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APRESENTAÇÃO

O título Solo e Recursos Hídricos – Conservação, Recuperação e Manejo traz 

para o mundo atual uma das maiores preocupações com a preservação do nosso planeta 

e dos biomas que compõem toda a estrutura da Terra. O estudo constante de novas 

tecnologias, metodologias e gerenciamento deve promover um crescimento sustentável 

e garantir o futuro das próximas gerações. 

A importância desse tema nesse século XXI é tamanha que a própria Organização 

das Nações Unidas (ONU) apresenta em sua agenda de 2030 o tema sustentabilidade 

e manutenção do meio ambiente como meta de desafio a ser alcançado de forma a 

que os recursos hídricos e a conservação do solo sejam foco primordial de interesse 

e responsabilidade politica e social das nações. Tal proposta da ONU já vem sendo 

empregada por governos em projetos como, por exemplo, cobrança d’água do setor 

agrícola para minimizar a poluição de rios e lagos e impedir a contaminação de solos. 

Sendo esse controle realizado pelos denominados Comitês de Bacias Hidrográficas, o 

que mostra a relevância e atualidade do presente livro.  

Este livro não se propõe a trazer soluções finais e vindouras, o que seria 

pretencioso; mas apresentar a preocupação e zelo que os autores tiveram em 

compartilhar seus conhecimentos. Assim, o livro apresenta o que de melhor está 

sendo realizado no mundo acadêmico e cientifico, de modo a trazer propostas, ensaios 

científicos e reflexões que permeiem as mentes de todos e todas de modo a podermos 

trazer uma nova proposta de melhoria a manutenção da qualidade e fertilidade de 

nossos solos e de técnicas para o uso racional das reservas hídricas do mundo, com os 

novos conceitos que vem sendo estudados pelas universidades e centros de pesquisas 

em relação ao bioma terrestre e aquático. Exemplos como a chamada pegada hídrica e 

claro apresentar uma nova proposta pedagógica em que as novas gerações tenham em 

mente a responsabilidade em um continuo respeito a nosso lar – planeta Terra. 

Nesse sentimento que a organização dessa obra propõe uma leitura critica e 

atenta às pesquisas que os autores e autoras trazem nessa obra de modo a permitirem 

a generosidade em compartilhar seus conhecimentos e pensamentos para a formação 

contínua do leitor e leitora. 

Uma boa leitura a você leitor/leitora e que as próximas páginas possam levar 

a uma reflexão da importância sustentável que esse livro tem como meta e sonho: um 

mundo novo, melhor e mais harmônico para toda humanidade!

Ariston da Silva Melo Júnior
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FLOW VELOCITY STRUCTURE AND TURBULENCE 
CHARACTERISTICS IN A PARTIALLY VEGETATED 
CHANNEL WITH RIGID EMERGENT VEGETATION
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ABSTRACT: Research of hydrodynamics 
interactions between in-channel vegetation 

and the main channel is essential for 
researchers and hydraulic engineers to 
design, manage and rehabilitate river systems. 
This chapter intends to experimentally analyse 
how the hydrodynamic structures of the flow 
are affected by rigid emergent vegetation 
occupying a third of the channel width, with 
a steady flow rate and subcritical conditions. 
The hydrodynamic flow conditions in the 
flume are characterised by measurements of 
instantaneous velocities using 3D Acoustic 
Doppler Velocimetry, focusing on the 
obstructed-unobstructed interface area. 
Overall, the present research demonstrated 
that the turbulence characteristics are 
influenced by vegetation density and that 
these change in the measured depths.
KEYWORDS: Turbulent flow. Vegetated 
corridor. Experimental study.

1 INTRODUCTION 

The presence of vegetation in river 

systems, on riverbanks or floodplains, under 

natural conditions or as a result of restoration 

projects, in addition to contributing to the 

improvement of their physical characteristics, 

contributes to the maintenance of ecological 

standards (Vargas-Luna et al., 2018; Chembolu 

et al., 2019). Meanwhile, the vegetation can 

significantly change the flow structure and 

turbulent characteristics of local and reach-

https://orcid.org/0000-0002-6943-6537
https://orcid.org/0000-0001-6631-8378
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scale flow, influencing riverine habitat (Crowder and Diplas, 2002), water quality (Devi et 

al., 2019), dispersion of pollutants and nutrients (Perucca et al., 2009) and transport of 

sediments (Kothyari et al., 2009).

