computation of velocity fluctuations along the wake centreline Xsc ς 

Calculation of velocity fluctuation variance Ɑ◌ in the secondary wake 

Eq. 3.1.3-7 presents the general expression for the effect of the secondary wake on longitudinal 

dispersion, as proposed by White and Nepf (2003). The most important parameter is the non-

dimensional variance, „ᶻ , of wake-induced velocity fluctuations, ό . This parameter is derived 

from a conditional average of the RANS equation, and dimensional simplifications, which only 

includes points within the secondary wake of a stem. Considering a normalized coordinate 

system ὼᶻȟώᶻ with origin at the end of the primary wake (i.e. point p from Figure 3.1.3-2c), 

so that its variation downstream is independent of flow upstream, White and Nepf (2003) 

defines the wake-induced velocity ό  as,   

ό ὼᶻȟώᶻ  
ὅὟ ὙὩ

τЍ“ὼz
ÅØÐ

ὙὩ ώᶻ

τὼz
ὅὥὨὼᶻ  Eq. 3.1.3-10 

 

Eq. 3.1.3-10 is equivalent to the expression for the mean velocity in the far wake, from a circular 

cylinder, presented by Schlichting (1979, Eq. 24.39), with an additional first order decay term, 

ὅὥὨὼᶻ, that represents the effect of upstream drag on the stem of analysis. This expression 

                                                           
6 Just as mean absolute vorticity is a parameter, we can have angular velocity, maximum vorticity or a 
fraction of it to describe the evolution of Ὢ. 
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takes into account two important physical phenomena. First, cylinder drag is the dominant 

driver of turbulence and turbulent diffusion (Nepf, 1999) through wake production (Raupach 

and Shaw, 1982; Finnigan, 2000). Hence, a drag coefficient will dictate the magnitude and 

extension of turbulent effects. Second, wake-related turbulence is unaffected by background 

turbulence, and decays to zero after the effect of vegetative drag is dissipated or entirely 

diffused.  

Both assertions are based on the assumption of a local energy equilibrium, which, for a single 

stem  (Eq. 3.1.3-10) cannot be asserted (Nikora, 2000). This is due to the fact that an energy 

equilibrium considering wake production similar to dissipation is done for a spatial average of 

the flow field (Finnigan, 2000). This, in turn, requires a spatial extent sufficiently larger than the 

largest spatial heterogeneities in order to comply with the averaging theorems (Monin and 

Yaglon, 1971, p. 207). In other words, the balance between production and dissipation should 

be considered at an array level, not for a single stem, especially when the balance at a specific 

stem is affected by the effects of adjacent stems. 

The expression given in White and Nepf (2003), for secondary wake dispersion, is based on the 

assumption that turbulence effects and mean velocity heterogeneities are independent, and 

consequently considered separately. From the analytical definition of cylinder-induced 

variations in mean velocity, given in Eq. 3.1.3-10, a characteristic velocity scale, defined as the 

variance of mean velocities, can be defined by adding the perturbations caused only be 

secondary wakes in a vegetated reach, as presented in Eq. 3.1.3-11.   

„  ό ὼ Ὗ ὴό Ὠό
ᶻ

 Eq. 3.1.3-11 

 

The mean longitudinal pore velocity Ὗ is considered equal to the average obtained from only 

secondary wake contributions (Eq. 3.1.3-10). This is a consequence of the assumption of 

negligible momentum contributions from gaps between stems presented above. White and 

Nepf (2003) propose the following analytical solution to Eq. 3.1.3-11, from the definition of ό  

given in Eq. 3.1.3-10. 

„  
Ὗ

ρφЍ“
ɜ
ρ

ς
ȟςὼᶻὅὥὨ ὅ ὥὨ ὙὩ Eq. 3.1.3-12 

 

To evaluate Eq. 3.1.3-12 it is necessary to know the drag coefficient, ὅ , and the turbulent 

Reynolds number, ὙὩ  ὟὨȾ ’ ’ , where the eddy diffusivity, ’, depends on the 

Reynolds stresses along the secondary wake. Experimental estimations of these quantities are 



Chapter 3. Preliminary Experiments 
Jesús Leonardo Corredor García                                                                                           

74 
 

presently unattainable for full vegetated arrays. Two alternatives for the scale of the velocity 

heterogeneities („ ), in order to compute Ὀȟ are explored in this work. First, the dispersive 

fluxes, όό , available from the SPIV data, are used as a proxy for the velocity scale „ . 

Second, empirical estimates for ὅ  and ὙὩ, alongside a Taylor expansion approximation of the 

incomplete gamma function, ɜρςϳȟςὼᶻὅὥὨ, are used to solve Eq. 3.1.3-12. 

The statistical treatment of secondary wake velocities leading to Eq .7, will be analysed in detail 

in Chapter 3.2. For now, it should be noted that separating turbulence and mean velocities does 

not reflect the effects both have in the trajectory of a diffusing Lagrangian particle. To illustrate 

this, the points k, p and q, along the sample wake presented in Figure 3.1.3-2c, are selected to 

discuss the variations in longitudinal velocity. Figure 3.1.3-8 show the time series of longitudinal 

velocity of the points during a sampling interval of 30 seconds for Test 3. 

The time series of longitudinal velocities elucidate some of the main features of the flow behind 

a stem. Points closer to the recirculation zone (points k and p) show higher variability, indicating 

higher turbulence production, which tends to dissipate as the area of analysis moves further 

downstream (point q). Below, the spatial variation along the axis ὢ  of: the mean longitudinal 

velocity Ὗ, mean transverse velocity ὠ, mean vorticity magnitude ȿɱȿ, turbulence intensity of 

longitudinal velocity  ό , and turbulence intensity of transverse velocity  ὺ , are shown. It is 

important to note that the subscript ύ means that the quantities described are referred to the 

wake centreline. 

 

Figure 3.1.3-8. Time series of Longitudinal velocity at point k (recirculation region), p (shedding point), q 

(further within the secondary wake). 
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Spatial analysis of the wake ς variation with respect of the wake centre line 

Longitudinal Velocity ╤ 

The variation of time-averaged velocity along the wake centreline (see Figure 3.1.3-9) shows 

that an effective reduction in mean velocity occurs upstream of stems, meaning that 

recirculation zones (cf. primary wakes) should be considered as the entire boundary layer area 

around stems. This reduction in velocity is coupled with zones of velocities above advection, 

further downstream from the wake. The variance of mean velocities is clearly proportional to 

Reynolds number, which is the basis for assuming dispersive fluxes as an appropriate proxy for 

the velocity scale „ . 

 

Figure 3.1.3-9. Variation of mean longitudinal velocity along the line Xsc describing the wake centreline 
of a single stem. Dashed lines represent mean pore velocities for each test. 

Transverse Velocity ╥ 

Similar to the region of velocity damping found for longitudinal velocity in Figure 3.1.3-9, we 

can see an increase in negative transverse velocity (i.e. transverse velocity magnitude) as the 

centreline approaches a downstream cylinder. This could imply that mechanical transverse 

dispersion takes effect before the actual stem, or simply that this increase reflects the 

circulation effect of the stem. 
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Figure 3.1.3-10. Variation of mean transverse velocity along the Xsc describing the wake centreline of a 
single stem. 

