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Abstract

Aquatic vegetation is a critical component in coastal and riverine ecosystems, forming important
wetland and littoral habitat. The presence of vegetation introduces additional hydraulic resis-
tance, which reduces flow velocity. This tends to enhance sediment deposition and sediment
retention, which can maintain bed stability and promote the growth of ridges and islands. Con-
versely, vegetation also generates turbulence, facilitating sediment resuspension, leading to ero-
sion and reduction of bed elevation. Changes to the bedform can in turn affect the flow dynamics
and the continued growth of aquatic plants. These dynamic feedback mechanisms complicate
predictions of how vegetation distribution impacts sediment retention and river morphology.
Unfortunately, during the past decades, vegetation has been removed or lost from rivers, deltas
and lakes, due to natural causes and agricultural and industrial land-use. To restore and manage
aquatic vegetation ecosystems, a comprehensive understanding of the interactions among flow,
vegetation, and sediment transport is therefore essential.

This thesis investigates the complex interplay between aquatic vegetation, flow dynamics,
and sediment transport through a series of laboratory experiments and analyses. The main

contributions and key findings are as follows:

1. Patch elongation and wake structure: For an in-stream emergent vegetation patch, patch
elongation influences the wake structure by adjusting the bleed flow velocity deficit as
well as triggering the Kelvin-Helmholtz vortices along the lateral edges of the patch.
Wake von Karman vortex street, unable to be triggered under a low patch density, how-
ever, can be generated by patch elongation. Meanwhile, Kelvin-Helmholtz vortex streets
are triggered along the two patch lateral edges, re-increasing the in-patch velocity and
imposing contributions to the wake vortex streets generation. Specially, the initiation of
the patch-edge Kelvin-Helmholtz vortex may accelerate the steady wake velocity, shorten

the steady wake length and decay the energy of the wake vortex.

2. Flow confinement and shear layer interaction: In channels with symmetrical vegetation
patches, the lateral extension of the array confines the shear layer, reducing its penetration
from a fully developed thickness to half the width of the open region. This confinement
occurs when the shear layers grow to the channel centerline before becoming fully de-

veloped, influenced by the shear layer initiated at the opposite array. Despite the shear



layer being confined to half width of the open region and the time-averaged shear stress
being zero at the centerline, the shear-layer vortices interact across the open region, pro-
ducing significant turbulent events at the centerline with equal contributions from both
sides. Furthermore, a wave motion occurs with a phase shift of 7 radians between the
parallel vortex streets. The alternating vortex cores between the parallel vortex streets
amplify the pressure gradient, intensifying coherent structures and facilitating momen-
tum exchange across the channel centerline. As the blockage ratio increases, vortex size
decreases, convection velocity increases, and vortex frequency rises. Although the turbu-
lent intensity is enhanced, the decreased resident time for turbulent flow events may result
in a shorter transport distance. Overall, the shear layer that develops on one interface acts

as an additional resistance to shear turbulence on the other interface.

. Flow structure and morphological changes: To connect flow structure and morpholog-
ical changes in and around a rectangular vegetation patch. The emergent patch was
constructed in an 8-cm sand bed. Near the leading edge of the patch, enhanced turbu-
lence levels produced sediment erosion. Some of the eroded sediment was carried into
the patch, forming an interior deposition dune. The denser patch resulted in a smaller
dune due to stronger lateral flow diversion and weaker interior streamwise velocity. After
the leading-edge dune, in the fully developed region of the patch, vortices formed in the
shear-layers along the patch lateral edges. Elevated turbulence at the patch edge produced
local erosion. For the dense patch, material eroded from the edge was transported into the
patch to form a flow-parallel ridge, and there was no net sediment loss/gain by the patch.
For the sparse patch, material eroded from the edge was transported away from the patch,
resulting in a net loss of sediment from the patch. In the wake of both patches, deposi-
tion occurred near the wake edges and not at the wake centerline, which was attributed to
the weak lateral transport associated with the weakness of the von Karman vortex street.
Specifically, the lateral transport length-scale was less than the half width of the patch.
The increasing bedform height within the wake progressively weakened and narrowed the
von Karman vortex street, illustrating an important feedback from morphological evolu-
tion to the flow structure. Despite significant local sediment redistribution, the patch did

not induce channel-scale sediment transport.

In summary, this thesis offers fundamental insights into the mechanics of the interactions

among aquatic plants, flow dynamics, and sediment transport, focusing on flow structure for-

mation and interaction, and their resulting bedform development. The theoretical insights con-

tribute to developing more reliable approaches to the restoration and management of aquatic

ecosystems, ultimately enhancing ecosystem resilience, promoting biodiversity, and ensuring

the long-term sustainability of aquatic environments. The main findings, insufficiencies, and

recommendations for the whole study are summarized at the end of this thesis.
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Chapter 1

Introduction

1.1 Significance and Values

Aquatic vegetation is a critical component in coastal and riverine ecosystems, forming impor-
tant wetland and littoral habitat. Aquatic plants provide a wide range of ecosystem services.
For instance, the existence of such aquatic vegetation patch may (1) purify water, as aquatic
plants can directly absorb pollutants, such as nitrogen, phosphorus, and heavy metals, as well
as promote oxidation and decomposition of contaminants and purify the rivers by affecting their
micro-environment (Kirzhner et al. 2009, Nagelkerken et al. 2014, Rao et al. 2018, Sonnenwald
et al. 2019, Sabokrouhiyeh et al. 2020); (2) increase biodiversity, as aquatic vegetation can
provide oxygen, food, as well as create habitats with spatially heterogeneous stream velocities
for aquatic organisms (Kemp et al. 2000, Beechie et al. 2006, O’Hare et al. 2007, 2010); (3)
enhance bank stability and mitigate the hazards of floods and tsunamis, as aquatic plants can
protect riverbanks and coastlines by slowing flow velocity, dissipating wave energy, promot-
ing sediment deposition, and resisting erosion (Tsujimoto 1999, Lorenz et al. 2015, Nowacki
et al. 2017, Fairchild et al. 2021, Li, Chiu & Chen 2025); (4) improve landscaping, as aquatic
plant provides recreational activities and improves the physical attractiveness of the surround-
ings (Arsénio et al. 2020, Riis et al. 2020); (5) carbon storage, as underwater grasses globally
can store approximately 10 percent of the carbon in the entire ocean in the form of rich aquatic
soils (Fourqurean et al. 2012, Greiner et al. 2013).

Aquatic vegetation alters the mean and turbulent flow field (Pujol et al. 2010, Li et al. 2019),
by introducing additional hydraulic resistance (Tanino & Nepf 2008a, Etminan et al. 2017),
which is greatly dependent on its own features, such as plant morphology (Chembolu et al.
2019), flexibility (Caroppi et al. 2021), spatial arrangement, patch density (Zong & Nepf 2012),
and patch size (Chen, Ortiz, Zong & Nepf 2012). Each plant behaves as a physical barrier that
obstructs and redirects the flow, creating a spatially heterogeneous velocity distribution around

the plant (Tanino & Nepf 2008b). Directly upstream and downstream of a stem, the velocity is
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mitigated. However, in the region between two stems, the velocity is enhanced. The velocity
variation leads to a stem-scale turbulence enhancement. At the blade scale, a boundary layer
forms on the plant surface. For a community of plants, vegetation patch or canopy acts as a
porous obstruction, creating slow-moving flow within the obstructed region and fast-moving
flow outside the patch. The velocity shear across the patch interface triggers the formation of
patch-scale turbulence, with implication on mass and momentum exchange between the open
region and vegetated area. Additionally, vegetation patches can act as natural buffers against de-
structive flow events, mitigating flood impacts by reducing peak flow velocities and enhancing
sediment retention (Anderson et al. 2006, Métivier et al. 2016). However, excessive vegetation
growth can sometimes lead to channel constriction and increase the risk of localized flooding,

necessitating a balanced approach to river management (Reid et al. 2013).

Vegetation is particularly noted for retaining sediment and maintaining bed stability in
coastal and riverine ecosystems (Orth et al. 2020, Temmink et al. 2022, Xu, Esposito, Beltran-
Burgos & Nepf 2022). Vegetation introduces additional resistance (James et al. 2004, Aberle
& Jarveld 2013), which reduces velocity (Liu et al. 2020). This tends to enhance sediment
deposition and retention of sediment (Sand-jensen 1998, Bouma et al. 2007, Follett & Nepf
2012), which can promote the growth of ridges and islands (Larsen & Harvey 2010, Gu et al.
2019) and affect the vegetation growth and distribution in rivers by delivering organic materi-
als adhered to sediment particles (Vandenbruwaene et al. 2011). In addition, well-developed
root systems create a barrier at the sediment-water interface, increasing the particle adsorption
and restraining the sediment resuspension. Besides, vegetation roots can withstand high tensile
stresses, thereby enhancing the shear strength of bank materials and reducing the the probability
of mass failure (Pollen et al. 2004). However, vegetation also generates turbulence (Tanino &
Nepf 2008b, Yager & Schmeeckle 2013), facilitating sediment resuspension (Yang et al. 2016,
Tinoco & Coco 2016), leading to erosion and reduction of bed elevation (Norris et al. 2021).
The presence of root increases infiltration or adds surcharge, reducing bank stability (Simon &
Collison 2002).

The establishment of vegetation affects local hydrodynamics and sedimentation, which in
turn shapes flow dynamics (Colombini & Stocchino 2005, 2012) and the reproduction and per-
sistence of aquatic plants (Gurnell 2014, Gran et al. 2015). For example, bedform evolution
alters the flow structure, which influences the sediment movement (Chang et al. 2017). Fast
currents may cause mechanical damages on the vegetation (Wang et al. 2010). Besides, high
flow velocities also promote sediment resuspension where vegetation is sparse. The resulting
increase in sediment concentration limits light penetration, thereby restricting the growth of
vegetation (Biggs 1996, Sousa et al. 2010). However, sediment resuspension releases nutri-
ents from the bed material and the water movements water flow assists in distributing seeds

and fragments of aquatic plants. In addition to hydrodynamics, sediment movement is equally
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Figure 1.1: Aquatic vegetation in Walden Pond.

important for the persistence of vegetation. The sediment loss destabilizes the root system of
the plants, which is unfavorable for the continued growth of the vegetation (Henry et al. 1996,
Edmaier et al. 2015, Calvani et al. 2019). The attachment of suspended particles to the sur-
faces of aquatic plants weakens photosynthesis and impedes the transfer of gases and nutrients
between the plant and its aquatic environment. The accumulation of sediments in vegetated
patches results in elevated substrates and better light availability, promoting further vegetation
colonization (Corenblit et al. 2007, Nardin et al. 2018). However, excessive accumulation of
sediments can smother vegetation by limiting oxygen availability (Dosskey et al. 2010). These
feedback mechanisms complicate predictions of how vegetation distribution impacts sediment

retention and river morphology, and contributes to a more diverse aquatic ecosystem.

