
 
 

Delft University of Technology

A laboratory and numerical study of transverse momentum exchange in vegetated
channels

Truong, S.H. ; Li, Un; Uijttewaal, W.S.J.

Publication date
2020
Document Version
Final published version
Published in
River Flow 2020

Citation (APA)
Truong, S. H., Li, U., & Uijttewaal, W. S. J. (2020). A laboratory and numerical study of transverse
momentum exchange in vegetated channels. In W. Uijttewaal, M. J. Franca, D. Valero, V. Chavarrias, C. Y.
Arbos, R. Schielen, & A. Crosato (Eds.), River Flow 2020: Proceedings of the 10th Conference on Fluvial
Hydraulics (1st ed., pp. 961-968). CRC Press / Balkema - Taylor & Francis Group.
https://www.taylorfrancis.com/books/9781003110958
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://www.taylorfrancis.com/books/9781003110958


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



River Flow 2020 – Uijttewaal et al (eds) 
© 2020 Taylor & Francis Group, London, ISBN 978-0-367-62773-7 

A laboratory and numerical study of transverse momentum 
exchange in vegetated channels 

S.H. Truong 
Department of Land, Water and Environment Research, Korea Institute of Civil Engineering and Building 
Technology, South Korea 
Hydraulic Department, Faculty of Civil Engineering, Thuyloi University, Hanoi, Vietnam 

Un Ji 
Department of Land, Water and Environment Research, Korea Institute of Civil Engineering and Building 
Technology, South Korea 

W.S.J. Uijttewaal 
Faculty of Civil Engineering and Geosciences, Hydraulic Department, Delft University of Technology, 
Delft, The Netherlands 

ABSTRACT: Transverse exchange processes of mass and momentum in floodplain regions 
of channels are of primary importance regarding the sediment transport and riverbank stabil
ity. The presence of large horizontal coherent structures (LHCSs) at the interface of the flood
plain and main channel regions may contribute up to 90% the amount of transverse 
momentum exchange between these areas. Although many momentum exchange models have 
been proposed and developed, their applicability in different circumstances is still unclear as 
their validity is usually restricted to a narrowly ranging experiment data set. In order to 
obtain more insight, two unique laboratory experiments of a shallow flow field in a floodplain 
channel with and without vegetation have been conducted. One small scale experiment was 
conducted at the TU Delft Water Lab. Another large-scale experiment of floodplain vegetated 
channel has been conducted at the Korea Institute of Civil Engineering and Building Technol
ogy - River Experiment Center (KICT-REC). The experimental data has been used to verify 
state-of-the-art momentum exchange models. As the limitations of these models were ana
lyzed, a new eddy viscosity model based on the occurrence of LHCSs was proposed and valid
ated using a variety of experimental data sets. A numerical model mimicking physical models 
was constructed. The experimental results were compared with the numerical results, showing 
the capacity of the new eddy viscosity model. Furthermore, the experimental results confirm 
the presence of LHCSs in a large-scale experiment. The LHCSs have the length of about 15m, 
which is one order of magnitude larger than that observed in the small-scale experiment. 
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INTRODUCTION 

The presence of vortex structures at the interface of the low flow and fast flow region plays an 
important role in the transverse exchange of momentum (Proust & Nikora 2020, Truong et al. 
2019, van Prooijen et al. 2005, White & Nepf 2007). These vortex structures caused by the 
Kelvin-Helmholtz instability are usually large compared to the water depths and termed as 
large horizontal coherent structures (LHCSs). In a floodplain vegetated channel, these LHCSs 
have been identified as one of the main sources of the transverse momentum exchange 
between the vegetation region and open channel flow region (Truong & Uijttewaal 2019). As 
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they move along the vegetation-open channel interface, the LHCSs generate cycloid flow 
events composing of the flow toward the floodplain region (sweeps), the flow toward the open 
channel region (ejections), and the flow which are driven by the increased local pressure (stag
nant and the reverse flows) (Truong et al. 2019). Consequently, these events divide the shallow 
flow field of the channel into different regions that are driven by different factors and have 
different length scales (see Figure 1a). 
In between the uniform region inside the floodplain (region I) and the uniform region in the 

main channel (region IV) is the mixing layer (regions III and IV). The LHCSs governing the 
mixing layer (see Figure 1b and c) are the key factors determining the transverse exchange of 
momentum between the open regions (II, IV) and the vegetated regions (I, III). It is suggested 
that at the edge of the floodplain vegetated region, Reynolds Shear stresses (RSs) induced by 
LHCSs contribute more than 90% to the total turbulent shear stress (Truong & Uijttewaal 2019). 