Variation of Vorticity 

As we have seen earlier, vorticity is defined in part by the longitudinal gradient in transverse 

velocity, and this plots of vorticity corroborate that. Additionally, vorticity appears some 

distance upstream of a stem, which reinforces the hypothesis that the primary wake is not 

limited to the rear of a cylinder. 

 

Figure 3.1.3-11. Variation of mean vorticity and mean absolute along the line Xsc describing the wake 
centreline of a single stem. 
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Variation of Streamwise Wake Turbulence Intensity ◊◌ 

As presented in (Paranthoën et al., 1999), the peak of longitudinal turbulence intensity is found 

at the end of the recirculation region, along the wake centreline. Figure 3.1.3-12 corroborates 

these findings. Further, it can be seen that value of background (i.e. unperturbed) turbulence 

intensity is proportional to Reynolds number, for all the tests analysed. 

 

Figure 3.1.3-12. Variation of Turbulence Intensity of longitudinal velocity along the line Xsc describing 
the wake centreline of a single stem. 

Variation of Transverse Wake Turbulence Intensity ○◌ 

The smooth slope with which  ὺ  varies shows that the diffusive effect decays more slowly 

along the wake when compared with that of ό . This implies that the evolution of the wake 

width and length with distance downstream is dominated by the diffusive effect of turbulence 

in the transverse direction. 
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Figure 3.1.3-13. Variation of Turbulence Intensity of Transverse velocity along the line Xsc describing the 
wake centreline of a single stem. 

Figure 3.1.3-9 to Figure 3.1.3-13 show that in general, the effect of the secondary wake 

downstream from a stem may be dominated by the presence of a stem further down. The decay 

rate of turbulence in the wake of a stem can reveal important effects related to diffusion. For 

the case of  ό , the rapid initial increase and subsequent quick decay means that diffusion due 

to longitudinal velocity fluctuations occurs early in the secondary wake, and further 

downstream, dispersion is dominated by advection, until a new stem is found. Similarly, the 

main contribution to mean velocity heterogeneities comes from the velocity defect zone at the 

onset of the secondary wake, as can be seen from Figure 3.1.3-9. However, this is the case only 

for low ὙὩ, where wake velocities reach Ὗ downstream from each cylinder. For higher values 

of ὙὩ and stem densities, local advective acceleration pathways are created to compensate 

the increasing resistance to flow. In other words, the assumptions leading to the expression for 

Ὀȟ, presented by White and Nepf (2003), and shown in Eq. 3.1.3-7, are expected to be valid 

for low Reynolds numbers and sparse configurations. The next section presents the estimation 

of these parameters and the comparison with experimental estimations of Ὀ . 

3.1.4. Computation of Dispersion Coefficients from Experimental 

Data 

After presenting the criteria to calculate the necessary parameters to compute longitudinal 

dispersion, this section describes how each parameter was computed from Surface PIV data, 

the summary of results is given in Table 3.1.4-1. 
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Turbulent Diffusion ╓◄ 

The proportionality constant ‌, shown in Eq. 3.1.3-3, has been found to vary between 0.1 and 

0.2 for vegetated reaches with solid volume fraction less than 0.1 (ὥὨ πȢρ). A value of 0.2 

was chosen. 

The turbulence scale presented in Eq. 3.1.3-3, the square root of turbulent kinetic energy, ЍὯ, 

was obtained as the spatial average of ЍὯ for all points within the flow field, a single estimate 

for each test was obtained. A list of all turbulence intensities found is given in the third column 

of Table 3.1.4-1.  

Vortex Trapping Dispersion ╓●ȟ○ 

The proportionality constant ‍ (Eq. 2.3-8, Chapter 2), has been found to be of order 1-10, for a 

wide range of vegetation densities, and values of 3.2 and 2.3 have been reported by Lightbody 

and Nepf (2006b, 2006a) and White and Nepf (2003), respectively. A value of 3.2 has been 

chosen to reflect that we must account for the variation in shedding frequency, and therefore 

increase in trapping. 

‭  (proportion of wakes occupied by primary wakes), is evaluated from the maps of mean 

longitudinal velocity and mean vorticity, according to the conditions expressed in Eq. 3.1.3-9. It 

was found that for the tests with low velocities, where a trapping zone is expected at the rear 

of the stem and will extend approximately 2 diameters downstream, the values 0.5 and 0.1 for 

‌  and ‭ , respectively, were chosen for the estimation. The values of ‭  found for each test 

are given in the 4th column of Table 3.1.4-1. 

Ὓ (Strouhal number), the values found for the ensemble average of the frequencies found for 

a sample of stems in the maps are given in Table 3.1.3-1, and repeated in the 5th column of 

Table 3.1.4-1. 

Secondary wake Dispersion ╓●ȟ▼ 

Two alternatives for the calculation of „  (variance of spatial velocity heterogeneities in the 

time-averaged velocity field caused by secondary wakes, Eq. 3.1.3-7), are explored. First, 

dispersive fluxes όό , see Eq. 2.2-42 (Chapter 2), are computed from the SPIV maps of mean 

longitudinal velocity and used as a proxy for „ . Second, „  was computed from the analytical 

solution shown in Eq. 3.1.3-12, using the same empirical value for ὙὩ presented in White and 

Nepf (2003), and ὅ  was obtained from Tanino and Nepf (2008a) empirical model for array 
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drag. The estimations from the first alternative are presented in Table 3.1.4-1, and all 

alternatives are compared to experimental results for Ὀ  in Figure 3.1.4-2. 

Ὓὧ, the turbulent Schmidt number (Eq. 3.1.3-7), expresses the ratio between eddy diffusivity 

and eddy viscosity; a value of Ὓὧ ρ is typically a good assumption for a wide range of 

transitional and turbulent flows (Hinze, 1975). 

ίᶻ (non-dimensional mean spacing between stems, Eq. 3.1.3-7), this value is defined as ίᶻ

ίȾὨ, where ί is the mean (edge-to-edge) spacing between stems. To calculate the mean 

spacing, it was necessary to describe the spatial variation of stems along the entire bed array. 

This was done by performing a triangulation between all stems and finding the probabilistic 

distribution of the distances between them. To save consistency and space, Figure 3.1.4-1a 

shows a subsample of the triangulation for the SPIV window to illustrate the process, and Figure 

3.1.4-1b shows the resulting spacing distribution. It is important to clarify that not all lines 

joining two stems represent a valid stem-to-stem spacing, e.g. the lines drawn at the edges of 

the triangulation. To avoid errors induced by this, all outer edges were removed from the 

distribution. The mean stem spacing, considering the probabilistic distribution shown in Figure 

3.1.4-1b, was found to be ί πȢπυρ m, and non-dimensionalised with stem diameter yielded 

ίᶻ ρςȢχȢ In other words, all stems are separated on average, a distance of 13 diameters 

between each other. 

 

Figure 3.1.4-1. a) Triangulation between stems for the calculation of the mean stem spacing. b) 
Distribution of stem spacing for all tests, mean stem spacing was found to be 0.06 m. 