According to Costanza et al. (2014), the annual global economic value of submerged aquatic
vegetation is estimated to be $6.8 trillion. On average, coastal wetlands saved $2.7 million per
estuary annually in damage costs (Fairchild et al. 2021), which is substantially higher than
the value of other salt marsh services like carbon storage (Beaumont et al. 2014, Lockwood
& Drakeford 2021) or livestock grazing (Barbier et al. 2011). Unfortunately, during the past
decades, vegetation has been removed or lost from rivers, marines (Waycott et al. 2009), deltas
(Nittrouer et al. 2012) and lakes (Zhang et al. 2017), due to natural causes and agricultural and
industrial land-use (Coleman et al. 2008, Botrel & Maranger 2023, Elsey-Quirk et al. 2024). For
instance, coastal Louisiana has experienced rapid wetland loss over the past century, with ap-
proximately 5,000 km? disappearing between 1932 and 2016 (Couvillion et al. 2017). 72.4% of
170 investigated lakes experienced a decline in aquatic vegetation from the early 1980s to 2022,
encompassing both submerged and overall aquatic vegetation (Hou et al. 2024). In the past 50

to 100 years, seagrass species have suffered a 25% to 50% reduction worldwide, primarily due



to industrial and agricultural land use and dredging activities (Pendleton et al. 2012, Dunic et al.
2021). Given the importance of vegetation in shaping and enhancing aquatic ecosystem, there
1s a growing interest in restoring and managing these systems (Minderhoud et al. 2019). To
inform restoration and management practices, it is crucial to comprehend the interplay between

flow, vegetation, and sediment transport (Paola et al. 2011, Fagherazzi et al. 2017).

1.2 Objectives

The complicated feedback mechanisms between vegetation growth, flow structure, and sedi-
ment movement pose a significant challenge, particularly in predicting long-term morphology
evolution. The objectives of this research include:

(1) to evaluate the impact of vegetation density and patch dimensions on interior velocity
adjustment and wake structure, and characterize wake von Karman vortex formation with the
velocity shear at the end of the vegetation patch (Chapter 4);

(2) to predict the initiation of Kelvin-Helmholtz vortices at the trailing edge of the patch and
to detect the influence of patch-edge Kelvin-Helmbholtz vortices on the wake structure (Chapter
5);

(3) to examine the influence of flow confinement on velocity adjustment and shear struc-
ture, as well as the shear interaction in a symmetrical vegetation-channel-vegetation system
(Chapter 6);

(4) to investigate the interaction between the flow structures within and around a rectan-
gular vegetation patch and the development of the bedform, focusing on patch-scale coherent

structures (Chapter 7).

1.3 Outline of the thesis

The whole thesis has eight chapters.

Chapter 1 gives an introduction, including the significance and values of this research top-
ics, the objectives of this study, and the outlines of this thesis.

Chapter 2 reviews previous studies on vegetated flows and leading sediment transport and
bedform development.

Chapter 3 presents the research methods, covering the experimental setup, materials, data
collection and data treatment.

Chapter 4 investigates the combined effects of patch density and aspect ratio on wake
structure.

Chapter 5 reveals the influence of the Kelvin-Helmholtz vortices initiated at the side inter-

faces of the patch on the wake structure.



Chapter 6 examines the interaction of Kelvin-Helmholtz vortices in a vegetation-channel-
vegetation system consisting of an open channel partially covered with symmetrically dis-
tributed arrays of cylindrical surface-piercing plants.

Chapter 7 connects the flow structure and morphological changes within and around a
rectangular array of emergent vegetation, revealing the flow-vegetation-morphology interaction.

Chapter 8 summarizes the findings and limitations of this study, and gives recommenda-

tions for future research.
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Chapter 2
Literature review

To better characterize the hydraulic effect of aquatic vegetation, here we introduce some key
parameters that define its characteristics. By defining plant height as H and water depth as £, the
submergence ratio, 4/H, can be used to classify plants as emergent (h/H < 1), or submerged
(h/H > 1). Defining the width of the vegetation patch as W and channel width as B, W /B
indicates whether the patch is finite-width (W /B < 1), or channel-spanning (W /B = 1). Aquatic
plants may be categorized as either rigid or flexible, based on their tendency to undergo bending
when exposed to water flow. Emergent vegetation density can be quantified by the solid volume
fraction of plant stems, with d as the mean stem diameter (m) and N as the number of stems per

unit bed area (m_z),

Nrd?
D = 2.1
1 (2.1)
and by front area per volume (m~!),
a=Nd 2.2)

2.1 Interaction between vegetation and water flow

2.1.1 Stem-scale structure

Within vegetated areas, flow is diverted around individual stems or blades, resulting in spatial
heterogeneity in the velocity field at the scale of the vegetation (Martino et al. 2012, Nepf
2012b, Kalaryti et al. 2025). For the individual element, the stem diameter (or blade width) d
defines the stem Reynolds number, Re; = Ud/v. When Re; >~ 100, the patch elements will
generate stem-scale vortices (Liu & Nepf 2016) and vortex shedding from individual cylinders
becomes the primary source of turbulent kinetic energy (Ricardo et al. 2014). The dominant

length scale of the turbulence, [/, is determined by the smaller of the stem diameter, d, or the
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Figure 2.1: Turbulent eddies of characteristic size / produced in an array of cylinders with
uniform stem diameter d and average distance to the nearest neighboring stem AS. (a) Sparse
array: eddy size is governed by the cylinder diameter, i.e., [ ~ d. (b) Dense array: eddy size
is governed by the cylinder spacing, i.e., [ ~ AS. This figure is modified from Tanino & Nepf
(2008D).

mean distance to the closest adjacent stem, AS (Tanino & Nepf 2008b). At high stem densities,
where AS < d, turbulence develops within the pore channels, making / equal to AS. Conversely,
when AS > d, turbulence is generated in the stem wakes, and [ = d (Tanino & Nepf 20085).
Even in very sparse patches (e.g., & = 0.6%), turbulence production within stem wakes can be
comparable to or greater than that generated by bed shear (Nepf et al. 1997, Nepf & Vivoni
2000). Consequently, turbulence levels are governed by the drag induced by the vegetation
patch rather than by the bed-friction velocity. Vortex generation in the wakes of stems transfers
energy from the mean flow (represented by the mean patch drag) to turbulent kinetic energy
(k). Assuming a 100% efficient conversion, the rate of turbulent energy production is equal to
the rate at which the flow performs work against the patch drag. Thus, the stem-scale k; within
the patch can be estimated as (Tanino & Nepf 2008b)

(kt) [o20 '
W~ (vimem) -

Here, I = min(d,AS), Cp is the drag coefficient of the array elements and (%) is the local

temporally- and spatially-averaged velocity. Notably, only form drag is transformed into tur-
bulent kinetic energy, whereas viscous drag is dissipated directly in the form of heat. For rigid
plants, drag is dominated by form drag, making Equation (2.3) a reasonable approximation.
However, for flexible vegetation, viscous drag becomes significant, and Equation (2.3) overes-
timate stem-scale turbulence production. The contributions of viscous and form drag vary with
plant morphology and alignment of the blades and stems, with streamlined (aligned) elements

favoring viscous drag and bluff (unaligned) elements favoring form drag.
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Nepf (1999) reported that increasing vegetation density has competing effects on turbulent
kinetic energy. As vegetation density increases, hydraulic resistance mitigates the in-patch
velocity compared to that over a bare bed, with in-patch velocity decreasing monotonically as
density increases. Conversely, greater vegetation density also promotes turbulence generation in
the wakes of stems. Overall, turbulent kinetic energy initially increases with vegetation density,

but after reaching a peak, it declines as plant density increases further.

Matsumoto et al. (2025) investigated the effects of flexible vegetation element deflection by
comparing the flow fields around a single inclined element and an upright one. They observed
that, on the sides of the single inclined vegetation element, downward flows are induced by local
pressure gradient along the vegetation element surface. Subsequently, upward flows develop,
transporting high-momentum fluid into the region behind the inclined element. Consequently,
the deflection of the plant develops a rotating secondary flow, which facilitates transverse sed-
iment transport across the side interfaces of the patch and enhances sediment deposition in the
wake region. In addition to the deflection of the element, the dynamic movement of the el-
ement may influence the flow structure (Albayrak et al. 2013). What’s more, Albayrak et al.
(2011) investigated flow—plant interactions at the leaf scale, focusing on how leaf shape, serra-
tion, surface roughness, and flexural rigidity influence drag force. Their results showed that leaf
shape is the primary factor governing flow—leaf interactions, while flexural rigidity, serration,

and surface roughness further modulate the magnitude of this effect.

2.1.2 Flow adjustment and distribution

When flow approaches a vegetation patch, it redistributes both within and around the patch
(Figure 2.2). First, the fluid decelerates upstream of the patch due to an increase in pressure,
which creates a pressure gradient that diverts flow laterally. This region is called the upstream
adjustment region (Rominger & Nepf 2011). Second, after entering the patch, the velocity con-
tinues to decrease, due to the vegetation-induced drag resistance (Wang et al. 2019, Rominger
& Nepf 2011). This streamwise deceleration is accompanied by a flow diversion toward the
patch edges, which is defined as interior adjustment region. The flow deflection, both upstream
and within the patch, intensifies with increasing vegetation density (Okamoto & Nezu 2013),
leading to a lower velocity in the vegetated region and a higher velocity in the adjacent free
stream (Peng et al. 2024). Based on scaling analysis and laboratory experiments, Rominger &
Nepf (2011) proposed that, for an emergent rectangular vegetation patch, the length of the in-
terior adjustment region (L;) depends on the patch flow-blockage, described by Cpab, in which
b is the half width of the patch, Cp is the drag coefficient, a is the front area per volume. For
high flow-blockage patches (Cpab > 2), L; ~ b. For low flow-blockage patch (Cpab < 2), L; is

9



dominated by the patch drag length scale, (Cpa)~!,

2
(3.04£0.3) | —— (1+ (Cpab)?) |, Cpab <2
L= Cpa (2.4)

(7.0+0.4)b, Cpab > 2.

Third, beyond the adjustment region, shear layers and their associated vortices form and develop
along the flow-parallel edges, extending into both the vegetation patch and the adjacent open
areas. For high flow-blockage patches (Cpab > 2), the penetration of shear-layer vortices is
less than half width of the patch (8; < b), so that the interior flow is determined by a balance

between the pressure gradient and the drag imposed by the vegetation, leading to a constant

@ _ [Cr(1-®)
U. "\ Cpa 2)

in which Cy is the bed friction coefficient, & is the water depth and U.. is the far upstream ve-

interior velocity,

locity which is not affected by the vegetation patch. Conversely, for low flow-blockage patches
(Cpab < 2), shear-layer vortices penetrate more than half the width of the patch (& > b), the

interior flow is controlled by a balance between the turbulent stress gradient and canopy drag

u 1 22(1—
@ _ 1 fu2(-a) 06
where,

e =/ —(UV)y—p. .7)

The vortex interaction across the patch width results in a velocity recovery before the end of
the patch (Rominger & Nepf 2011). Moreover, to predict the evolution of streamwise velocity
within and around an emergent patch of model vegetation, Liu & Shan (2019) developed an an-
alytical model and Liu et al. (2020) proposed a model based on exponential decay, but they only
considered the scenario where the shear-layer vortices did not penetrate to the patch centerline
(07 < b).