In order to properly model the transportation of sediments and nutrients within and sur
rounding the vegetation area, it is required to model the transverse exchange of momentum 

∂nD Txyh idaccurately. In other words, the term 1 
ρ ∂y which accounts for the transverse exchange of 

Figure 1. Representative mean streamwise velocity (a), Reynold shear stresses (b), Large Horizontal 
Coherent Structures captured from the PIV measurements (c) of a compound vegetated channel (d). Q = 
45 Ls-1, H = 12 cm (Truong et al. 2019). 
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streamwise momentum between the open channel and the vegetated regions is the most signifi
cant term that needs to be modelled (van Prooijen et al. 2005; Truong et al. 2019). Where n is;  
porosity, ρ is mass density, D ¼ DðyÞ is the water depth and Txy is the sum of depth, time d 
and space averaged transverse shear stress. 
The averaged Reynolds shear stress modeled by the eddy viscosity concept is usually 

assumed to account for the total momentum exchange: 

In this way, the determination of the transverse exchange of momentum is replaced by the find
ing of a proper eddy viscosity model (vt). Several analytical models of momentum exchange 
considered LHCSs have been developed (Nadaoka &Yagi 1998, Nezu & Onitsuka 2001, Tamai 
et al. 1986, Uijttewaal & Booij 2000, van Prooijen et al. 2005, White & Nepf 2008, Xiaohui & Li 
2002). However, these momentum models are usually limited due to incomplete understanding 
of the LHCSs, their associated flow events. Furthermore, the applicable capability of those 
models for different scenarios is usually restricted to a specific data set. For example, the trans
verse momentum exchange model of van Prooijen et al. (2005) was proposed based on an 
experiment of a compound channel without vegetation (Cda ¼ 0), or the transverse momentum 
exchange model of White and Nepf (2008) was proposed based on an experiment of a vegetated 
channel without floodplain region (D ¼ const). As a consequence, while the former cannot cap
ture the significant reduction in the turbulent length scale in scenarios with vegetation, the latter 
cannot include the effects of depth variation due to floodplain region (Truong & Uijttewaal, 
2019). 
In this study, a new hybrid momentum exchange model (vt), including the physics of 

LHCSs that can be applied for different scenarios, was briefly introduced. This model was val
idated using a variety of different experimental data sets, including partially vegetated chan
nels, vegetated floodplain channels, or compound channels without vegetation. Furthermore, 
the hybrid eddy viscosity model could be used as a turbulent model representing the large-
scale structures in a numerical simulation of compound channel flow with vegetation to 
enhance the model results. 

METHODOLOGIES 

Different experimental data sets of transverse momentum exchange were collected including 
three representative experimental cases of White & Nepf (2007) in partially vegetated chan
nels, the experimental results of Lambert & Sellin (1996), and the data set of Ervine et al. 
(2000) for compound channels without vegetation. Furthermore, a small-scale experiment of 
a compound channel without vegetation on the floodplain region was conducted in the 
laboratory of Delft University of Technology (Figure 2a). Additionally, another large-scale 
experiment of a compound channel without vegetation has been conducted at the Korea Insti
tue of Construction and Building Technology - River Experiment Centre, (KICT-REC), 
South of Korea (Figure 2b). 
The main data set is the time-series data of the streamwise velocity UðyÞ and lateral velocity 

VðyÞ along the cross-section. The velocity was measured using a Nortek Acoustic Doppler 
Velocity meter (ADV) at a sampling rate of 25 Hz. Velocity measurements were taken over 
a time interval of 10 minutes in order to achieve representative statistical data. In order to 
study a velocity profile over the cross-section, at least 10 points were measured at mid-depth 
in the region with changed water depth (transition slope). Mid-depth measurements mean that 
the distance from the measurement point to the bed varies with flow depth across the lateral 
profile. 
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Figure 2. Schematic view of the cross-section of the small-scale physical model (a), and large scale 
physical model (b). Not to scale. 

Figure 3. Representative comparison of transverse momentum exchange between the measurement 
data (Txy measured), eddy viscosity model of White & Nepf (2008) (Txy2), and the new hybrid eddy 
viscosity model (Txy1). 

The hybrid eddy viscosity model was then analytically proposed and validated using different 
small-scale experimental data sets (Figure 3). It has been validated with large-scale experimental 
data sets and imposed into a numerical model to enhance the simulation results (Figure 5). 
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3 RESULTS 

The hybrid eddy viscosity model was proposed by following footprints of the effective eddy 
viscosity model of van Prooijen et al. (2005) and the concept of the eddy viscosity model 
inside the cylinder arrays given by Kean & Smith (2013) (Truong & Uijtewaal 2019). The total 
eddy viscosity can be calculated according to the equation: 

The transverse shear stresses were also determined from the vortex based model of White & 
Nepf (2008) (Txy2) in scenarios with vegetation. Figure 3 illustrates the representative valid
ation and comparison of the transverse momentum exchange determined from the different 
eddy viscosity models for the scenario of vegetated floodplain and partially vegetated channel. 
It is suggested that the model of White & Nepf (2008) generates a relatively good result of the 
transverse momentum exchange between the vegetated region and open channel region. How
ever, the peak of the lateral momentum transfer is likely to be overestimated. The results sug
gest that the depth-averaged transverse momentum exchange determined from the hybrid 
eddy viscosity model can be made to fit with different experimental data sets with an average 
value of 0:0625 (Truong & Uijttewaal 2019). 