Considering the foregoing parameters, we now proceed to calculate longitudinal dispersion as 

the result of the joint effects of turbulence, vortex trapping and secondary wakes. Estimates of 

each dispersion process are given, respectively in columns 7, 8 and 9 of Table 3.1.4-1. 
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Table 3.1.4-1. Parameters from SPIV maps. 

TEST 

 

╤ 

[mm s-1] 

╓◄ 

Ѝ▓ 1 

 [cm s-1] 

╓●ȟ○ 

◌ꜗ 1 

 [-] 

╓●ȟ○ 

╢◄ 
1 

[-] 

╓●ȟ▼ 

Ɑ◌ 1 

[m2 s-2] 

 

╓◄ 

[m2 s-1] 

 

╓●ȟ○ 

[m2 s-1] 

 

╓●ȟ▼ 

[m2 s-1] 

 

╓● 

[m2 s-1] 

1 14.5 0.19 0.072 0.15 1.6e-5 1.5e-6 0.9e-4 7.9e-5 1.7e-4 

2 15.2 0.18 0.072 0.17 1.9e-5 1.5e-6 0.8e-4 9.0e-5 1.7e-4 

3 34.0 0.49 0.063 0.19 7.9e-5 3.9e-6 1.4e-4 1.7e-4 3.2e-4 

4 59.0 0.71 0.043 0.20 1.8e-4 5.7e-6 1.6e-4 2.2e-4 3.8e-4 

1 These columns specify to which dispersion component each of the computed quantities 
belong, e.g. the fraction of the flow field occupied by primary wakes, ‭ , is a quantity 
needed to compute the vortex trapping dispersion coefficient. 

The computed values for Ὀ , using the experimental SPIV data, are comparable for low flow 

rates, but underpredict the values obtained experimentally, for ὙὩ ρππ. Vortex trapping 

dispersion, Ὀȟ, decreases with increasing Reynolds number, as expected, knowing that after 

the threshold for shedding frequency has been surpassed (ὙὩ χπ) vortex shedding causes 

the retention time to drop rapidly.The spatial effects of secondary wakes are more prominent 

than vortex trapping because they make up a bigger portion of the flow field, which has been 

shown experimentally by Sonnenwald et al. (2017). Also, turbulent diffusion appears to play no 

role in the longitudinal dispersion of dye; this, although physically unrealistic, follows the same 

observations done to the diffusion model done in previous papers (Nikora, 2000; Ricardo, 

Franca and Ferreira, 2016; Sonnenwald et al., 2017). 

This under prediction of Ὀȟ is the result of the value of „  calculated for all tests, which reveals 

some shortcomings of the model given in Eq. 3.1.3-10 and Eq. 3.1.3-11, the most prominent 

being the fact that local convective acceleration becomes more prominent with increasing ὙὩ. 

The experimental results presented, and summarised in Figure 3.1.4-2, confirm the idea that 

velocity defect areas are the primary driver of secondary wake dispersion, for low flows. 

However, this conclusion is only applicable to sparse configurations (• πȢππυ, where 

minimal interaction between stems occur, and each behave as an isolated element. The low 

resistance to flow in sparse configurations also implies that velocity fields downstream from 

stems recover to uniform conditions, as further obstructions are less likely to be found. Higher 

densities, on the other hand will tend to generate high conveyance pathways as stem sheltering 

starts to occur. These local acceleration zones are expected to be more significant in the 

estimation of mean velocity heterogeneities for denser configurations. 
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An alternative to the model for Ὀȟ given in Eq. 3.1.3-7, is the simplified expression by 

Lightbody and Nepf (2006b) for emergent vegetation with solid fractions • πȢρ 

Ὀȟ  
ρ

ς
ὅ
Ⱦ
ὟὨ Eq. 3.1.4-1 

 

For the quantification of ὅ , Tanino and Nepf (2008a) relied on the empirical expression derived 

by Ergun (1952), 

ὅ ς
‌

ὙὩ
 ‌  Eq. 3.1.4-2 

 

Where ‌  and ‌  are best-fit coefficients that depend linearly on stem diameter Ὠ and solid 

volume fraction •.  

‌ χςχφȢτσὨ ςσȢυυ 

‌ σςȢχπὨ σȢπρ• πȢτς 
Eq. 3.1.4-3 

 

If we compute secondary wake dispersion from Eq. 3.1.4-3, using the empirical coefficients just 

given, we find that the effects of longitudinal dispersion are now those presented in Table 

3.1.4-2. 

 

 

Table 3.1.4-2. Parameters using the simplified expression for Ὀȟ 

TEST 
╤ 

[cm s-1] 

╓◄ 

[m2 s-1] 

╓●ȟ○ 

[m2 s-1] 

╓●ȟ▼ 

[m2 s-1] 

╓● 

[m2 s-1] 

1 14.5 1.5e-6 0.9e-4 1.5e-4 2.4e-4 

2 15.2 1.5e-6 0.8e-4 1.5e-4 2.3e-4 

3 34.0 3.9e-6 1.5e-4 1.8e-4 3.3e-4 

4 59.0 5.7e-6 1.6e-4 2.4e-4 4.0e-4 

 

Figure 3.1.4-2 shows the results of the tracer tests in terms of mean and standard deviations 

(box plots), taken from the optimised dispersion coefficients shown in Figure 3.1.2-2. These 

results were compared with the different approaches presented: the model for Ὀȟ with „  

calculated using dispersive fluxes as a proxy; using empirical estimations of ὅ  and ὙὩ for the 

analytical solution to Eq. 3.1.3-12 (as presented in White and Nepf, 2003); and with the 

simplified expression using ὅ . 
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Figure 3.1.4-2. Comparisons of results from tracer tests and predictions using velocity information from 

SPIV data. 

Results from dispersion models and experimental measurements are comparable for low 

Reynolds numbers, i.e. ὙὩ ρππ. The simplified model for secondary wake dispersion (Eq. 

3.1.4-1) predicts the experimental data marginally better this range; the results fall within the 

2 central quartiles from the distribution of Ὀ  values obtained experimentally. For the last tests, 

ὙὩ ρππ, the difference between experiments and estimations increases with ὙὩ. Note 

that trapping behind stems is expected to decrease due to higher rates of mass transfer 

between the recirculation zones and the outer flow; however, the opposite trend is found from 

the estimates in Table 3.1.4-1. The approach for the area of primary wakes, ‭ , used herein is 

a function of ὙὩ, as proposed in White and Nepf (2003), however, the behaviour of this 

dependency requires further analysis. Seeing that boundary layers around stems define the 

extent and induce the trapping into primary wakes, and from Figure 3.1.3-9, it is seen that these 

decrease with increasing ὙὩΣ ƛǘ ƛǎ ƛƴ ǘƘŜ ŀǳǘƘƻǊΩǎ ōŜƭƛŜǾŜ ǘƘŀǘ ‭  is inversely proportional to 

ὙὩ.  