Similar flow adjustment was observed in submerged vegetation patches (Tang et al. 2020),
along with vertical flow diversion. Chen et al. (2013) developed a two-layer model to predict the

interior adjustment length (L;) of a channel-spanning submerged patch of rigid circular cylinders

L; 3.0£04

g = (0911 =@)+ == (1 - @), (2.8)
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Figure 2.2: Conceptual diagram for flow adjustment for an instream emergent vegetation patch
the corresponding streamwise velocity adjustment along the patch centerline. This figure is
adapted from Rominger & Nepf (2011). L; is the interior adjustment length. Low-flow blockage

regime corresponds to Cpab < 2 and high-flow blockage regime corresponds to Cpab > 2.
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and the streamwise velocity within the patch in the fully developed region (U)),

O = (2.9)

Us H CpaH _ H3’
7P\ ch—a h

in which H is height of the submerged patch, C is the coefficient describing momentum ex-
change between the upper overlying and lower vegetated regions. Based on the roughness

scaling, previous studies (Gioia & Bombardelli 2001, Konings et al. 2012) have suggested that

0,
C:&(Z) (2.10)

where 0, is the vertical penetration thickness and K, is an empirical factor, with K, =0.074+0.02
for rigid canopies (Chen et al. 2013). The penetration length varies inversely with canopy drag,
8. ~ (Cpa)~! (Nepf et al. 2007), with a scaling constant of 0.3 +0.1 for 1073 < (Cpa)~! < 10?
(Ghisalberti & Nepf 2009). Additionally, both water depth and canopy height may impose
constraints on the penetration length (Nepf & Vivoni 2000, Konings et al. 2012), leading to

J, = min (w,h—H,H). (2.11)
Cpa

However, Rominger & Nepf (2011) and Chen et al. (2013) considered emergent patches of
finite width and submerged patches that span the channel width, both of which were treated
as two-dimensional. Furthermore, to investigate velocity adjustment in a three-dimensional
submerged patch of finite width, Lei & Nepf (2021) developed an analytical model and showed
that reducing the canopy width from 100% to 12.8% of the channel width resulted in faster
velocity adjustment at the leading edge and a lower fully developed interior velocity. For flexible
submerged patches, Tang et al. (2020) demonstrated that interior flow adjustment varied linearly

with the deflected height of the vegetation.

In contrast to submerged canopies that impede flow near the channel bed, floating vegetation
canopies obstruct flow near the water surface, yet both generate similar flow structures (Li et al.
2020). For instance, the flow adjustment near a floating vegetation canopy can also be divided
into four regions (Yu, Jiang, Shi, Zhou, Liu & Zhang 2019): the incoming flow adjustment
region, the initial adjustment region, the shear layer developing region, and the fully developed
region. The vertical velocity profile changes along the streamwise direction (Zhao et al. 2017),
from a ‘J’ shape in the incoming flow adjustment region to an ‘S’ shape in the developing and

fully developed regions. Gui et al. (2023) also developed a model to predict the length of flow

+37(h H), (2.12)

adjustment,

L
—=28+34
I +

CpaH h
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The evolution of the shear layer in floating vegetation canopies is limited by the canopy height,
H, and the height of the free-flow region below the canopy, &7 — H, (Gui, Shan & Liu 2024)

(O.IS:I:0.0Z
0o =min| ————

. ,h—H,H), (2.13)

which is similar to Eq. 2.11. The floating vegetation canopies significantly increase the flow
resistance at the water surface, resulting in a hyperbolic-type velocity distribution in the re-
gion between the vegetation and bed, similar to the flow in ice-covered channels. Similarly,
Tang, Singh & Rahimi (2025) introduced a semi-analytical model, utilizing parameters such as
blockage ratio, canopy density and drag, and bed friction, to estimate the vertical distribution

of streamwise velocities in open channel flows with floating rigid vegetation.

Furthermore, in addition to plant density and patch dimensions, the spatial arrangement of
elements within a vegetation array can also influence velocity adjustment (Zhao et al. 2015,
Park & Hwang 2019, Shan et al. 2019, Nair et al. 2023). Liu, Huai, Tang, Wang & Yuan (2024)
demonstrated that, given the same density, aligned stem arrangements in vegetation patches led
to less lateral flow deflection than staggered arrangements as hydraulic resistance was substan-
tially higher for staggered than aligned configurations (Savio et al. 2023). He, An, Ghisalberti,
Draper, Ren, Branson & Cheng (2024) attributed the effects of element arrangement on veloc-
ity adjustment to the interaction between wakes of individual elements. Specially, for an in-line
arrangement, downstream plants are situated directly within the wake of those upstream, which
leads to decreased velocity and drag, with the greatest force observed at the leading edge of
patch (Maza et al. 2017). Furthermore, a uniform spacing between vegetation elements cre-
ates preferential flow paths within the array, which produces local high velocity and strong
turbulence (Chang & Constantinescu 2015, Koken & Constantinescu 2021). Ricardo et al.
(2016) conducted laboratory experiments to investigate the effects of spatial non-uniformity of
vegetation arrays by varying the longitudinal vegetation density. The results revealed that the
time-averaged mean flow field is greatly impacted by locally varying vegetation density, which

serves as a spatial memory of the upstream stem distribution.

To evaluate the velocity redistribution between the high-discharge open region and the low-
discharge vegetation region, numerous models have been developed to characterize the velocity
profile across the vegetation interface. For instance, Yan, Shan, Liu & Liu (2022) proposed an
analytical model to predict the lateral profile of velocity in partially vegetated channels, verified
by twenty sets of experimental data covering a wide range of vegetation and flow conditions.
For a submerged rigid vegetation patch, Liu et al. (2008) and Yang & Choi (2010) observed
that velocity within the vegetation array remains uniform with depth, while above the vegeta-
tion, the velocity profile follows a logarithmic distribution, with inflection points marking the

boundaries. To account for the interaction between water flow and morphological response of
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submerged flexible vegetation, Wang, Zhao, Ren, Liu, Dong, Li, Fan & Wu (2023) introduced
a new power law for vertical velocity distribution, incorporating the concept of a vegetated
riverbed and assuming a linear relationship between vegetation drag and velocity. Furthermore,
for submerged flexible vegetation patches, Li et al. (2014) identified three distinct vertical lay-
ers in the velocity distribution: the upper non-vegetated layer, the middle canopy layer, and the
lower sheath layer. In the upper non-vegetated layer, velocity profiles followed the logarithmic
law, and an empirical equation was developed based on observed data. As vegetation density
increases, velocity and flow rate increase in the upper non-vegetated layer, but decrease in the
middle canopy and lower sheath layers. The results also showed that, with higher vegetation
density, the ratio of average flow discharge between the non-vegetated and vegetated layers
increases exponentially. Moreover, to consider the influence of plant morphology on velocity
adjustment, Shan et al. (2023) predicted the vertical velocity distribution using the estimated
depth-averaged velocity and the frontal area of the plants. Meng et al. (2025) introduced a
contraction coefficient to measure the decrease in the frontal projected area of flexible plants
under flow. With increasing bulk velocity, this coefficient rises and then stabilizes due to the
reduction in frontal area. These findings highlight the importance of accounting for vegetation
deformation, specifically changes in frontal area, when predicting flow velocity, particularly

under high-velocity river conditions.

2.1.3 Flow structure in submerged vegetation patch

The flow behavior within and around a submerged vegetation patch is governed by the relative
contributions of bed drag and patch drag (Nepf & Vivoni 2000). When patch drag is less signifi-
cant than bed drag, the velocity profile resembles that of a turbulent boundary layer (Poggi et al.
2004), with the vegetation contributing to the bed roughness. which is defined as the sparse
patch limit (Figure 2.3a). In the sparse patch limit, increasing stem density leads to greater
turbulence near the bed. Conversely, in the dense patch limit (Figure 2.3b, 2.3c), patch drag
dominates over bed drag, and the discontinuity in drag at the top of the patch generates a shear
structure resembling a free shear layer, characterized by an inflection point in the velocity pro-
file near the patch top (Luhar et al. 2008, Monti et al. 2020, Tang, Jia, Zhang, Y1 & Dey 2025,
Kalaryti et al. 2025). Based on scaling analysis, Belcher et al. (2003) proposed that the thresh-
old distinguishing sparse and dense limits occurs at aH = 0.1. Velocity measurements by Nepf
et al. (2007) further showed that for CpaH < 0.04, the velocity follows a rough boundary-layer
profile, while for CpaH > 0.1, a pronounced inflection point is present. Since the assumption
of Cp ~ 1 is often reasonable (Liu & Shan 2019), the measured and theoretical limits are in
good agreement.

For turbulent shear layer, the patch-scale vortices attain a characteristic size and a fixed
penetration depth into the patch (J,, Ghisalberti & Nepf (2002, 2009) within approximately
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Figure 2.3: The flow structure and vertical distribution of streamwise velocity for submerged

h stem-scale

vegetation patch. H is the patch height. (a) For sparse regime (aH < 0.1), the velocity follows
a rough boundary-layer profile. (b) For intermediate regime (0.1 < aH < 0.23), shear structure
at the top of the patch induces patch-scale turbulence, which penetrates a distance of 8, into the
patch. (c) For dense regime (aH > 0.23), 8, < H, the bed remains insulated from patch-scale

turbulence and is dominated by stem-scale turbulence. This figure is adapted from Nepf (2012a)

10H from the leading edge of the patch. When the shear production that generates patch-scale
vortices is balanced by dissipation due to patch drag, the shear layer and its associated vortices
cease to grow (Ghisalberti & Nepf 2004). This balance predicts,

~0.23+0.6
N CDa

e , (2.14)
which has been verified with laboratory experiments (Nepf et al. 2007). Note that Equation.
(2.14) 1s only valid when patches generate a shear layer (i.e. CpaH > 0.1). For intermediate
regime (CpaH = 0.1 ~ 0.23), the patch-scale turbulence penetrates to the bed, 8, = H, creating
significant turbulence over the entire patch height (Figure 2.3b). For dense regime (CpaH >
0.23), the patch-scale turbulence fails to penetrate to the bed, 8, < H. However, Equation.
(2.14) for 8, becomes invalid when the submergence ratio H/h < 2, since interactions with the
water surface reduce both the strength and size of patch-scale vortices (Nepf & Vivoni 2000,
Wilson et al. 2003, Choi & Kang 2016). Assuming that 6, decreases linearly to zero at H /h = 1,

which is the emergent condition, &, is estimated to be (Chen et al. 2013),

0.23+0.6 [ h
Oe=—n|—=—-1]). 2.15
=228 () @.15)

Patches for which 8, < H protect the bed from strong shear-layer turbulence. The region below
the shear layer (z < H — 0,) is dominated by the stem-scale turbulence (Figure 2.3c).
Within the shear layer, the inflection point near the top interface of the patch triggered the

formation of coherent structures through Kelvin—Helmholtz (KH) instability (Raupach et al.
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1996, Ghisalberti & Nepf 2002, 2004, Caroppi et al. 2019). The frequency of the KH instability
is consistent with the natural frequency predicted by linear stability theory for mixing layers

(Ho & Huerre 1984),

0.032U
KH — 0

(2.16)

in which U = 1/2(U; + U,) and

ez/oh [}1_ (%)2

AU = U, — U, with U; and U, being the slow- and fast-moving velocities, respectively, #(z) is

dz. (2.17)

the time-averaged streamwise velocity at position z. In other words, the normalized frequency of
KH instability is fxg0 /U = 0.032. These vortices, referred to as patch-scale turbulence, are dis-
tinct from the large-scale boundary-layer turbulence that can develop above deeply submerged
or unconfined patches (Belcher et al. 2012), as well as from the small-scale stem-induced turbu-
lence (Tanino & Nepf 2008b). For a deeply submerged patch (2/H > 10), patch-scale vortices
interact with boundary-layer turbulence, making them highly three-dimensional and increasing
secondary instabilities through vortex stretching (Finnigan et al. 2009). In contrast, for shal-
lowly submerged patches (h/H < 5), commonly observed in aquatic environments, the absence
of large-scale boundary-layer turbulence means that patch-scale vortices govern the turbulent
dynamics both within and above the patch (Ghisalberti & Nepf 2005, 2009).