The numerical model can be run first with traditional eddy viscosity models such as 
Elder formulation. Based on the simulation results, the presence of LHCSs can be 
checked, and the shear-layer width can be determined. Figure 4 illustrates the comparison 
between the numerical model and the physical model regarding the presence of the 
LHCSs. It is shown that the LHCSs can be resolved in the numerical model. The pattern 
of the LHCSs resolved by the numerical model is comparable with that captured by the 
tracers from the physical model. 
In terms of practical engineering applications, one of the most challenging tasks of the util

ization of a depth-averaged two dimensional in the horizontal model (2DH model) is to pro
vide an adequate model of turbulent viscosity. This turbulent closure model needs to represent 
different complicated hydrodynamic phenomena such as the horizontal mixing or the bed gen
erated turbulence. As the applicability of the hybrid eddy viscosity model has been demon
strated, it can be imposed in a numerical model of compound channels to enhance the 
numerical results. Figure 5 illustrates a comparison fo the mean streamwise velocity between 
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Figure 4. Representative comparisons of the pattern of the LHCSs between the numerical model (vorti
city fields) (left panel) and the small-scale physical model (right panel). 

Figure 5. Representative comparison of the depth averaged velocity between the numerical model 
included hybrid eddy viscosity and the physical model (small-scale experiment). 

the physical and numerical models in which the hybrid eddy viscosity was used. It can be seen 
that there is a good agreement between the experimental results and the numerical results. 
It is noted that as the LHCSs move along the floodplain-channel interface, they generate 

fluctuations in the time signal of the mean transverse velocities. These fluctuations appear to 
be strongest at the floodplain edge (Truong & Uijttewaal 2019). Figure 6 shows the time series 
of fluctuated lateral velocity v0 at the of floodplain-open channel interface in the small-scale 
experiment (a) and large-scale experiment (b) of the compound channel. The water depth in 
the floodplain is about 6 cm and 25 cm in small-scale and large-scale experiments, respectively. 
The results indicate significant differences in the LHCSs in the small-scale and large-scale 
experiments. The presence of LHCSs is more pronounced in the large-scale experiment than 
in a small-scale experiment. In the large scale experiment, there are LHCSs with a period of 
about 30 s, while in the small scale experiment, the LHCSs move with a period of about 7.5 
s. Assuming that these LHCSs move with the mean streamwise velocity at the floodplain edge 
(20 cm s-1 and 50 cm s-1 in the small-scale and large-scale experiment, respectively). In this 
context, the LHCSs appeared in the large-scale experiment have a length of about 15 m, 
which is one order of magnitude larger than that in the small-scale experiment (about 1.5 m). 
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Figure 6. Representative time series of the fluctuated lateral velocity v0 at the edge of floodplain in com
pound channel without vegetation, in small scale experiment (a), and large scale experiment (b). 

The application of the hybrid eddy viscosity model has been considered. Future works will 
focus on understanding these LHCSs in the large scale experiment. The hybrid eddy viscosity 
model would be validated using large scale experimental data sets (with a different transition 
slope). 

4 CONCLUSIONS 

The presence of LHCSs and their associated flow events at the interface of low flow and fast 
flow regions play a significant factor, governing the transverse momentum exchange processes 
between these two regions. It is necessary to have the right model of transverse momentum 
exchange before determining the exchange of mass e.g. sediments and nutrients. As the limita
tion of the most up-to-date momentum exchange models was reviewed, a hybrid eddy viscos
ity model based on the LHCSs was briefly introduced. Two experiments have been conducted 
at different scales to obtain more data sets of the transverse momentum exchange. The hybrid 
eddy viscosity model could be validated using a variety of different data sets. The results show 
the applicability of the new eddy viscosity model for different scenarios, including the partially 
vegetated channel, or compound channel with and without vegetation. For practical engineer
ing applications, the new eddy viscosity model could be imposed into a numerical model to 
improve the numerical results. Furthermore, the experimental results indicate the presence of 
LHCSs in a large-scale experiment. The length of these LHCSs is one order of magnitude 
larger than that observed in the small-scale experiment. 
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