Another important factor to consider is the effect of wake interactions, which are overlooked 

in Eq. 3.1.3-10. One can imagine that a particle that has experienced turbulence from a stem, 

when enters the secondary wake of another stem its state of motion (i.e. diffusivity) will get 

amplified, so, for an actual variance of wake-induced velocity fluctuations to be physically 

consistent, we must add the effects of wake interactions, which are linked to the existence of 

coherent structures. This will be explored via velocity statistics in Chapter 3.2. In conclusion, the 
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model presented by White and Nepf (2003) to characterise longitudinal mixing is reliable for 

low Reynolds numbers, and sparse configurations, for all alternatives to compute Ὀȟ. 

However, it has been found that some physical assumptions behind the expressions for 

dispersion require further analysis, particularly those associated with treating dispersion 

components as independent.  

3.1.5. Conclusions 

A complete physical characterisation of the physical parameters needed to quantify 

longitudinal dispersion from velocity information, obtained through Surface PIV has been 

presented. Specifically, the analysis focused on vortex trapping and secondary wake dispersion. 

For vortex trapping, the shedding frequencies measured from the velocity data were found to 

vary little from the values measured in the literature. Indeed, the variation in Strouhal number 

is found to be small compared to that of the area of primary wakes. Although the model for 

vortex trapping, Ὀȟ, is physically sound; there are still remaining questions regarding the 

spatial characterisation of the primary wake. An empirical definition, based on the effects of 

increased vorticity and longitudinal velocity defects has been proposed, but a detailed analysis 

of its validity is still in order. Also, it should be remarked that the computation of shedding 

quantities (i.e. Ὢ and Ὓ) requires a detailed spatial description of the vegetated reach, which, 

due to experimental or field limitations might not be always achievable. alternatives that can 

relate these quantities to macroscopic descriptors of vegetation, e.g. mean vorticity magnitude, 

for practical applications, should be explored. Figure 3.1.3-7 shows that such a relationship can 

be constructed with the available data, but the nature of this relationship, and the extension to 

other cases requires further analysis. 

All approaches for secondary wake dispersion were found to perform similarly, which confirms 

the validity of  White and Nepf (2003) solution for wake velocities, for low Reynolds numbers. 

However, both the assumptions and the model under predicted dispersion for ὙὩ ρππ. This 

mismatch is also expected for larger stem densities where stems interactions are expected. For 

the solid volume fraction analysed here, most stems in the array are expected to behave as 

isolated elements (unaffected by the effects of neighbouring stems), as their mean separation 

is approximately 13 diameters (Sumner, 2010). For isolated stems (cylinders), the induced flow 

perturbation is mainly the result of the velocity defect in the secondary wake. From this 

premise, the White and Nepf (2003) analytical model for Ὀȟ treats velocity heterogeneities as 

the superposition of flow perturbations from individual stems. This analysis overlooks the 
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effects of near- and far-wake interactions, which, for denser distributions and larger Reynolds 

numbers can induce acceleration regions between stems and thus increase the scale of mean 

velocity heterogeneities, as the experimental results in Figure 3.1.4-2 suggest. 

Lastly, it is in the authorΩǎ opinion that the analysis behind the secondary wake dispersion 

component, Ὀȟ, (cf. differential advection) should be revised. Even though, generally, features 

like increased turbulence production and spatial velocity heterogeneities are correctly included 

in the model presented in White and Nepf (2003), some issues remain. First, assumptions of 

negligible contributions from background turbulence and local advective acceleration on 

dispersion, as depicted in the development of Eq. 3.1.3-10, do not match the persistence of 

these quantities seen in experimental results (see Chapter 3.2). Second, dispersion from 

velocity statistics is defined for a Lagrangian frame of reference, and its use on time-averaged 

velocity fields is not justified. Lumley (1962) showed that a direct Lagrangian-Eulerian 

transformation of the velocity correlation function cannot be analytically achieved.  Any use of 

the correlation function, as proposed initially by Taylor (1922), must consider these caveats in 

detail.  
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3.2. EXPLORATION OF VEGETATED 

HYDRODYNAMICS USING MULTI-POINT 

VELOCITY STATISTICS 

 

3.2.1. Introduction 

In vegetated flows, turbulence processes are associated with the presence of stems and evolve 

along their wakes. Diffusion is therefore determined by turbulent characteristics along each 

stem wake, and their mutual interactions. This research presents a series of experiments, 

designed and executed to describe two-point velocity statistics along cylinder wakes (a 

surrogate for stem wakes), within a vegetated flow. For this, Acoustic Doppler Velocimeters 

(ADVs) were used to obtain simultaneous velocity measurements from a reference point in the 

onset of a wake and several points downstream. This procedure allows for the experimental 

construction of a velocity correlation curve, and subsequently the computation of early-stage 

diffusion profiles, relative to cylinder wakes, purely from turbulent velocity data. The results 

show that an approximation of quantities, such as the width of a wake and the turbulent 

dispersion coefficient, can be obtained from the dataset. Furthermore, the results are used to 

study the interactions between adjacent wakes and their impact on the overall diffusion of 

mass through a vegetated system. 

Previous studies have explored the problem of solute transport in vegetated flows from a 

physical perspective. In the formulation of two-dimensional vegetated dispersion (see 

Section 2.4) the contribution from molecular and turbulent diffusion are considered isotropic 

phenomena (Nepf, Sullivan and Zavitoski, 1997; Nepf, 1999), as turbulent structures have the 

same extent in the streamwise and transverse direction. The additional contributions caused 

by the presence of stems:  shear, path tortuosity and trapping are considered directional 

components. Specifically, the following physical phenomena are considered:  

a) Streamwise Dispersion is caused by vortex trapping and differential advection. The former 

refers to the existence of a recirculation zone behind each stem, and the latter represents the 

difference in mean velocities between low velocity zones behind stems and high velocity areas 
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between stems. Generally, vortex trapping is expected to decrease for increasing Reynolds 

numbers; the opposite trend is expected for differential advection. Both are also predicted to 

be proportional to vegetation density (White and Nepf, 2003).  

b) Transverse Dispersion is caused by transverse velocity fluctuations and mechanical 

dispersion. The latter refers to the spread in variance of particles as they encounter physical 

obstructions. When compared with vegetation density, the number of collisions increases for 

denser vegetated reaches, thereby enhancing mechanical dispersion whilst decreasing the 

porous space and, the scale of turbulence and thus the effect of turbulent dispersion (Tanino 

and Nepf, 2008b). Transverse dispersion is mainly dependent on vegetation morphology. 

.ƻǘƘ ƳƻŘŜƭǎ ǿŜǊŜ ŘŜǾŜƭƻǇŜŘ ŦǊƻƳ ǘƘŜ {ǘƻƪŜǎΩ Ŧƭƻǿ ŀƴŀƭȅsis of porous and fibrous media given 

in Koch and Brady (1985, 1986). This limits the applicability of the models and the physical 

reasoning behind them. Consequently, White and Nepf (2003) confine the validity of their 

model to low and moderate stem Reynolds numbers (ρπ  ὙὩ  ρπππ). Following previous 

experimental studies quantifying dispersion under these conditions (Serra, Fernando and 

Rodríguez, 2004; Huang et al., 2008; Shucksmith, Boxall and Guymer, 2010; Sonnenwald et al., 

2017), no strong trends could be identified between dispersion metrics (i.e. coefficients) and 

ǎƻƭƛŘ ǾƻƭǳƳŜ ŦǊŀŎǘƛƻƴ ƻǊ wŜȅƴƻƭŘǎ ƴǳƳōŜǊΦ Lǘ ƛǎ ƛƴ ǘƘŜ ŀǳǘƘƻǊΩǎ ōŜƭƛŜŦ ǘƘŀǘ ǘƘƛǎ ƳƛǎƳŀǘŎƘ 

between experimental evidence and theoretical predictions highlights the need for better 

characterisations of the vegetated velocity field. Particularly regarding coherent structures, 

which dominate mass and momentum transfer along and between stem wakes. 