Mandel et al. (2019) observed a normalized shedding frequency at the water surface of
fkn®/U = 0.064, which is twice the theoretical value of the most unstable mode, fxy6/U =
0.032 (Ho & Huerre 1984). This finding reveals that vortices may evolve between their gen-
eration at the patch top interface and their appearance at the free surface. What’s more, for
submergence ratios (#/H) ranging from 1.6 to 3.1, the vortex size was found to be proportional
to the open water height rather than the patch height, because of the the flow confinement caused

by the water surface.

The formation of shear-layer vortices creates a pronounced flow oscillation, leading to the
progressive, coherent waving of the flexible aquatic plants, which is known as the monami
(Zampogna et al. 2016, Wong et al. 2020, Okamoto & Nezu 2009, Tschisgale et al. 2021, Wang,
He, Dey & Fang 2022a). The frequency of the monami matches that of the KH instability,
indicating that monami is a forced response to the instability of the mixing layer (Ghisalberti &
Nepf 2002). Specially, the amplitude and frequency of the coherent waving motion are greatly
linked to plant properties (Patil & Singh 2010) and flow conditions. For instance, in the case of
highly flexible vegetation, the numerical model developed by Wang, He, Dey & Fang (2022a)
demonstrated that increasing flow velocity led to a decrease in the wavelength of the coherent

waving motion, while both its frequency and amplitude increased. Moreover, an increase in
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relative vegetation density results in a greater amplitude of the coherent waving motion, without
influencing its wavelength or frequency. Relative to rigid vegetation, the oscillation in flexible
vegetation reduces patch drag (Li et al. 2018, Wang, He, Huang, Dey & Fang 2024) and makes
additional contributions to intensifying the turbulence intensity near the patch (Wang, He, Dey
& Fang 2022b, Wang, He, Huang, Dey & Fang 2023), enhancing turbulent vertical transport of
momentum and turbulence stresses penetration of the plant height into the patch (Yang & Choi
2009, Xu, Liu, Wu & Ji 2022, Fu et al. 2023). Moreover, Chen et al. (2011) the vortices formed
above a static canopy rotate more rapidly than those above a waving canopy.

The degree of reconfiguration of the vegetation elements strongly depends on two dimen-
sionless parameters, namely vegetation density and Cauchy number (Kim et al. 2024). Cauchy
number, Ca, measures hydrodynamic drag forces relative to restoring elastic forces in flexible
structures, with higher values indicating a greater degree of reconfiguration, which is defined as

Ca= M, (2.18)

E Il

in which py is the fluid density, U is the bulk velocity, W is the plant width, L is the plant height
and El is the flexural rigidity of an individual vegetation element with E; being the Young’s
modulus and 7 the second moment of area. As Ca increases, distinct fluid—structure interaction
regimes emerge, as shown in Figure 2.4. For Ca < 1, elastic forces dominate and vegetation
elements remain upright (Luhar et al. 2010, Luhar & Nepf 2011). In this regime, a mixing
layer forms at the top interface of the vegetation patch (Figure 2.4a), where coherent structures
are initiated and convected in flow direction. In the case of intermediate Ca, elements begin
to sway independently with small amplitudes, which is referred to as ‘gently swaying’ (Figure
2.4b). As Ca increases further, elements undergo greater reconfiguration and present highly
coherent waving motions, which is known as monami (Ackerman & Okubo 1993), depicted in
Figure 2.4c. At very high Ca, substantial reconfiguration occurs, with elements predominantly
aligning in the flow direction (Figure 2.4d). This alignment suppresses the mixing layer and
the associated KH vortices, thereby reducing vertical momentum exchange as the patch top
becomes fully covered by reconfigured elements. He et al. (2022) observed that, in highly
flexible canopies, stem fluctuations become so minimal that the canopy effectively acts like a

rigid structure. They termed this phenomenon ‘high flexibility-induced rigidity’.

2.1.4 Flow through and around patch of finite width

In natural channels, plants frequently occur along the riverbanks. The fringing vegetation patch
with a width smaller than that of the channel partially obstructs the cross-section creating a drag
differential between the vegetated area and the adjacent free stream region. This drag difference

significantly modifies both the mean and turbulent flow structures (Koken & Constantinescu
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Figure 2.4: Vegetation behaviors with increasing Cauchy number Ca. Strongly reconfigured

vegetation behaves as a rigid body, thereby suppressing the formation of Kelvin—Helmholtz
vortices (d). This figure is adapted from Okamoto et al. (2016).
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2021, Tang et al. 2023, Wang, Zhang, Jiang, Yao & Yan 2024). Similar to the vertical shear
layer generated along the vertical interface of the submerged patches, the horizontal shear layer
along the lateral edge may trigger the formation of patch-scale coherent structures when the

dimensionless velocity shear
4 U, — Uy

U+ U,

is over 0.3 (Caroppi et al. 2019). This critical value was initially observed in shear layers

(2.19)

developed in compound channels (Dupuis et al. 2017, Proust et al. 2017). Furthermore, A can
measure the turbulence energy associated with Kelvin-Helmholtz instabilities (o< (Us — U;)?)
relative to the energy associated with bed-friction depth-scale turbulence (o< (0.5(U, + Uj))?)
(Proust & Nikora 2020).

Just as a vertical shear layer forms along the top interface of submerged patches, the hor-
izontal shear layer along the lateral edge penetrate into the patch over length §; and evolve
into the open channel over length 0o (Figure 2.5a). Referring to vertical patch-shear layers,
Oy ~ (CDa)_l. However, the horizontal shear layers (&;) exhibit a scale factor that is double that
of the vertical shear layers above submerged patches (J,, Equation 2.14). According to White
& Nepf (2007, 2008),

S5+0.1
o = & (2.20)
Cpa
and
0o ~ h/Cf, (2.21)

where Cy is the bed friction coefficient. No apparent correlation is identified between &; and p.
For scenarios with significant patch drag (Cpa), where the shear layer cannot penetrate over the
first row of cylinders, the cylinder diameter defines a lower bound for ;. White & Nepf (2008)
suggested that Oy ~ 1.8d in this high-density scenario and developed an empirical expression

for the inner penetration thickness,

5401
5, = max (u, I.Sd) . (2.22)
Cpa

This relationship was developed from rigid vegetation. However, compared to rigid plants,
Caroppi et al. (2021) observed that the dynamic motion of flexible foliated plants leads to deeper
inner penetration.

Compared to one-sided along-bank vegetation patches, long emergent patches may also
appear within the channel, forming two streamwise lateral interfaces, which allows shear layers
to develop at two side edges of the patch (Figure 2.5b). To recognize the geometric similarity
with bank vegetation, b is defined as the half width of the in-flow vegetation patch. If b > §;
(Cpab > 0.5, according to Equation. 2.22), patch-scale turbulence does not penetrate to the

centerline of the patch. In this regime, the interior region beyond the shear layer the interior
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Figure 2.5: The horizontal shear structure formed at the lateral interface(s) of (a) along-bank
and (b) in-channel emergent vegetation patch. b is the width for the along-bank patch, but the
half width for the in-channel patch. U; and U, are the lowest velocity within the vegetation
patch and highest velocity adjacent to the patch, respectively. J; is the penetration of the shear

layer into the patch and 9y is the thickness of the shear layer in the bare channel.

region beyond the shear layer (—b + 6y <y < b — &;, where y = 0 denotes the patch centerline)
is dominated by stem-scale turbulence. Conversely, when Cpab < 0.5, is able to reach the
centerline, dominating the entire vegetated region. In this regime, the vortices from both sides
interact across the patch width, thereby enhancing the turbulence level inside the patch and
leading to velocity reacceleration (Rominger & Nepf 2011).

The vortex core is a low-pressure region. If the shear-layer vortices present, their passage
along the streamwise interface induces a wave response beyond the shear penetration, 6; (White
& Nepf 2007, 2008, Zong & Nepf 2011, Koken & Constantinescu 2021). In the case of in-
stream patches, a phase shift between the vortex streets forming on both sides of the patch
(Figure 2.5b) creates a cross-patch pressure gradient, which induces a cross-stream velocity
inside the patch. This process greatly improves the vortex strength and the momentum exchange
between the open region and vegetated zone (Rominger & Nepf 2011). Furthermore, the lateral
transport distance associated with this wave response was estimated by the wave orbital radius
of the oscillating lateral velocity (Luhar & Nepf 2016),

Ay = V2027 ], (2.23)

in which v, is the fluctuating lateral velocity at the side interface of the patch, f is the fre-
quency of the shear-layer vortices, as the frequency of the wave response is fixed by the fre-
quency of vortex passage (Zong & Nepf 2011).

Huai et al. (2019) examined the contributions of the coherent structures to the lateral mo-
mentum exchange between the vegetated area and open region, using quadrant analysis. Their

results showed that, near the interface, sweeps and ejections were the primary contributors to
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Figure 2.6: The flow structure of (a) sole along-patch vortices at the lateral interface of the
array in unconfined conditions; (b) alternating along-patch and along-wall vortices in confined

conditions.

Reynolds stress. In contrast, inward and outward interactions dominated further inside the veg-
etated area. Within the vegetation, sweep events were more contributing than ejections, while
outside the vegetated region, ejections became more prominent. Similarly, quadrant analysis
of vertical turbulent coherent structures in submerged rigid patches revealed consistent char-
acteristics (Malothu et al. 2025), with sweep events dominating the flow in the slow-moving

vegetated layer, and the ejection events prevailing in the fast-moving open-flow layer.

Jia et al. (2022) evaluated the patch blocking effect on the vortex dynamics in a partially
vegetated channel using a numerical model. In unconfined conditions, vortices were observed
only at the lateral interface of the patch (Figure 2.6a). However, as the blockage ratio (the ra-
tio of the patch width to the channel width) increased, the along-patch vortices could initiate
the formation of along-wall vortices, forming a pattern of hybrid along-patch and along-wall
paired vortices (Figure 2.6b). In this scenario, the paired vortices propagated in an alternating
pattern. Additionally, the size of the along-patch vortices decreased when along-wall vortices
presented, characterized by a pronounced decrease in wavelength and an increase in wave num-
ber. Lateral velocity profiles typical of shear layer flows, which are hyperbolic tangent with
sole along-patch vortices, shifted to parabolic profiles as the hybrid paired vortices became
dominant Furthermore, the interaction of the along-patch vortices and along-wall paired vor-
tices enhanced the shear stress at the lateral interface of the patch, improving the momentum

exchange across the side edge.