It is consensual that vegetation in water channels, due to the hydraulic resistance 

in this area, generates an inflectional profile of the longitudinal velocity in the spanwise 

direction and a turbulence intensity between the two zones of the channel quite different 

from those commonly found in non-vegetated flows (e.g., Nepf, 1999). The vegetated 

corridor induces a reduction in the longitudinal velocity, generating a strong velocity 

gradient between the two channel areas, creating instability that makes the flow 

susceptible to the generation of large-scale coherent structures that can significantly 

influence the pattern and magnitude of turbulence in the local and reach-scale flow 

turbulence (Yager and Schmeeckle, 2013).

Advances in understanding the turbulent flow characteristics in channels with 

adjacent vegetated corridors can give design engineers knowledge and tools to improve 

the design of partially vegetated channels. In recent years, ecological restoration projects 

have used artificial vegetation as a measure of ecological regulation (Liu et al., 2021). Since 

this is a central and not yet closed subject, the present work aims to contribute to improving 

the understanding of the effects of vegetation on the characteristics of the flow and its 

turbulent structure in partially vegetated channels with rigid and emergent vegetation.

2 EXPERIMENTAL SETUP AND METHODOLOGY

The experimental tests were carried out in the flume located at the Laboratory of 

Fluvial Hydraulics and Structures of Universidade da Beira Interior, Portugal (Figure 1). The 

channel, 12.60 m long, 0.80 m wide and 0.70 m deep, has a 0.30 m wide riparian corridor 

on the right side. Two densities of a staggered matrix of rigid emergent stems were tested, 

500 stems.m-2 and 1034 stems.m-2, designated in this study as M1 and M2, respectively. This 

configuration with a quasi-rigid behaviour is a representative range of vegetation densities 

found in nature (Maji et al., 2020). The water flow is pumped from a downstream reservoir 

with a capacity of 3.5 m3 through a pressurized system and an electric pump group. The 

flow discharge was 104 m3h-1, and it was monitored by an electromagnetic flowmeter, with 

an error of ± 2%. Downstream of the channel, an adjustable tailgate allowed setting the 

flow depth, , H at 10 cm. An acceleration ramp and a honeycomb diffuser at the channel 

inlet smooth the flow trajectories and guarantee uniform crosswise flow distribution.

Measurements of instantaneous 3D flow velocities were performed with a 

down-looking Acoustic Doppler Velocimeter (ADV), manufactured by Nortek, with a 
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sampling frequency of 100 Hz and a sampling time of 3 minutes (18000 samples). The 

three components of velocity, u, v, and w, are the streamwise, spanwise, and vertical 

velocities in the x, y, and z directions, respectively. The origin of the Cartesian coordinate 

system is x= 0 at the channel inlet and positive in the direction of the flow, y= 0 at the 

vegetation interface and positive towards the left wall (looking downstream), and z= 0 at 

the channel bed and positive upwards. The data was acquired in a section where uniform 

flow conditions (x = 8.50 m) were present in 17 and 20 cross-sectional measurements 

for matrices M1 and M2. No point was less than 5 cm away from the walls to ensure no 

wall-related interferences in the measurements. The filter implemented in the WinADV 

software, as proposed by Goring and Nikora (2002) and modified by Wahl (2003), 

was used for data processing. The values of the main variables and parameters that 

characterize the tests for the measuring depths of 0.09 and 0.39 are summarized in 

Table 1.

Table 1 – Characteristic experimental parameters for both test runs.