A thorough study of wake interactions should take into account the effects of stem spacing and 

relative orientations (Sumner, Richards and Akosile, 2005), on several different parameters, e.g. 

sheltering and drag coefficient decay (Bokaian and Geoola, 1984), and vortex 

shedding/Strouhal number and fluid forces (Zhou et al., 2009; Tong, Cheng and Zhao, 2015; 

Zhou and Mahbub Alam, 2016; Kim and Christensen, 2018). Several useful insights are extracted 

from these experimental and numerical studies. Overall, sheltering induces a decrease in vortex 

shedding frequency for downstream cylinders (thereby increasing the trapping time behind 

stems), as well as in incoming hydrodynamic forces. A further exploration of this is given in 

Chapter 7. No strong inference can be made about drag coefficients as they fluctuate 

depending on spacing and orientation. 

These results are obtained from aerodynamics studies and thus provide useful insights on 

stability, resonance and acoustic noise; and some results on drag can be extrapolated to the 

problem of vegetated flows. However, the data for these studies is limited to the near wake 
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(ὼᶻ  ὼȾὨ  σ, from the cylinder centre) and does not offer information on the downstream 

evolution of the wakes, which is the region of interest for the study of diffusion. Further, most 

of these studies were undertaken using planar techniques, or point-based measurements 

around individual or cylinder pairs. Reproducing these studies in vegetated flows presents a 

challenge, as experimental limitations exist to the velocity characterisation within full 

vegetation arrays. For planar optical methods, such as PIV, the presence of obstructions 

generates shadowing and undesired refractions of light. Further, the intrusive nature of point-

based measurements (LDA, ADV), makes them sensitive to optical, acoustic and physical 

interferences, from both the instruments and the stems. Point-based measurements are 

presented in this chapter, for a sparse configuration of stems, to study first and second order 

velocity statistics over a pair of interacting wakes. A novel experimental configuration to resolve 

spatial velocity fields, using planar optical techniques in vegetated arrays is presented in 

Chapter 4, the measured velocity fields are presented and analysed in Chapter 6 and Chapter 

7. 

This chapter presents an experimental study designed to obtain a velocity characterisation 

relevant to vegetated diffusion (i.e. two-point statistics). The flow is located within a sparse, 

randomly distributed vegetation7, with cylinders as surrogates for stems. Two-point velocity 

statistics, necessary to describe dispersion metrics, were obtained from simultaneous 

measurements with fixed and mobile ADV probes. The Reynolds numbers, reference cylinders 

(stems) location and orientation were selected to avoid acoustic and physical interferences, 

whilst also providing a representative sample of points from two adjacent cylinders. The space 

between cylinders was selected to avoid near wake interference, but allow secondary wake 

interactions. 

Before a description of the set-up, it should be explained that the analysis of velocity statistics 

from secondary wakes was motivated by a critical analysis of White and Nepf (2003) model for 

longitudinal dispersion. Specifically, the assumptions leading to the secondary wake dispersion 

component. Note that the model is the best theoretical approach to the problem so far, with a 

thorough phenomenological description that has served as the foundation for many 

subsequent analyses. Its importance should always be acknowledged. However, the treatment 

of velocity statistics, and their use alongside Taylor (1922) Theory of Diffusion, negates some 

important underlying conditions for its application, thus hindering its reproducibility. 

                                                           
7 The cylinder distribution was obtained as the central third of the RandoSticks configuration described 
in Chapters Chapter 4 and Chapter 4, but only considering cylinders with 20 mm diameters. 



Chapter 3. Preliminary Experiments 
Jesús Leonardo Corredor García                                                                                         

90 
 

Dispersion predictions based on this model, and presented in Chapter 3.1, indicate that, except 

for very sparse configurations (• ρππ), the extent of stem-induced velocity heterogeneities 

are underestimated. Section 3.2.1.1 presents a discussion of the main assumptions in question, 

which will then be contrasted with the experimental results. A final descriptions of the general 

problem of mass transfer between interacting wakes is presented at the end of the chapter. 

3.2.1.1. Previous Model and Rationale for the ADV study 

The purpose of this study is to use velocity statistics to inform dispersion models in vegetated 

reaches, an undertaking ǘƘŀǘ ƘŀǎΣ ǘƻ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ ƴƻ ǇǊŜŎŜŘŜƴǘ ƛƴ ǘƘŜ ǊŜƭŜǾŀƴǘ 

literature. The main models for longitudinal and lateral dispersion in vegetated flows have been 

proposed by White and Nepf (2003), and (Tanino and Nepf, 2008b, 2009), respectively. These 

approaches are based on Koch and Brady (1985, 1986) models for diffusion due to mean 

velocity heterogeneities caused by random arrays of spheres in Stokes flow.  When compared 

to practical cases of turbulent flow, both the theoretical bases and the derived models for 

vegetated dispersion present some limitations. To understand these limitations, and provide a 

baseline to compare the experimental results presented here, this subsection gives an overview 

of the model for Longitudinal Dispersion presented by White and Nepf (2003). The assumptions 

will be contrasted and examined in light of the experimental results presented. 

White and Nepf (2003) model for Longitudinal dispersion 

Let us begin by giving the definition of the wake velocity derived by White and Nepf (2003)  

ό ὼᶻȟώᶻ  
ὅὟ ὙὩ

τЍ“ὼz
ÅØÐ

ὙὩώᶻ

τὼz
ὅὥὨὼᶻ  Eq. 3.2.1-1 

 

where ό ὼᶻȟώᶻ ƛǎ ǘƘŜ ΨǾŜƭƻŎƛǘȅ ŘŜŦŜŎǘΩ ŦǳƴŎǘƛƻƴΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ƳŜŀƴ ǎǘǊŜŀƳǿƛǎŜ ǾŜƭƻŎƛǘȅ 

in the (far) wake of a cylinder centred at the origin. The Lagrangian autocorrelation function 

needed to define a dispersion coefficient, from Taylor (1922) Theory of Diffusion, TTD, is 

defined as, 

ד † ÌÉÍ
ᴼ

ρ

ὔ
‡ȟ π‡ȟ † Eq. 3.2.1-2 

 

where ‡ȟ is the Lagrangian velocity function, in the Ὥ-th direction, of the ὲ-th particle in a 

statistical ensemble, comprising ὔ independent particles. The application of TTD for Eq. 3.2.1-2 

must comply with 2 conditions related to Lagrangian functions (Batchelor, 1949). 1) the 
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ensemble of moving particles must be stochastic (deviations from average behaviour being the 

result of randomness) and 2) mutually independent (trajectories of each particle must be 

independent of neighbouring ones). Clearly, the velocity function ό ὼᶻȟώᶻ cannot be applied 

directly to obtain a Lagrangian (relative to the particle) correlation function, ד †. First, ό  is 

defined over fixed spatial points (i.e. Eulerian). Second, as a mean velocity field, ό  is 

deterministic, in the sense that a trajectory (i.e. streamline) derived from ό , from the same 

starting point, would be the same regardless of the number of trials performed.  