When the along-bank vegetation patch becomes submerged, vertical and horizontal shear
layers originate from the top and lateral interfaces of the patch (Yan et al. 2016, Unigarro Vil-
lota et al. 2023, Song, Wang, Duan, Stocchino & Yan 2024). In this configuration, even though
the streamwise velocity inside the vegetation patch reached an equilibrium state at the down-

stream part of the array, secondary flows were detected near the top interface and side interface
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Figure 2.7: The formation of secondary flow near lateral interface of a submerged array partially

obstructed the channel, leading to S-shaped vertical velocity profile of streamwise velocity near

the lateral interface.

of the patch (Nezu & Onitsuka 2001). This secondary flows was commonly observed in flows
over heterogeneous beds, such as those with topographical (Medjnoun et al. 2020) or rough-
ness variations (Anderson et al. 2015). The formation of secondary flows was attributed to
the anisotropy in turbulence (Han et al. 2016, Stroh et al. 2020). For a submerged along-bank
canopy, Koken & Constantinescu (2023) observed that the flow entered the vegetated region
from its top interface and left the patch from its side interface, forming streamwise-oriented
secondary flow cells. However, Shi et al. (2023) observed a reverse-rotating secondary circula-
tion, which carries water parcels from vegetated region with low streamwise velocity into open
region near the top interface, while carries water parcels from open region with high stream-
wise velocity into vegetation zone near the side interface. Song, Wang, Duan, Stocchino &
Yan (2024) found that the characteristics of cross-sectional secondary flows, such as scale, lo-
cation, and evolution, varied as the patch expanded laterally. Furthermore, the width-to-depth
ratio of the river influenced the direction of secondary circulation above the channel-spanning
patches. The streamwise-oriented secondary flow cells moved closer to the lateral interface of
the array with increasing submergence ratio (Koken & Constantinescu 2023). The intensity
of the secondary flows was influenced by patch density (Choi & Kang 2006). In addition to
the secondary flows, higher patch density initiates extra rotating cells located both above and
adjacent to the patch (Unigarro Villota et al. 2023), significantly contributing to interfacial mo-
mentum exchange (Yan, Duan, Wai, Li & Wang 2022). Moreover, the presence of secondary

flows produced a S-shaped velocity profile at the lateral interface, as illustrated in Figure 2.7.

2.1.5 Wake structure

In the natural aquatic ecosystems, Vandenbruwaene et al. (2011) observed that vegetation often
emerges in circular patches during the initial stages of growth. In recent decades, a large number
of laboratory experiments (He, Ghisalberti, An, Draper, Branson, Ren & Cheng 2024) and

numerical simulations (Nicolle & Eames 2011) have been carried out on the wake flow behind
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a circular patch. Relative to a solid obstruction (Castro 1971, Zong & Nepf 2012), porous
patches allow a portion of the fluid to penetrate and bleed through. The presence of bleed
flow delays the interaction of the two shear layers initiated on both sides of the patch, thereby
delaying the onset of the von Karman vortex street (Chang & Constantinescu 2015) and creating
a steady wake region (Taddei et al. 2016). Various flow regimes have been identified in the wake,
according to patch characteristics and flow shallowness.

Nicolle & Eames (2011) observed three distinct flow regimes downstream of a circular
vegetation patch by altering the solid volume fraction (&, Equation 2.1): (1) a low density
regime, for @ < 0.05, in which the individual stem inside the patch behave as isolated cylinders
(Figure 2.8a), (2) an moderate density regime, for 0.05 < ® < (.15, in which the cumulative
effect of the patch becomes apparent: two shear layers develop and interact at the end of the
steady wake region, rolling up to create a von Karman vortex street (Figure 2.8c), and (3) a high
density regime, for ® > 0.15, in which the vegetation patch behaves as a solid cylinder with
the same diameter: a von Karman vortex street forms sat the patch scale directly downstream of
the patch (Figure 2.8d). However, He, Ghisalberti, An, Draper, Branson, Ren & Cheng (2024)
observed a flow regime that could not be classified within these three regimes. In this regime,
unstable shear layers developed separately on both sides of the array. Although large-scale
turbulent eddies formed within the separated shear layers, they did not interact and initiate a von
Karman vortex street (Figure 2.8b). This behavior arises because the wake structure depends
on shallowness, which primarily suppresses wake instabilities and, to a lesser extent, affects the
velocity within the patch, in addition to the patch density, which determines the proportion of
incident flow that passes through the patch.

In addition to patch characteristics, flow shallowness also plays a significant role in control-
ling wake structure (Chen & Jirka 1995), as it limits vertical motions, making the wake structure
mostly two-dimensional, and inhibits the lateral movement of large-scale oscillations such as
vortex shedding. The effect of flow shallowness can be quantified using a non-dimensional
wake stability parameter (Chen & Jirka 1995),

§—= = (2.24)

where Cy is the bed friction coefficient, D is the diameter of the patch, 4 is the water depth. This
parameter measures the stabilizing effect of bed friction relative to the destabilizing impact
of transverse shear on wake instability development (Chu et al. 1991). When the value of S
exceeds a critical threshold, S, the generation of a vortex street is suppressed. Chen & Jirka
(1995) observed a critical value of S, = 0.09 for a porous plate with a solid volume fraction of
0.5 and S, = 0.2 for a solid obstruction.

Taking the wake stability parameter into account, He, Ghisalberti, An, Draper, Branson, Ren
& Cheng (2024) classified the wake structure into four patterns (Figure 2.8) and attributed the

23



-6 O~ -5 O 2707~ - O Ox
(a) e &Y N (b) /,o o) o\\ (c) /,oooooooc\)\ (d) le oy
D @ & /0 o o o\ ! 020%0%0% | i o
[ e N o R 10 0 O 1 10-0-0°0.0-0 1% >
v P 0 o0 o o 1000000 N i
R R & 0 0 0/ \0-0°0°0°0/ < o’
o0 o NO 0.7 YO 00 9/ ®
(})‘-'O\j ~L__- ~.0O_- ~ 0 Q-

Figure 2.8: Wake behaviors behind an circular vegetation patch. Dashed circle indicates the
boundary of the patch. (a) Coupled individual wake, where patch-scale shear layers are stable
and the patch wake is dominated by individual element-scale wakes. (b) KH instability wake,
where patch-scale shear layers are susceptible to KH instability, but do not generate von Karman
vortex street. (c) ‘Steady+shedding’ wake, where a steady wake region presents before the
development of a von Karman vortex street. (d) Vortex street wake, where a von Karman vortex
street is initiated immediately behind the patch. This figure is adapted from Nicolle & Eames
(2011), He, Ghisalberti, An, Draper, Branson, Ren & Cheng (2024).
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influence of flow shallowness on wake instabilities to (i) the suppression of the wake instabilities
and (i1) the enhancement of the bleeding flow that stabilized the wake. The bed friction increases
the velocity of bleed flow by weakening the flow diverted around the array (Creed et al. 2017).

For emergent circular patches, Chen, Ortiz, Zong & Nepf (2012) linked the wake flow
structure to a nondimensional flow blockage parameter, CpaD, which is the ratio of the patch
diameter (D) and a drag length scale (Cpa)~'. The velocity exiting the patch, U,1, is diminished
compared to the upstream velocity, U, and this reduction (expressed as U, /U.) becomes

greater with increasing flow blockage (CpaD). They developed a model to predict,

1-0.21CpaD, CpaD < 4
~ (2.25)
0.16, CpaD > 4.

S
.

By assuming that the gradient of the normalized velocity after the patch is comparable to the
gradient across the patch, Chen, Ortiz, Zong & Nepf (2012) predicted the steady wake velocity,
Ui,

1
U, 1-— —CDaD7 CpaD < 4
AP 4 (2.26)

Us
0.03, CpaD > 4.

Zong & Nepf (2012) predicted the length of the steady wake region, L, by assuming a linear
growth of the shear layers on either side of the steady wake region,
Li_ 1 140/U, 1 14U1/Us 2.27)
D 481-U,/U, 48 1-U;/Us
where S is a constant (0.10 4= 0.02) across a wide range of patch diameters and densities (Zong
& Nepf 2012), Us is the fastest velocity lateral adjacent to the steady wake region. If the channel
is significantly wider than the patch diameter, U, ~ U.., yielding the right-most expression in
Eq. (2.27). Note that a delayed initiation of the vortex street is still observed even as the velocity
behind the patch is nearly zero, presenting L; /D = 2.5. The length of the steady wake region,
Ly, is given by
8 —CpaD
CpaD

2.5, CpaD > 4.

L 2.5[ } CpaD < 4

(2.28)

However, when CpaD becomes sufficiently large such that the wake resembles that behind a
solid body, a recirculation zone and a vortex street form immediately behind the patch, and
Ly = 0 for CpaD > 10. Furthermore, Li, Wang, Li, Wang & Xu (2025) observed that the
steady wake length for emergent patches with a finite width depends on patch width, while for
channel-spanning patches, it depends on patch length.

Yu et al. (2021) introduced a length(L)-related flow blockage parameter (Cpal) to evaluate
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the impact of patch elongation on wake flow and vortex structures. Their experimental results
demonstrated that as a patch became denser and/or longer (indicated by an increase in Cpal),
the steady wake region shortened, and vortices formed closer to the trailing edge of the patch,
resulting in greater turbulence after the steady wake region. When the length-related flow block-
age reached a critical level (CpaL > 8), von Karman vortices were initiated directly behind the

patches,
9-C DaL
C DaL

0.3+£0.3, CpalL > 8,

L (2.5+0.5) [ } , CpaL <8

(2.29)

in which b is the half width of the vegetation patch.

At the end of the steady wake region, the shear layers converge at the wake centerline, form-
ing a patch-scale von Karman vortex street. Then, the streamwise velocity gradually recovery
toward the incoming flow velocity (Us). This patch-scale von Karman vortex street oscillates
at a characteristic frequency, fyk. By applying the same scaling as for a solid cylinder with a

diameter of D, the Strouhal number becomes

_ kD

St .
U

(2.30)

Zong & Nepf (2012) observed St ~ 0.2 behind circular porous patches, consistent with the vor-
tex shedding of a solid cylinder, St ~ 0.2 for 200 < Re < 3 x 10° (Roshko 1961, Schewe 1983).
For the wake regime dominated by individual elements (Figure 2.8a), Nicolle & Eames (2011)
observed that the shedding from individual cylinders within the patch governs the oscillation
frequency in the near-wake region, i.e. the individual cylinder diameter set the length scale
for vortex shedding. Chang & Constantinescu (2015) observed this constant dimensionless fre-
quency presented in the near-wake regions when the wake billows were absent. In this scenario,
the frequency arises from an instability acting on the separated shear layers, leading to in-phase,
large-scale undulating deformations of both layers. Furthermore, the channel blockage, i.e., the
ratio of the obstruction diameter (D) to channel width (B), may affect the shedding frequency
(fvk), or specifically the Strouhal number (S7) of the wake vortex street. Many previous studies
related to circular cylinder reported (Coutanceau & Bouard 1977, Chen et al. 1995, Wang et al.
2021) that St increase with increasing D/B.