Tests
z/H
[-]

ϕ
[-]

U1

[ms-1]

U2

[ms-1]

Uc

[ms-1]

ΔU
[ms-1]

λ
[-]

δ
[m]

θ
[m]

CDa
[ms-1]

M1
0.09 0.039 0.071 0.462 0.267 0.391 0.732 0.190 0.039 3.11

0.39 0.039 0.071 0.553 0.312 0.482 0.773 0.196 0.039 3.19

M2
0.09 0.081 0.050 0.455 0.253 0.405 0.802 0.143 0.035 8.76

0.39 0.081 0.046 0.567 0.306 0.521 0.851 0.106 0.035 10.52

In Table 1, the equilibrium velocity in the inner part of the vegetated area and the 

peak velocity in the main channel are U1 and U2, respectively; the solid volume fraction 

is ϕ =πd2 N/4 , where d is the stem diameter and N is the number of stems per unit 

area; the mean longitudinal velocity is Uc=(U1+U2 )/2 ; the velocity differential is ΔU=U2-U1; 

the velocity ratio λ=ΔU/Uc; the mixing layer thickness is δ , estimated as suggested by 

White and Nepf (2007) employing the definition of the hyperbolic tangent profile and 

a boundary layer analogy; the momentum thickness is ; 

and CD a is the drag density parameter, where a=Nd is the frontal projected area per unit 

volume and CD is the drag coefficient for the vegetation array and was estimated through 

CD aU1
2 /2=-gdH/dx, where g is the acceleration of gravity, neglecting the contribution 

of turbulent and dispersive stresses and assuming equilibrium between the drag force 

and the imbalance between hydrostatic pressure forces between two arbitrary cross-

sections, as suggested by White and Nepf (2007).
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Figure 1 – Schematics of the experimental setup: a) longitudinal view; b) stem density and measurement points; c) 
depth range.

In this manuscript, the flow properties addressed, in addition to being investigated 

near the bottom z/H= 0.09, were also analysed approximately at mid-depth (z/H= 0.39), 

as these depth measurements were within 5% of the depth-averaged velocity. This 

criterion has already been used in previous investigations, e.g., White and Nepf (2007) 

and Caroppi (2018).

3. RESULTS AND DISCUSSION

3.1 MEAN FLOW 

In a turbulent flow, each velocity component has the characteristics of a rapidly 

varying random function of time and space for a given measurement point. Given the 

complexity of turbulent flows, Reynolds decomposition is applied to the Navier-Stokes 

equations, which separates the instantaneous value of the flow variables into their 

time-averaged values and respective fluctuations. For example, applying this concept 

to the streamwise velocity results in ui=u+u', where ui, u, and u' are, respectively, the 

instantaneous, mean, and fluctuating velocities. As a result of the Reynolds decomposition, 

statistical concepts characterise the flow. Therefore, the time-averaged velocity in the 

streamwise direction is given by , where n is the number of samples. The 

same procedure can be applied to the three flow directions. 

Figure 2 shows the lateral distribution of u velocities for the experimental series 

M1 and M2, at z/H= 0.09 and 0.39. In the figure, the dashed line represents the interface 

between the vegetation and free regions. For both matrices and measuring depths under 

analysis, the longitudinal velocity becomes constant within the vegetation, U1 and at the 

centre of the main channel, U2 . In the main channel, u at mid-depth is 18% and 11% higher 
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than the velocities near the bottom for M1 and M2, respectively. The figure also shows that 

the velocity gradient increases with the vegetation density, consequently decreasing the 

penetration of the mixing layer. A smaller spanwise gradient of the longitudinal velocity is 

observed for the profiles near the bottom and therefore there is a higher penetration of 

the shear layer into the vegetation (Table 1).

Figure 2 – Lateral distribution of the streamwise velocity: a) matrix M1; b) matrix M2.

Figure 3 depicts the distribution of the velocity vectors of the secondary currents 

v-w, up to the mid-depth of the flow, for the two vegetation density matrices. In the 

innermost part of the vegetation, the dominant flow that is observed is the flow around 

each stem. However, if the local effect of the stems is discounted, that is, the flow on the 

left and right sides of the stem, there is a well-defined trend of net flow towards the open 

central channel. This trend gains intensity and accelerates the flow towards the main 

central channel. It can be observed that the highest transport of mass and momentum 

towards the central channel by the secondary current occurs near the bottom, where 

the component v of the velocity vector is of great intensity. At the interface, on the side 

of the central channel, the intensity of the secondary current decreases with increasing 

vegetation density.
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Figure 3 – Velocity vectors in the y - z plane, for M1 and M2.