With this in mind, let us look at the change of domain proposed to compute ד †. 

ד †ḳ 
ρ

ί
‡ȟπ‡ȟ† Ὠ‒

Ⱦ

Ⱦ

  Eq. 3.2.1-3 

 

where ί represents the characteristic inter-stem space. However, Eq. 3.2.1-3 is at odds with the 

conditions required to compute stochastic quantities. The ensemble of ὔ particles presented 

in the original expression for ד † (Eq. 3.2.1-2) must, by definition, be the result of ὔ different 

trials under the same initial and macroscopic turbulence conditions. Further, any two particles 

released consecutively must have no effect on each other. Clearly, by spreading the points in 

the ensemble over the initial domain ί, we give each particle a distinct starting point, thereby 

eliminating the necessary conditions of reproducibility inherent to stochastic properties 

(Batchelor, 1949). 

The Lagrangian product, ‡ȟ π‡ȟ †, presented in the definition of ד † (Eq. 3.2.1-2), is 

transformed into the equivalent Eulerian product 

ό ὼᶻ ό ὼᶻ ὼᶻȟώᶻ ὴὼᶻ ὼᶻȟώᶻ ȿ ὼᶻ ȟ‚ᶻ Eq. 3.2.1-4 

 

Where ό ὼᶻȟώᶻ is the Eulerian wake-induced, mean velocity defect function at point 

ὼᶻȟώᶻ.  ὴὼᶻ ὼᶻȟώᶻ ȿ ὼᶻ ȟ‚ᶻ ƛǎ ǘƘŜ άDŀǳǎǎƛŀƴ ǇǊƻǇŀƎŀǘƻǊ ŦƻǊ ǘƘŜ ǘǊŀƴǎǾŜǊǎŜ ŘƛŦŦǳǎƛǾŜ ƳƻǘƛƻƴέΣ 

meaning the probability of finding a particle at a point ὼᶻ ὼᶻȟώᶻ after starting its motion at 

ὼᶻ. Where, the spread of particles is assumed to transport and spread according to a random 

walk model (Csanady, 1973, chap. 2). The superscript * is used to represent dimensionless 

variables: ὼᶻ  ὼȾὨ, and ώᶻ ώȾὨ; and ὼᶻ is the start of the secondary wake, i.e. ὼᶻ  ςȢυ.  

The transformation between the Lagrangian product, ‡ȟ π‡ȟ †, and Eq. 3.2.1-4 is justified 

on physical grounds. Knowing that dispersion in vegetated flows is mechanical (i.e. driven 

primarily by advection), it is then possible to decompose the Lagrangian trajectory of a particle 

into an advective component and a diffusive one. Referring to Eq. 3.2.1-4, ό ὼᶻ ὼᶻȟώᶻ 
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and  ὴ represent the advective and diffusive component of the trajectory of any particle starting 

its motion at point ὼᶻ. The Gaussian propagator,  ὴ, given in White and Nepf (2003), is defined 

as 

ὴὼᶻ ὼᶻȟώᶻ ȿ ὼᶻ ȟ‚ᶻ
ὙὩ Ὓὧ

τ“ὼz
ÅØÐ

ὙὩ Ὓὧ

τὼz
ώᶻ  ‚ᶻ  Eq. 3.2.1-5 

 

ὙὩ and Ὓὧ are the turbulent Reynolds an Schmidt numbers, respectively, given by 

ὙὩ  
ὟὨ

’ ’
     ὥὲὨ    Ὓὧ  

’ ’

Ὀ
 Eq. 3.2.1-6 

 

’ and ’ are the kinematic and eddy viscosity, respectively; Ὀ  is the transverse diffusion 

coefficient. The product ὙὩ Ὓὧ defines the following version of the Péclet number for 

transverse dispersion. 

ὖὩ 
ὟὨ

Ὀ
 

Upon further inspection, it can be seen that ὴ is the solution to an ADE-type equation, defined 

as 

‬

‬ὸ
ὴ Ὀ

‬

‬ώ
ὴ Eq. 3.2.1-7 

 

With the well-known solution 

ὴ  
ρ

τ“Ὀὸ
ÅØÐ

ώ

τὈὸ
 Eq. 3.2.1-8 

 

By applying the identity Ὠὸ ὨὼȾὟ on Eq. 3.2.1-7, normalising the ὼ and ώ coordinates, and 

solving the PDE, we obtain 

ὴὼᶻ ὼᶻȟώᶻ ȿ ὼᶻ ȟ‚ᶻ  
ρ

τ“Ὀᶻὼz
ÅØÐ

ώᶻ  ‚ᶻ

τὈᶻὼz
 Eq. 3.2.1-9 

 

which is equal to Eq. 3.2.1-8. The presentation of ὴ shown in Eq. 3.2.1-9, helps to illustrate a 

somewhat paradoxical result: to obtain the correlation function necessary to derive Ὀ  we need 

to know Ὀ , which entails a similar statistical treatment in the transverse direction. 

Nonetheless, as dispersion is derived for long travel times, it will be expectedly constant, as 

informed in (White and Nepf, 2003). It should be added that, at the wake level, coherent 
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structures dominate transverse mass transfer. Ignoring the contribution of coherence will not 

have a significant effect on the estimation of Ὀ  in the Fickian regime; but it will impact the 

estimation of the time scale needed to reach this regime. 

The final definition of the secondary wake dispersion coefficient is found from the integration 

of Eq. 3.2.1-10,  

Ὀȟ ЍὥὨ
Ὠὼᶻ

όὼz ὼᶻȟώz
Ὠ‚ό ὼᶻ 

ᶻ

ᶻ

 

Ὠώᶻ ὴὼᶻ ὼᶻȟώᶻȿὼᶻȟ‚ ό ὼᶻ ὼᶻȟώᶻ

Ⱦz

Ⱦz

 

Eq. 3.2.1-10 

 

Which was found to be an equation of the form (White and Nepf, 2003),  

Ὀȟ  θ
„

Ὗ
ί Eq. 3.2.1-11 

 

where „  represents the variance of the time-averaged velocity field. The ratio „ȾὟ and ί 

work appropriately as velocity and length scales for Fickian Dispersion. When this value is 

derived from the modified velocity defect function, Eq. 3.2.1-1, a proportionality of the form 

Ὀȟᶿὅ
Ⱦ

 is obtained, which can limit the applicability to a narrower set of Reynolds numbers 

and sparse configurations (see Chapter 3.1 and Chapter 7). Notwithstanding the discussion, the 

model provides a good scaling relationship of dispersion from mean velocity heterogeneities, 

and ƛǎ ƛƴ ǘƘŜ ŀǳǘƘƻǊΩǎ ƻǇƛƴƛƻƴ ǘƘŜ ōŜǎǘ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ǘƘŜ problem of vegetated dispersion so 

far. Still, appropriate revisions can be made to the calculation of the relevant scale of velocity 

heterogeneities, „ , and thus provide better models for Ὀȟ, and extend its validity range.  