In contrast to the largely two-dimensional wakes generated by emergent patches of finite-
width and submerged channel-spanning patches discussed above, a submerged patch of finite
width can induce vortex structures in its wake at both the vertical and horizontal interfaces. As a
result, the wake structure behind a submerged patch of finite width becomes three-dimensional
(Ortiz et al. 2013, Marjoribanks et al. 2019, Matsumoto et al. 2025). This three-dimensional
wake structure grows nonlinearly, which is not reflected by the classical mixing layer theory

(Nicolai et al. 2020). The strong down flow observed downstream of the patch contributes
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to decaying the interaction of horizontal shear layers (Taddei et al. 2016, Chang et al. 2017,
Nicolai et al. 2020, Liu, Huai & Ji 2021). Liu et al. (2018) reveals the impact of patch height
(H) to width (D) aspect ratio on wake structure. Specifically, a horizontal von Karman vortex
presents and controls the wake structures for H > D (Figure 2.3a). In contrast, for H < D, the

von Karman vortex was absent but a vertical recirculation dominated in the patch wake (Figure
2.3b).

(a)

Yy

U,

von Karman vortex
street

Yy

(b)

U,
D

L

Figure 2.9: (a) Top view and (b) side view of the flow structure behind a submerged, circular
patch. D is the diameter of the patch. H is the patch height. (a) shows the flow structure when
the wake is dominated by the horizontal vortices, H > D. (b) shows the domination of the

vertical vortices in the wake, H < D. This figure is adapted from Hu et al. (2018).

In addition to the patch height to width aspect ratio, Cornacchia et al. (2022) considered
various live submerged vegetation patches and concluded that the patch properties, such as plant
species and density, influence the length of the steady wake region. Kitsikoudis et al. (2016)
demonstrated that the steady wake length downstream of a tree-like element was shorter than
that observed behind a uniform element. This reduction was attributed to enhanced turbulent
mixing, driven by vertical shear between the subcanopy and canopy regions. In addition, for
the tree-like configuration, the interaction between the subcanopy jet and the lee-wake vortices
generated behind the canopy distorted the development of von Karman vortex street. Yagci
et al. (2010) experimentally investigated the influence of different forms of natural riparian
vegetation on flow structure. They found that the vegetation form of ‘erect’ exhibited more
retaining influence over time-averaged mean velocity compared to ‘compressed’ form, which

was attributed to the streamlining effect. When the foliages of the plant adapt streamlines
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of the flow, effective area for the water passing through vegetation increases. Matsumoto et al.
(2025) investigated how the deflection of flexible vegetation elements affected vortex structures.
Their experiments revealed that the deflection of these elements in a flexible vegetation patch
generates a rotating secondary flow, which facilitates the transportation of momentum into the
wake region of the vegetation patch.

Park & Nepf (2025b) investigated how the spatial configuration of submerged patches af-
fects the relative contributions of wake and shear production. They found that at low area
densities (P < 0.5), wake production dominates over shear production. In contrast, at high area
densities @ > 0.5, shear production becomes more significant, owing to the development of an
enhanced shear layer at the top of the canopy and a reduction in mean velocity within the patch.

Anjum et al. (2025) examined how the shape of vegetation patches affected wake struc-
tures. Their numerical simulations revealed that circular patches offered the maximum flow
resistance, resulting in a 25%—-30% reduction in mean streamwise velocity in the downstream
region, whereas rectangular and square patches lead to a 15%. Additionally, von Karman vor-
tices were observed only behind circular patches and did not occur behind square or rectangular

patch shapes.

2.2 Sediment transport in vegetated channel

In aquatic environments, sediment transport is a key factor influencing water transparency and
facilitating material exchange between sediments and the overlying water (Black et al. 2002,
El Ganaoui et al. 2004). Numerous field studies have demonstrated that vegetation generally
reduces sediment concentrations, either by enhancing sedimentation, which is highly dependent
on local hydrodynamics (Horppila & Nurminen 2001, Leonard & Reed 2002, Leonard et al.
2006, Pujol et al. 2010), or by directly trapping sediment on stems and leaves (Saiers et al.
2003, Peruzzo et al. 2012). This section reviews the effects of vegetation on sediment transport,

with a focus on hydrodynamic processes.

2.2.1 Incipient sediment motion

Reliable prediction of sediment transport in vegetated flows requires quantifying the thresh-
old conditions for sediment motion within vegetated areas. The onset of sediment movement
is primarily governed by flow conditions. Specially, when flow intensity surpasses a critical
threshold, sediment particles begin to move. In open channel flows, incipient sediment mo-
tion is typically characterized by the critical shear stress and critical flow velocity. However,
the presence of vegetation significantly alters the flow field. Strong interactions between sedi-

ment particles and near-bed flow structures, as well as elevated turbulence levels complicate the
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prediction of incipient sediment motion compared to bare riverbeds. Increased near-bed turbu-
lent kinetic energy generated by vegetation is negatively correlated with bottom boundary layer
thickness and, ultimately, with bed shear stress (Conde-Frias et al. 2023). On one hand, vegeta-
tion introduces additional hydraulic resistance in water flow, reducing both mean velocity and
bed shear stress within vegetated areas, thereby inhibiting particle movement (Lopez & Garcia
1998, Nepf 1999, Leonard & Luther 1995, Shi et al. 1995, Pujol et al. 2010), which inhibits
the particle movement. On the other hand, vegetation can also enhance turbulence intensity,
particularly in the presence of sparse vegetation, due to increased turbulence production from
stem wakes (Ninto & Garcia 1996, Nepf 1999, Vollmer & Kleinhans 2007, Celik et al. 2010,
van Katwijk et al. 2010). Recent studies have demonstrated the dominant role of turbulence in
the local entrainment of sediment particles (Ali & Dey 2017, Shih & Diplas 2018, Li & Katul
2019, Deitrick et al. 2023). Given the difficulties in predicting incipient sediment motion using
bed shear stress in vegetated flows, critical flow velocity is often considered a more efficient

and effective parameter, and is widely applied in practice.

Within vegetated areas, spatial heterogeneity in flow (Nepf 2012a) leads to spatial variation
in the incipient motion of sediment particles, which is governed by local flow conditions (Cheng
et al. 2020). This behavior is analogous to the patterns observed around piers (Escauriaza &
Sotiropoulos 2011). For example, Bouma et al. (2007) found that sediment initiation near vege-
tative stems was closely associated with localized increases in velocity, leading to the formation

of scour holes around individual stems.

With rigid emergent vegetation, Cheng et al. (2020) predicted the critical flow velocity for
incipient sediment motion by incorporating both mean flow and turbulence effects into the force
balance equation, using a spatiotemporal averaging approach. They also found that, for rigid
emergent vegetation, the critical flow velocity is independent of flow depth, consistent with the
observations of Tang et al. (2013). In a related study, Yang et al. (2016) proposed a turbulent ki-
netic energy (k;) model to predict sediment resuspension, based on the assumption that near-bed
k; sets the threshold for sediment resuspension. In this framework, the near-bed k; is considered

as the sum of turbulent kinetic energy generated by both the river bed k; ,eq) and vegetation

ki (veg)>
T P
k= g1, T [CDW]MU% (2.31)
~—— ~~

bed—generated (k (peq)) vegetation—generated(k; (yeg))

where 0, is a scale constant, with &, = 0.4 £ 0.3 for an array with a single diameter of d =
0.6 cm (Yang & Nepf 2019) and &, = 0.52 £0.07 for an array with a varying diameter of
d =0.64 ~ 2.5 cm (Zhao & Nepf 2021). Based on this model, the critical flow velocity of the
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incipient sediment motion (U,) can be predicted by

g 1
Ve 1 (2.32)

Ue  /11COW?

where the coefficient C = O.9C%/ 3 /Cr, with Cy the bed friction coefficient and Cp the canopy
drag coefficient. Although this model is only applicable to sparse emergent vegetation (d/AS <
0.25), it offers a unified framework for describing incipient sediment motion over both bare
beds and vegetated channels.

With rigid submerged vegetation, Xue et al. (2017) developed an empirical model to predict
the critical flow velocity for incipient sediment motion, based on the average flow velocity
below the vegetation height, instead of using the bulk velocity over the entire water depth.
Wang et al. (2015) observed that the critical velocity for sediment motion increases as plant
density decreases, and as water depth and sediment grain size increase. Additionally, they found
that the critical velocity is higher for submerged flexible plants compared to rigid vegetation.
Similarly, Zhang, Mi, Wang, Li, Li, Xu, Li, Wang & Wu (2024) emphasized that the incipient
velocity is highly influenced by vegetation density and relative submergence. Specially, a higher
relative submergence or/and a lower vegetation density lead to a greater critical velocity (Wang,
Li, Yang & Huai 2022). However, at very high densities, increased vegetation resistance can
actually inhibit sediment motion.

Sediment characteristics also play a critical role in sediment motion. Smaller, lighter parti-
cles are more easily mobilized than larger, heavier ones. Many previous works have reported
that vegetation-generated turbulence can enhance erosion rates and lower the velocity thresh-
old required for the erosion of non-cohesive sediments. However, in natural aquatic ecosys-
tems, sediments are often cohesive. Deitrick et al. (2024) investigated whether vegetation-
generated turbulence has a similar effect on natural cohesive sediments. Their experimental
results showed that, at the same flow velocity, cohesive sediments exhibited higher turbulent
kinetic energy compared to non-cohesive sediments. However, vegetation-generated turbulence
did not increase bed stress or the resuspension rate for cohesive sediments relative to non-
cohesive sediments. It was hypothesized that the short time-scale fluctuations characteristic of
vegetation-generated turbulence were insufficient to overcome the cohesive forces between sed-
iment grains, thereby explaining why increased turbulence did not affect the erosion threshold

or rate for cohesive sediments.

2.2.2 Sediment transport rate

Bedload transport rates are closely linked to sediment motion in the near-bed region. Turbu-

lence enhances the mobility of individual particles (Liu, Shan & Nepf 2021, Tinoco & Coco
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2018), thereby increasing the channel-averaged sediment transport rate (Yang & Nepf 2018,
2019, Tseng & Tinoco 2021). Vegetation contributes to turbulence generation both in the wakes
of individual stems and branches (Nepf 2012b), and within the shear layer that forms between
low-discharge vegetated regions and high-discharge open regions (Monti et al. 2020, Akao et al.
2022). The magnitude and spatial distribution of vegetation-generated turbulence depend on
several factors, including stem area density (Tanino & Nepf 2008b), stem diameter (Zhao &
Nepf 2021), the degree of clustering (Sukhodolov & Sukhodolova 2010), and branching mor-
phology (Maza et al. 2017, Xu & Nepf 2020).

To examine the influence of stem diameter and arrangement on bedload sediment transport,
Zhao & Nepf (2021) conducted laboratory flume experiments using arrays with varying and
mixed stem diameters. Their results showed that the bedload transport rate was governed by
turbulent kinetic energy and was independent of stem diameter. Similarly, Mu & Fu (2023)
reported that stem diameter and stem arrangement did not strongly influence the relationship
between sediment transport capacity and flow velocity. They concluded that flow velocity alone

could account for the effects of stem diameter and arrangement on sediment transport capacity.