3.2 TURBULENCE INTENSITY, REYNOLDS SHEAR STRESS AND TURBULENCE 

KINETIC ENERGY

The Navier-Stokes equations are the governing equations of fluid dynamics and 

can describe the velocity fields of turbulent flow, from the largest to the smallest turbulent 

scale. Given their complexity, the Reynolds decomposition is applied to the continuity 

and momentum equations. It is, precisely, from the convective terms of the momentum 

equations that the Reynolds stress tensor, , arises. This new term represents the 

stresses induced in the flow field by turbulent effects. The diagonal components of the 

tensor are the normal stresses, and the off-diagonal ones are the shear stresses.

The turbulence intensities in the streamwise, spanwise and vertical directions (σu, 

σv and σw) were evaluated as the root-mean-square of the fluctuating velocity. For instance, 

for the streamwise turbulence intensity, . The turbulence intensity, 

resulting from the variation of the instantaneous velocity at a given measurement point, 

reflects the number of fluctuations in the turbulent field, providing information regarding 

the contribution of these fluctuations to the production of flow turbulence (Caroppi, 2018, 

Devi et al., 2016). The Reynolds shear stress can be calculated through the covariance of 

the fluctuating velocity, , where ρ is the water density. This 

shear stress reflects the turbulent fluctuations in the flow field, giving helpful information 

on the momentum transfer. From the trace of the Reynolds stress tensor, it is possible to 

determine the total turbulent intensity, which can describe the turbulent flow structure, 

designated the turbulence kinetic energy (TKE) and is defined as .
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The lateral profile of streamwise and spanwise turbulence intensities, σu and σv, 

are presented in Figure 4. A similar trend for both matrices can be observed in Figure 

4a: a peak at the interface on the side of the central channel when z/H= 0.39 and shifted 

towards the centre of the main channel when z/H=0.09. The spanwise gradients are 

higher on the vegetation side, decreasing successively into the innermost part of the 

vegetation, and the turbulence intensity in the vegetation corridor is lower than in the main 

channel. Additionally, the gradient in the spanwise direction of σu near the bottom is less 

pronounced than at mid-depth. In all cases, turbulence intensities are higher for the matrix 

with the highest density, M2. At the interface, σu is approximately 30% higher at mid-depth 

than near the bottom, and in the middle of the channel, this trend is reversed, and σu is 

higher near the bottom. Furthermore, as already observed by Nezu and Onitsuka (2001) 

for partially vegetated channels with submerged vegetation, Figure 4b shows that the 

peak of σv, for both flow depths, is slightly shifted towards the main channel, whereby in 

the main channel, the lateral turbulent intensity is on average 35% higher near the bottom 

than at mid-depth.

Figure 4 – Lateral distribution of turbulence intensities: a) streamwise; b) spanwise.

The Reynolds shear stress, τuv, for z/H= 0.09 and z/H= 0.39 are presented in 

Figure 5a along the transversal section for M1 and M2. From the spanwise distribution,  

τuv  at mid-depth is, on average, three times higher than near the bottom at the interface 

between the vegetated corridor and the central channel. The results are intelligible 

since these stresses are generated by the instability of the inflectional profile of the 

velocity in this area, and at mid-depth, as already observed in Figure 2, the streamwise 

velocity exhibit a higher gradient. The lower values of τuv near the bottom evidence the 
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bed resistance to the flow, and it can be concluded that at this height, there is a smaller 

contribution of momentum transfers by velocity fluctuations to the mean flow, where 

the horizontal momentum has been absorbed by the vegetation elements regardless of 

density. Within the vegetation, τuv assumes values close to zero, regardless of the density 

of the vegetation or the measuring depth under analysis.