In light of this, the ADV experiments were devised to check whether the velocity statistics in 

the near secondary wake match those from the modified Schlichting (1979) equation, given the 

presence of upstream cylinders. Also, whether secondary wakes interact linearly (i.e. their 

combined velocity field corresponds to that of linearly superimposed wakes), and thus whether 

advective acceleration in the gaps between cylinders can really be considered negligible. 
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3.2.2. Experimental Methods 

To investigate diffusion and wake interactions, a series of Acoustic Doppler Velocimetry (ADV) 

measurements were performed along the secondary wakes of two adjacent 20 mm-diameter 

cylinders. These were located within a random, sparse (60 stems/m2) array, generated to 

simulate uniform emergent vegetation, as shown in Figure 3.2.2-1. The experiments were 

conducted in a 12 m long by 0.3 m wide flume with a slope of 0.5%. Flow was supplied from a 

constant header tank and controlled by a valve located before the inlet. As experiments with 

the same flow rates had to be performed on different days, discharges were calibrated using a 

Valeport Model 801 EM Manual Current meter (Valeport, 2016). To do this, the current meter 

was located at a reference point, and the valve was operated until the target flow rate was 

obtained, and maintained over a period of five minutes. A constant flow depth of 160 mm 

within the test section was maintained for all experiments by adjusting the tail-gate at the 

flume outlet8. 

Smooth PVC plates were located at the bottom to avoid boundary layer effects. The test section 

was located at the centre of the flume to avoid wall effects, as shown in Figure 3.2.2-1a. After 

the flow inlet, the flume contains a flow straightener to ensure streamlined one-dimensional 

flow.  

The experiments conducted have two purposes: first, to analyse diffusion along the secondary 

wake. This is achieved from the analysis of two-point velocity statistics, which are obtained by 

recording velocities simultaneously at two different points within the flow field.  Second, to 

study whether the interaction between two adjacent secondary wakes enhances or diminishes 

mass and momentum transfer. 

To construct 2-point Eulerian correlation functions, it is necessary to obtain the velocity 

statistics for fixed reference points, located at the beginning of the secondary wakes for each 

of the reference cylinders; for a set of points forming streamwise axes along the wakes 

ŎŜƴǘǊŜƭƛƴŜǎ ό!!Ω ŀƴŘ ..Ω ƛƴ Figure 3.2.2-1b); and for points along transects covering the two 

ŀŘƧŀŎŜƴǘ ǿŀƪŜǎ όллΩΣ ммΩΣ ннΩΣ ооΩ ŀƴŘ ппΩ ƛƴ Figure 3.2.2-1b).  

                                                           
8 All other experiments in this thesis were performed with a 150 mm flow depth. The additional depth 
was required to allow down-looking ADV probes to be fully submerged. 
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Figure 3.2.2-1. a) General plan layout of the flume and vegetation array. b) Detailed scheme of the test 
section and measurement points. c) Physical configuration of the ADV probes for simultaneous 
measurements of velocities. 

The velocity measurements were taken using a side-looking and a down-looking Vectrino probe 

to avoid physical interferences, as shown in Figure 3.2.2-1c. For laboratory settings, ADV 

manufacturers (e.g. Nortek, 2018) recommend the use of additional seeding in the water to 

ŜƴƘŀƴŎŜ ǘƘŜ ŀŎƻǳǎǘƛŎ ǊŜǎǇƻƴǎŜ ƻŦ ǘƘŜ ǇǊƻōŜǎΦ tƻƭȅŀƳƛŘ мн όʊ Ґ нл ˃Ƴύ ǇŀǊǘƛŎƭŜǎ ǿŜǊŜ ǳǎŜŘ ŀǎ 

seeding and injected immediately after the flow straighteners, to eliminate any jet effects and 

residual turbulence from the injection.  

To focus on the effects of the secondary wake, the fixed (side-looking) ADV probe was located 

2.5Ὠ downstream from each cylinder centre, as it is estimated to be the end of the recirculation 

zone (Gerrard, 1978). The mobile (down-looking) ADV probe was moved downstream along all 

longitudinal ό!!ΩΣ ..Ω ŀƴŘ //Ωύ and transverse όллΩΣ ммΩΣ ннΩΣ ооΩ ŀƴŘ ппΩύ sections shown in Figure 

3.2.2-1b, starting from the same point as the fixed probe. In total 2 Reynolds numbers were 

tested, which are presented in Table 3.2.2-1. 

Table 3.2.2-1. Reynolds numbers analysed 

ὙὩ  250 1100 

Ὗ  ά ί   πȢπρτ πȢπυφ 

 

(b) 

(a) 

(c) 
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For each flow rate, two experimental runs were performed. For each run, the side-looking 

Vectrino was fixed at one of the reference points: start of secondary wake of cylinders A and B. 

In this way, both single- and two-point statistics are obtained with reference to both fixed 

points. This allows for a preliminary evaluation of data quality, and the study of the evolution 

of coherence downstream of each wake. 

3.2.3. Results 

Studies of secondary wake interactions from a basic hydrodynamics perspective are scarce. 

Before discussing the novel elements of this research, it is necessary to validate the data and 

compare with the baseline case of isolated circular cylinders. Therefore, this work presents a 

characterisation of single-point statistics, to compare in terms of Reynolds number and to 

identify trends from these parameters that could hint at exchanges between interacting wakes. 

This discussion is intended as a lead up to the exploration of diffusion along the near secondary 

wake, and its implications on long-term mixing, in light of previous studies. 

3.2.3.1.  First-order velocity statistics 

For reference purposes, the single-point statistics analysed were the mean streamwise velocity, 

Ὗ; the streamwise and transverse standard deviations of turbulent velocities, ό  and ὺ ; and 

Reynolds stresses, † , specifically their non-dimensional versions Ὗᶻ, όᶻ, ὺᶻ and †ᶻ . For 

simplicity, the notation ό and ὺ represents turbulent velocities, i.e. their time-averaged 

components, Ὗ and ὠ are implicitly removed. 

The objective of the single-point statistics analysis is to confirm validity via comparisons with 

analytical predictions of wake velocities (Schlichting, 1979; White and Nepf, 2003) and 

experimental studies over a range of different Reynolds numbers. First, this validation is 

necessary to qualitatively assess the data. That is, to check that the measurements follow the 

patterns identified previously, either analytically or experimentally and that the orders of 

magnitude are similar. Second, as most previous experimental studies on vegetated diffusion 

ƘŀǾŜ ŦƻŎǳǎŜŘ ƻƴ ǘƘŜ  ά[ƻǿ ǘƻ ƳƻŘŜǊŀǘŜέ wŜȅƴƻƭŘǎ ƴǳƳōŜǊ ǊŀƴƎŜ (ρπ ὙὩ ρππ0), 

representative points within this range were chosen. However, due to time and physical 

constraints it was only possible to conduct experiments for the two stem Reynolds numbers 

shown in Table 3.2.2-1. 