To consider the influence of plant morphology on turbulence and bedload transport, Zhao
& Nepf (2021) incorporated a plant-specific morphology ratio into Equation 2.31 to predict
turbulence as a function of biomass and velocity. Liu, Shan, He, Li, Liu & Nepf (2024) observed
that that when the frontal area of plants increased with height above the bed, near-bed velocities
were higher than those predicted using a depth-averaged frontal area. In addition, He, Shan,
Liu, Cao, Liu & Guo (2024) found that plant morphology can lead to considerable differences in
transport rates compared to the assumption of uniform morphology. To address this, Liu, Shan,
He, Li, Liu & Nepf (2024) proposed a plant morphology coefficient to quantify the vertical
variation in frontal area, which improves the predictions of near-bed velocity, turbulence, and

bedload transport rates.

To examine the influence of vegetation patchiness on channel-averaged turbulence and sed-
iment transport, Shan et al. (2020) conducted experiments demonstrating that, for a given chan-
nel velocity, the greatest levels of turbulence and bed load transport occurred when vegetation
was distributed uniformly at random. As vegetation stems became increasingly clustered, with
smaller patch diameters and a reduced fraction of the bed area occupied by stems, both tur-
bulence and bed load transport were observed to decrease. Park & Nepf (2025a) performed
laboratory experiments to evaluate the influences of patch area densities (¢, the fraction of bed
area covered by patches) and spatial configurations of a patchy submerged canopy on bedload
transport, including channel-spanning patches and laterally unconfined patches. Specially, at
low area densities (¢, < 0.3), an increase in @, resulted in more flow passing over the canopy,
reducing the near-bed velocity. However, turbulent wakes formed around individual patches,

enhancing near-bed turbulent kinetic energy. In this scenario, these competing effects resulted
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in only a slight reduction in bedload transport rate as ¢, increased. Conversely, at high area
densities (¢, > 0.3), both near-bed velocity and turbulent kinetic energy diminished with in-
creasing ¢, causing a significant reduction in bedload transport rate. What’s more, for a given
¢p, channel-spanning patches produced less bedload transport than laterally unconfined patches,
as the former configuration led to lower near-bed velocities due to the banded distribution of
vegetation.

For submerged canopies, the vertical shear layer developed at the top interface enhances
the shear production of turbulence (Raupach et al. 1996, Liu et al. 2025). To examine how
canopy-scale turbulence affects sediment transport, Zhao & Nepf (2024) performed laboratory
experiments using submerged canopies of rigid model vegetation with varying canopy density
(aH) and submergence ratio (h/H). They observed that, for #/H < 2, the near-bed turbulent
kinetic energy (k;) was primarily generated by the stems. In this regime, both near-bed k; and
bedload transport rate increased with increasing aH. In contrast, for h/H > 2, the near-bed k;
became independent on aH and h/H, as a balance was established between decreasing stem-
generated turbulence and increasing canopy-scale turbulence with increasing aH and 4/H (King
et al. 2012, Zhang et al. 2020). However, the near-bed velocity decreased with increasing aH
and h/H, leading to a decline in bedload transport rate even when near-bed k; remained constant.
Lu et al. (2024) observed that bedload transport rates decreased with increasing submergence
ratio, which is attributed to the reduction in near-bed velocity at higher submergence ratios.

To investigate the impact of plant flexibility, Liu et al. (2025) compared the near-bed condi-
tions within flexible and rigid canopies under the same canopy density (aH) and submergence
(h/H). Although the near-bed velocity is similar, the near-bed turbulence and sediment trans-
port rates are lower within flexible canopies compared to rigid ones. In the natural scenario,
flexible canopies bend with increasing channel velocity, which effectively reduces their submer-
gence ratio relative to rigid canopies with the same stem density. This results in weaker near-
bed velocity, turbulence, and sediment transport within the flexible canopies. At high canopy
submergence, turbulence generated in the canopy shear layer enhances near-bed turbulence,
partially offsetting the reduction in stem-induced turbulence and increasing sediment transport.

Nevertheless, this effect is less pronounced for flexible canopies than for rigid canopies.

2.3 Sediment pattern in vegetated channels

Two main approaches have been applied in earlier studies to explore sediment distribution in
laboratory experiments. One approach involves fully mixing sediments with water in the source
tank, while the other entails paving a layer of sediments on the bottom of the flume. The
former method is particularly relevant to studies of net sediment deposition. The latter approach

characterizes the sediment deposition and erosion at the same time. The sediments paved at the
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channel bottom will adjust as a response to the flow structure.

2.3.1 Net deposition pattern in rigid bed

Aquatic plant enhances net deposition by creating favorable flow structures. For example, for
circular emergent vegetation patches, Chen, Ortiz, Zong & Nepf (2012) observed increased net
deposition downstream of the patch and attributed this enhancement to reduced velocity and
weak turbulence within the steady wake region, which promotes patch elongation (Sand-Jensen
& Madsen 1992). Compared to rigid patches, Matsumoto et al. (2025) found that flexible veg-
etation patches resulted in greater net sediment deposition downstream. This enhancement was
linked to secondary flows generated around the flexible patches, which increased lateral sed-
iment transport across patch boundaries. Conversely, Ortiz et al. (2013) reported that strong
vertical circulation developed after a flexible, submerged vegetation patch of finite width, in-
creasing turbulent kinetic energy directly downstream and thereby preventing increased deposi-
tion in the wake. These findings suggest that flexible submerged patches may be much harder to
expand spatially, as adverse feedback inhibits patch growth. Furthermore, de Lima et al. (2015)
and Yamasaki et al. (2021) observed that pairs of side-by-side circular patches created an area of
enhanced deposition along the centerline between them, with this area extending significantly
farther downstream than the region of increased deposition found behind a single patch. As
patch density increased or the gap between patches decreased, the minimum wake velocity was
further reduced, leading to even greater deposition (Meire et al. 2014). These findings sug-
gest that interactions between patches can promote streamwise growth, depending strongly on
wake flow conditions. Ultimately, deposition along the centerline can cause adjacent patches to
merge, thereby facilitating lateral expansion of the patches.

On the other hand, aquatic vegetation can mitigate net deposition by generating turbulence.
For example, near the leading edge of the meadow, net deposition was reduced compared to
the bare bed, primarily due to an up-moving flow associated with flow adjustment (Follett &
Nepf 2018) and elevated turbulent kinetic energy generated by the stems (van Katwijk et al.
2010, Deitrick et al. 2023). In the fully developed region of a submerged seagrass meadow
(Zhang et al. 2020), net deposition decreased as vegetation density decreased and channel ve-
locity increased, transitioning from being greater than to less than that observed on a bare bed.
In particular, lower net deposition was attributed to resuspension induced by stem-scale turbu-
lence, which intensified with lower meadow density and shallower submergence (Zhang et al.
2020). In the wake region of a finite vegetation patch, the initiation of wake vortex street highly
enhances the turbulence, reducing net deposition. Kim et al. (2018) identified three distinct de-
position patterns in the wake region of an emergent circular patch: (1) for patches with low flow
blockage, deposition in the wake region occurred over an extended distance; (2) for patches with

intermediate flow blockage, vortex street was developed, resulting in enhanced deposition both
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directly downstream of the patch and within the recirculation region; (3) for patches with high
flow blockage, enhanced deposition was confined solely to the recirculation region. Overall,
the extent of enhanced deposition in the wake region closely linked to the length scale of vor-
tex formation. Downstream of the steady wake region, deposition was suppressed by elevated

turbulence levels generated by patch-scale vortices.

Xu, Esposito, Beltran-Burgos & Nepf (2022) observed competing effects of vegetation den-
sity on net sediment deposition in deltaic marshes. Specifically, as vegetation density increases,
flow velocity diminished, which (i) restricts sediment supply to the marsh, and (ii) minimizes
sediment resuspension. These opposing impacts in sediment supply and retention result in a
nonlinear relationship between sedimentation and vegetation density, with maximum sedimen-
tation occurring at an intermediate density. In addition, two distinct patterns of sedimentation
were identified. (1) When the resuspension is suppress, the deposition is distributed exponen-
tially, with the highest sediment accumulation at the marsh edge. (2) Conversely, if resuspen-
sion presents, particles deposited near the edge may be lifted and transported further into the
marsh, leading to reduced sediment accumulation at the edge and a more uniform pattern of net

deposition deeper within the marsh.

While vegetation can create favorable conditions for sediment deposition, an adequate sed-
iment supply is also essential for deposition to occur (Vistild et al. 2016, Box et al. 2019). For
instance, Liu & Nepf (2016) and Liu et al. (2022) reported that deposition within a vegetation
patch only occurred when sediment was resuspended in the channel and stem-scale turbulence
within the patch was absent. In these cases, particles resuspended from adjacent areas became
available to settle in the wake of the vegetation. Shi et al. (2016) identified three deposition
patterns as the ratio of channel shear velocity (u.) to critical shear velocity (u..) changes: (1)
a uniform high net deposition when u, /u.. < 0.7, in which the shear velocity throughout the
channel remains below the critical threshold, preventing resuspension; (2) a uniform low net
deposition when u, /u. > 3, in which resuspension occurs throughout the channel; (3) a dis-
tinct spatial pattern of net deposition when u, /uc =~ 0.7 to 3, in which higher net deposition
is observed in the wake of the vegetation patch compared to adjacent areas. Notably, highest
net deposition in the wake occurs under this scenario, as resuspension in adjacent regions in-
creases the availability of particles for deposition in the wake. This finding was corroborated
by a numerical study conducted by Kim et al. (2018). Furthermore, they proposed that particle
characteristics, such as size and density, as well as flow conditions change the sediment pat-
tern by influencing u, /u... Specially, a low u, /u.. corresponds to low velocity or large, heavy

particles.

Similarly, Sun et al. (2023) observed distinct deposition patterns in partially vegetated chan-
nels depending on sediment supply. Specifically, when no resuspension occurred in the bare re-

gion, the distribution of net deposition was uniform inside and outside the vegetated region. As
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mean channel velocity increased without inducing resuspension, local vegetation-induced tur-
bulence elevated near-bed turbulent kinetic energy near the leading edge of the canopy, forming
a region of diminished deposition. When the mean channel velocity was sufficient to resus-
pend the sediment in the bare region, mitigated deposition was observed near the leading edge
region of the canopy due to elevated near-bed turbulent kinetic energy. However, suspended
sediment from the bare channel and the leading edge region could be transported further into
the canopy and deposited in areas where the near-bed turbulent kinetic energy was below the
critical threshold for resuspension. Zong & Nepf (2011) identified two sources of sediment flux
to an along-bank emergent vegetation patch: (1) advection of particles across the leading edge,
and (2) lateral dispersion of particles from the adjacent open region (Figure 2.10). The relative
contribution of these two supplies governs the spatial distribution of net deposition within the
vegetated zone. Initially, advection dominates the sediment supply, in which net deposition in-
creases downstream as local velocity decreases (Zong & Nepf 2010, Yang et al. 2021). This
trend is associated with reductions in both vertical velocity and turbulent kinetic energy, with
deposition peaking near the adjustment length (Zhang et al. 2020). In this region, the deposi-
tion is laterally uniform, revealing the uniform mean flow that delivers sediment. Beyond this
region, deposition decreases in the streamwise direction because of the continuous depletion of
suspended sediment in the water column (Zong & Nepf 2010). In contrast, net deposition is
highest near the streamwise interface of the patch and decays laterally inward, indicating the
influence of dispersive transport from the patch edge. Lateral dispersion is driven by two pro-
cesses, both related to the formation of shear-layer vortices at the interface between the patch
and the open channel. By producing turbulence, these vortices promote greater turbulent diffu-
sion of sediment. Additionally, the movement of vortices induced wave oscillations in the flow

field, transporting the sediment further into the patch.