As shown in Figure 5b, withing the vegetation, the turbulence kinetic energy 

(TKE) displays similar behaviour for both matrices, with increasing values toward the 

interface and little differences between values at z/H= 0.09 and z/H= 0.39. In the main 

channel region, however, the behaviour varies with both the water depth and vegetation 

density, although some similarity remains. For both matrices, the peak of TKE occurs 

at the vegetation interface for z/H= 0.39, whereas for z/H= 0.09, the peak is located 

further into the main channel. At the interface, TKE at z/H= 0.39 is 50% higher than 

near the bed for M1 and 65% higher for M2. According to Caroppi (2018), the vegetation 

contributes to the dissipation of turbulence larger than the vegetation length scale while 

also generating turbulence at scales smaller than the vegetation. Given that the interface 

is a highly unstable region, the velocity fluctuations result in the formation of eddies, 

enhancing flow turbulence. The smaller values of TKE at z/H= 0.09 can be explained by a 

higher dissipation of turbulence from both the vegetation and the presence of a boundary 

(channel bed). This general displacement between the near-bed and mid-d6epth regions 

can be associated with the higher spanwise transport rate (higher transversal velocities) 

at z/H= 0.09, as seen in Figure 3. Note how spanwise velocities do not show significant 

changes as we move away from the peak location of v. However, turbulence parameters 

(turbulence intensities, Reynolds shear stresses and TKE) start to decrease. 

Figure 5 – Spanwise distribution of: a) Reynolds shear stress; b) turbulence kinetic energy.
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Furthermore, despite the higher streamwise velocities at z/H= 0.39, the flow is, 

generally, less turbulent than when compared to the near-bed region, as expected, and 

the turbulence parameters start decaying as soon as we move away from the vegetation 

interface. At z/H= 0.09, an initial increase is seen, up to the peak value, and only then 

starts decreasing.

3.3 TURBULENCE SPECTRA

Before undertaking the turbulence spectra, the energy cascade concept 

(Richardson, 1922) must be introduced. Due to their unstable nature, large eddies break 

up and transfer their energy onto smaller eddies. This process is repeated until the 

eddy reaches such a scale that the kinetic energy can be effectively dissipated by the 

molecular viscosity. In this scope, Kolmogorov (1991) proposed a theory based on two 

similar hypotheses: in any turbulent flow with high enough Re, the properties of the small-

scale motions are entirely dependent on the kinematic viscosity and the dissipation rate ε; 

there is an intermediate range (inertial subrange) within the small-scale region where the 

properties of the turbulent motion are determined exclusively by the rate of dissipation 

ε. These hypotheses show that in the inertial subrange, the energy spectrum is given 

by E(k)=C ϵ2⁄3k-5⁄3, where k is the wavenumber and C = 1.5 is a universal constant. The 

previous equation is the well-known Kolmogorov -5/3 spectrum. Note that during the 

breakdown process, memory and directionality of the eddies are progressively lost, such 

that when they reach the Kolmogorov scales, they are, essentially, isotropic. Given that 

the Reynolds number based on the Kolmogorov scales is equal to 1, it can be inferred that 

there is a dynamic equilibrium such that the energy dissipated at a rate ϵ, is equal to the 

rate at which energy is transferred from the larger eddies (Pope, 2000).

The analysis of the turbulence power spectra can provide helpful information on 

the flow characteristics, as it shows how kinetic energy is distributed as a function of 

frequency (Caroppi, 2018). Given that the spectrum is one-dimensional, it can present 

greater insight into the contribution of a given fluctuating velocity component to the 

turbulent kinetic energy. By aggregating the information of each velocity spectrum, it is 

possible to generate the spectrogram (Figures 6 and 7) of the velocity fluctuation in the 

corresponding direction. These figures show that the high energy zones have a greater 

spanwise extension for z/H= 0.09 than for z/H= 0.39 and are located away from the 

vegetation interface. Furthermore, the energy is contained in a narrower window of 