Considering the wake velocity characterisation of an isolated cylinder as a baseline case, a study 

of the same features for a vegetated reach can help identify differences due to the additional 
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stems. Additionally, as will be seen later, single point statistics are necessary to compute 

diffusion parameters. 

Regarding the figures, the longitudinal axes were chosen to match the wake centrelines of 

reference cylinders A and B, starting just outside the recirculation zone. The distance between 

cylinders A and B ensures that they fall within the no interference zone, according to the 

classification provided by (Zhou and Mahbub Alam, 2016). Hence, their recirculation zones and 

shedding frequencies are unaffected and independent from one another. This independence 

means that the wake centrelines can be analysed separately, regardless of location. For this 

reason, all plots of streamwise evolution of quantities are expressed generically from their 

cylinder centre, non-dimensionalised using the stem diameter, Ὠ: ὼᶻ ὼȾὨ, ώᶻ ώȾὨ. Non-

dimensional transect plots show the behaviour of quantities between the two adjacent 

secondary wakes. The wake interactions of interest are thus confined to the secondary wake, 

which is responsible for most of the mixing. 

3.2.3.1.1. Mean Velocity field along the wake centreline 

Figure 3.2.3-1 shows the measured curves of the mean streamwise velocity along the wake 

centreline, Ὗ ὼᶻ, for each of the reference cylinders. Similar curves for different Reynolds 

numbers have been added for comparison. It can be seen that the new experimental data 

appropriately falls between the range of Reynolds numbers χπ ὙὩ ρυππ, at least for the 

steepest portion of the plot, located in the range ς ὼᶻ τ. 
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Figure 3.2.3-1. Evolution of the mean streamwise velocity along the wake centreline. Comparison with 
previous experimental results over a range of Reynolds numbers, comprising laminar and fully turbulent 

regimes. 

All results from previous studies indicate that the Ὗᶻ ὼᶻ curve plateaus at about 75% of the 

mean approaching velocity, Ὗ 9. In contrast, the measured profiles, Ὗᶻ ὼᶻ  and Ὗᶻ ὼᶻ  

show a steady increase for the same range, rising above Ὗ  for the curve of reference B. Two 

possible causes for this (not mutually exclusive) are contemplated: 1) the presence of 

downstream cylinders modifies the wake centreline. This is corroborated by the plots of mean 

transverse velocity along the wake centrelines, ὠᶻ ὼᶻ  and ὠᶻ ὼᶻ , shown in Figure 3.2.3-2. 

For an unmodified wake ὠᶻ ὼᶻ should be zero along the centreline, which is clearly not the 

                                                           
9 Note that the approaching velocity Ὗ  is used here to allow comparison with previous studies. This 
ǾŀƭǳŜ ǎƘƻǳƭŘ ƴƻǘ ōŜ ŎƻƴŦǳǎŜŘ ǿƛǘƘ ǘƘŜ ΨǇƻǊŜ ǾŜƭƻŎƛǘȅΩΣ Ὗ  presented in the following sections. The latter 

refers to the mean travel velocity within the vegetated array, which could not be measured for these 
experiments given the extent of the measurement section.  
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case in Figure 3.2.3-2. Also, Figure 3.2.3-3  shows an increase in mean velocity, Ὗᶻ ώᶻ, at 

points close to the cylinder directly downstream from B. 2) From continuity, it is known that 

the decrease in mean velocity behind and around stems is coupled with local advective 

ŀŎŎŜƭŜǊŀǘƛƻƴ ƛƴ ǘƘŜ ƎŀǇ ōŜǘǿŜŜƴ ǎǘŜƳǎΦ ¢ƘŜ ǘǊŀƴǎŜŎǘǎ ллΩ ŀƴŘ ммΩ ƛƴ Figure 3.2.3-3, show 

evidence of this, as velocity peaks at both sides of each cylinder. 

 

Figure 3.2.3-2. Evolution of the mean transverse velocity along the wake centreline. 

The general array layout (Figure 3.2.2-1a), shows three cylinders above the test section, whose 

configuration seems to create a preferential pathway through the measurement area. The 

shape of the wake centrelines, inferred from Figure 3.2.3-2, and the magnitude of Ὗᶻ ὼᶻ

ρ for ὼᶻ χ, appear to confirm this. Quantitatively, the local acceleration in this preferential 

pathway, generates velocities approximately 20% higher than the incoming velocity, 

Ὗᶻ ὼᶻ ṃρȢς, as shown in Figure 3.2.3-1. Further, the evidence of acceleration zones wherein 

Ὗᶻ ρȢς brings into question the assumption of gap contributions being negligible. 

Particularly with regards to relative displacements between low velocity and acceleration 

zones, which are expected to be higher than if the velocity distribution of moving particles only 

considered wake related effects. 

The shape of the measured  Ὗᶻ curves, for each wake, is constant for the range of Reynolds 

numbers measured. Consequently, the presence of the side-looking ADV, at the reference 
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point, had a negligible impact on the flow field downstream, which speaks in favour of the 

consistency of the experiments.  

 

 

Figure 3.2.3-3. Evolution of the mean streamwise velocity along various transects over the wake length. 
Comparison with previous experimental results over a range of Reynolds numbers comprising laminar 

and fully turbulent regimes. 

Figure 3.2.3-1 shows that analytical solutions are not representative of Ὗᶻ ὼᶻ near the 

recirculation  zone (x* < 3.0). Nonetheless, by moving the analytical solutions a distance equal 

to ςὼᶻ, they do resemble the shape of Ὗᶻ ὼᶻ, only for the secondary wake. White and Nepf 

(2003) relied on this resemblance to use their analytical solution for Ὗᶻ ὼᶻ in the 

computation of the secondary wake dispersion coefficient. However, as will be explained later, 

these velocities are not representative of Lagrangian trajectories and their applicability for the 

calculation of either correlation functions is limited to the empirical assumptions applied. 
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3.2.3.1.2. Turbulence along the wake 

The measured turbulent intensities along the wake (for ὙὩ ςυπȟρρππ), shown in Figure 

3.2.3-4a and b, are comparable to those measured by Cantwell and Coles (1983, presented in 

Luo et al., 2014) for a Reynolds number several orders of magnitude greater (ὙὩ ρȢτẗρπ). 

The consistency of results for both cylinders and Reynolds regimes, suggests a high degree of 

background turbulence. This could be the result of flume characteristics, the short distance 

between the flow straighteners and the measurement area, or residual turbulence from the 

particle injection system. The shape of the turbulence intensity curves was unaffected by the 

location of the reference probe, hence, influence of the fixed (i.e. side-looking) ADV on the flow 

is unlikely. 

 

 

Figure 3.2.3-4. Evolution of the (a) streamwise and (b) transverse components of turbulent intensity 
along the wake centreline. Comparison with previous experimental results over a range of Reynolds 

numbers comprising laminar and fully turbulent regimes. 
















































































































































































































































































































































































































































