Strouhal number for denser vegetation, which indicates that the energy spectrum decays 

faster for M2 than it does for M1. According to Figure 5b, peak values of TKE for z/H=0.39 

occur at the interface, yet according to Figures 6 and 7, the highest energy values are 
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located further into the main channel. This is a result of the weight of each component to 

the overall TKE. The spectrogram of the streamwise velocity fluctuation (see Taborda et 

al. 2022) shows higher energy concentrations near the interface. As such, at this location, 

the longitudinal component of the velocity is more preponderant to the TKE. As we move 

away from the vegetation, the longitudinal component loses expression, and the spanwise 

component takes on higher values, translating into a greater weight of the spanwise 

component to the overall TKE in this region. Inside the vegetation, the longitudinal and 

spanwise components have similar weights on the TKE. Finally, note how peak contour 

values occur for Strouhal closer to the characteristic frequency of Kelvin-Helmholtz 

vortices (St= 0.032, horizontal dashed line) for the denser vegetation. These coherent 

structures significantly enhance the lateral mass and momentum transport across the 

mixing layer (Taborda et al, 2022).

Figure 6 – Spectrogram of the fluctuating spanwise velocity for matrix M1: a) z/H=0.09; b) z/H=0.39.

Figure 7 – Spectrogram of the fluctuating spanwise velocity for matrix M2: a) z/H=0.09; b) z/H=0.39.

3.4 TURBULENCE ANISOTROPY

Following the previous considerations about the Reynolds stress tensor, a 

differentiation can be made between the isotropic and anisotropic stresses. The isotropic 
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part is 2⁄3Kδij , and the anisotropic part is  , where δij is the Kronecker 

delta. The normalization of the anisotropy tensor results in . 

The analysis of this tensor can provide valuable information on the amount and type of 

anisotropy present in the flow. For the visualization of the flow’s anisotropy, the current 

work resorts to the anisotropy invariant map (Choi and Lumley, 2001). The commonly 

named turbulence triangle is a domain based on the second, II, and third, III, invariants 

of the normalized anisotropy tensor. The borders of the triangle correspond to special 

states of turbulence, and according to Lumley (1978), all possible states of turbulence 

must occur within the triangle. Thus, the ensuing invariant maps, in the ξ-η coordinate, are 

depicted in Figure 8, where  and .

Figure 8 – Invariant maps for a) M1 and b) M2. Blue markers are for z/H= 0.09, and orange markers for z/H= 0.39. 
Square, circle and triangle markers represent, respectively, values for the vegetation zone, interface and main 
channel. 

From Figure 8, it can be seen that the turbulence has a high degree of anisotropy, 

given that all the points are close to the triangle’s upper boundary, regardless of vegetation 

density and measurement location. At the vegetation interface, however, turbulence 

anisotropy is predominantly 1D, where one component of the TKE is greater than the 

other two. Additionally, this effect is exacerbated at the mid-depth, seeing that the points 

are closer to the right boundary and closer to the 1D vertex. Inside the vegetation, the flow 

is characterised by 2D axisymmetric turbulence, where two components of the TKE are 

greater than the other one. 

4 CONCLUSIONS

In the present research, a laboratory study was conducted to analyse the flow 

characteristics in a channel partially covered by a finite length of staggered matrices of 
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vertical, cylindrical, rigid, and emergent stems. The results showed that the longitudinal 

velocity gradient increases with vegetation density, leading to a decrease in the 

penetration of the mixing layer into the vegetation. In the depth comparison, the lowest 

longitudinal velocity gradient is observed for profiles close to the bottom, presenting 

greater penetration of the shear layer within the vegetation. For this kind of free-surface 

turbulent flow, the secondary currents are one of its intrinsic characteristics. In this study 

it was verified that the most significant transport of mass and momentum towards the 

central channel occurs near the bottom. As a result of the instability of the inflectional 

velocity profile, Reynolds shear stresses are generated, presenting lower values near the 

bottom, which denotes the effects of the bed’s resistance to flow. It was also shown that 

the Reynolds shear stresses assume values close to zero within the vegetation, regardless 

of the vegetation density or the analysed measurement depth. The present research 

demonstrated that the turbulence kinetic energy within the vegetation presents similar 

behaviours for both matrices, increasing values towards the interface and minor variations 

in depth. The lower values of turbulence kinetic energy near the bottom can result from 

the greater dissipation of turbulence caused by vegetation and the channel bed.
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