Liu, Shan & Nepf (2021) reported that the turbulent kinetic energy increased with increasing
velocity and vegetation density, but was independent of stem diameter. For a given sediment
size, both vegetated and bare beds shared the same threshold of turbulent kinetic energy for
resuspension, so higher vegetation density corresponded to a lower critical velocity. It was
observed in this study that both the critical turbulence and the critical velocity for resuspension

were independent of stem diameter.

Considering both bed-generated and shear-generated turbulence, Gui, Shan, Li, Sun & Liu
(2024) found that near-bed turbulent kinetic energy in floating vegetation canopies increases
with higher channel-average velocity, greater vegetation density, and/or reduced relative flow
depth. When the near-bed turbulent kinetic energy exceeds the threshold for resuspension, net

deposition below the vegetation canopy decreases compared to an upstream reference site.
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Figure 2.10: Sediment flux to an along-bank emergent vegetation patch. The suspended particle
concentration C(x,y) is normalized by the upstream concentration Cy. xp is diverging region in
the vegetation patch. x, is the advection length scale. b is the width of the vegetation patch. Jy is
penetration thickness of the shear layer into the patch, in which the particle concentration is the
same as the free stream, Cj. Omax is the diffusion length scale, which is defined as the maximum
distance particles can be delivered from the streamwise interface by lateral dispersion. (a)
Simulated suspended particle concentration in the vegetation patch at x > xp. (b) Simulated
lateral concentration profiles across the patch width (0 < y < b). This figure is adapted from
Zong & Nepf (2011).
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2.3.2 Bedform development in mobile bed

By affecting the dynamic between water flow and sediment transport, vegetation can produce
localized changes in bed elevation, driving the evolution of channel morphology over time
(Oorschot et al. 2016). Specifically, vegetation elements increase hydraulic resistance, reducing
flow velocity and promoting sediment deposition (Klosch & Habersack 2017), thereby raising
bed elevation. The presence of vegetation stabilizes the riverbanks by binding the soil with
roots and enhancing cohesion with the addition of organic material (Simon & Collison 2002,
Li, Chiu & Chen 2025). In contrast, the enhanced turbulence generated by vegetation can
lead to sediment loss, lowering the bed elevation, reducing bank stability (Rinaldi & Casagli
1999, Li et al. 2023), and leading to vegetation uprooting (Edmaier et al. 2015). Field surveys
showed that dense vegetation patches promoted mid-channel and point bar accretion by facil-
itating deposition (Gurnell et al. 2008, 2012). Vegetated bars were often multi-threaded with
complex microtopography, in contrast to the simpler, single-thread bars found in non-vegetated
areas (Gurnell et al. 2008). Experimental studies have demonstrated that uniform vegetation on
floodplains can shift rivers from having multiple channels to a single, unified channel (Tal &
Paola 2010, van Dijk et al. 2013).

Kim, Kimura & Shimizu (2015) identified distinct bedform patterns surrounding a finite
patch of vegetation under varying incoming flow conditions relative to the sediment motion
threshold. Specifically, when flow remained below the threshold, the most pronounced erosion
was observed opposite the patch and near its leading edge. In contrast, when flow conditions ex-
ceeded the threshold for sediment motion, sediment deposition occurred both within and around
the patch, attributed to the reduced bed shear stress. Furthermore, Tranmer et al. (2024) reported
that bed deposition and erosion were also affected by the quantity of sediment delivered from
upstream. Specifically, erosion occurred in the channel areas adjacent to the patch regardless of
sediment supply, while deposition within the patch interior was mitigated under low sediment
supply and enhanced when sediment supply was high. Consequently, higher reach-scale sedi-
ment supply may promote greater topographic diversity in alluvial systems (Yarnell et al. 2006,
Pfeiffer et al. 2019).

Within the vegetated region, Yager & Schmeeckle (2013) observed that vegetation elements
generate spatial variations in bed load fluxes, resulting in distinct scour zones adjacent to the
stems (Kim et al. 2019) and depositional dunes between them. The observed spatial variation
was attributed to changes in near-bed turbulence levels and the influence of coherent structures.
In addition, Penna et al. (2022) observed that, within low-density vegetation patches, stem-
induced scour holes and depositional dunes tend to be elongated and aligned with the flow
direction, indicating that sediment transport primarily occurs longitudinally. However, as flow
discharge decreases and flow intensity diminishes, slight sediment dispersion presents laterally.

With increasing vegetation density, the elongated dunes become shorter and expand laterally,
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a result of the increased obstruction from stems, which promotes both streamwise and cross-
stream sediment transport. Within a partially covered submerged vegetation patch, Liang et al.
(2025) found that the magnitude of local scouring around the stems decreased as the density

and width of the vegetation patch increased, which was attributed to mitigated flow intensities.

Near the leading edge of the patch, erosion is widely observed, mainly caused by the signifi-
cant turbulence and strong flow diversion (Follett & Nepf 2012, Kim, Kimura & Shimizu 2015).
The high turbulence initiates the sediment motion. Then, the lateral flow diversion carries a part
of the eroded sediment out of the patch. The rest of the eroded sediment flows downstream,
creating a depositional dune in the downstream part of the vegetation patch (Le Bouteiller &
Venditti 2014, Tinoco & Coco 2016, Chen, Chan & Li 2012) or behind the patch (Gu et al.
2019), as shown in Figure 2.11a. This deposition mound inside the vegetation patch has been
observed in finite patches along a side wall (Kim, Kimura & Shimizu 2015) and in submerged
patches which cover the full width of the flume (Chen, Chan & Li 2012, Le Bouteiller & Ven-
ditti 2015, Tinoco & Coco 2016). In these previous cases, the extent of scour and deposition,
such as the volume of scour and deposition inside the patch, and the characteristic lengths of the
scour and deposition, including scour depth, dune height, length of the scour hole, horizontal
distance of the maximal scour depth, and horizontal distance of the dune crest increased with
decreasing array density, which was attributed to the higher velocity and turbulence inside the

patch at the leading edge.

For instream finite vegetation patches (Wang, Li & Yang 2023), the sediment pattern ex-
hibits behavior similar to that around a solid obstruction (Dargahi 1990, Kirkil et al. 2008,
Yagci et al. 2017). Enhanced flow intensity leads to erosion around the patch (Kalidindi &
Khosa 2024). A higher patch density produced a stronger erosion (Neary et al. 2012, Yu, Wang
& Liu 2019). In the wake region, the bedform development was usually associated with the
initiation and strength of patch-scale von Karman vortex street (Follett & Nepf 2012, Gu et al.
2019). Follett & Nepf (2012) investigated sediment patterns related to an emergent circular
patch exposed to incoming flow above the threshold for sediment movement. The sediment pat-
terns in the wake region varied with the patch flow blockage. For a high flow-blockage patch,
the von Karman vortex street in the patch wake directs deposition to the centerline of the wake.
However, for a low flow blockage patch, the von Karman vortex street is weak or absent, and
deposition does not occur at the wake centerline, but instead, deposits along the sides of the
wake. Furthermore, despite notable sediment redistribution around the patches investigated, net

deposition was not detected at the reach scale.

In contrast to an emergent finite patch, Gu et al. (2019) considered the influence of the
submergence ratio of an instream finite patch on bedform formation. For deeply submerged
patches, a region of net deposition was observed in the wake. In contrast, for slightly submerged

and emergent patches, scouring presented both in the wake and in adjacent areas. This eroded
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Figure 2.11: (a) A side view of longitudinal bed elevation associated with a vegetation patch. (b)
A front view of lateral bed elevation associated with a finite vegetation patch, with a patch width
smaller than the channel width. The dashed line indicates the bed elevation before exposure to

the water flow.

sediment facilitated sediment deposition in the wake. However, the amount of net deposition
was less than that of erosion. What’s more, in the adjacent regions, the most significant scouring
was closely linked to the submergence ratio and density of the patch, with higher submergence
ratios and patch densities leading to increased net erosion.

The depositional mound in the wake creates favorable conditions for vegetation growth,
making the patches elongated streamwisely (Gurnell 2014). To account for different growth
stages of an instream vegetation patch, experiments by Yagci et al. (2024) demonstrated that
both the volume of scour and the height of the wake mound increase as the patch extends down-
stream and its density increases. In this scenario, the depositional mound becomes more local-
ized due to a reduced bleed flow and enhanced lateral mixing, which leads to the early onset of
a von Karman vortex street. Consequently, for dense and elongated patches, the early recovery
of flow in the wake zone shortens the deposition length, ultimately limiting the spread of the
deposited mound in the wake zone. This phenomenon provides insight into why vegetation
patches in streams tend to have restricted longitudinal expansion.

For a near-bank vegetation patch, the elevated turbulence near the lateral interfaces of the
patch as well as the enhanced mean flow at the adjacent bare region contribute to the sediment
erosion (Temmerman et al. 2007, Bennett et al. 2008, Guan & Liang 2017, Xu et al. 2019, Ku-
mar et al. 2025, Kumar & Sharma 2025a,b), which constraints the lateral growth of the patch
(Figure 2.11b). Rominger et al. (2010) observed that regions where the Shields parameter ra-
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tio exceeded unity corresponded to areas of erosion, while regions with a ratio less than unity
were associated with deposition. The Shields parameter ratio quantifies the balance between
destabilizing forces (drag forces) and stabilizing forces (setting forces) acting on cohesionless
sediment. Li et al. (2024) observed that the maximum depth and length of the erosion region in
the adjacent bare region increased with increasing patch length, and achieved constant until the
patch length is over the flow adjustment length. In contrast, Yan et al. (2023) found that increas-
ing the length and density of the patch caused the point of maximum erosion depth to migrate
upstream. Near the lateral interface of the patch, Kim, Kimura & Shimizu (2015) observed a
depositional ridge, which is consistent with field observations during a flood reported by Ro-
drigues et al. (2006) and Euler et al. (2014). This depositional ridge elongated downstream.
Yan et al. (2023) observed that the elongated ridge for a long patch shifted to a short-point ridge
for a short patch. For channel-spanning submerged vegetation patches, bedform pattern varies
with densities and patch length (Song, Liu, Yang, Li, Cai, Feng, Huang, Hao, Li, Zhan & Wen
2024).

For vegetated alternate bars, the flow was redirected toward the non-vegetated side of the
flume, leading to sediment erosion (Habib & Tanaka 2025). In addition, the vegetated bars
enhanced sediment deposition by slowing the flow both inside and downstream of the vegetation
patches. Sediment accumulation downstream suggested the migration of vegetated bars and
bar elongation (Vargas-Luna et al. 2019, Jourdain et al. 2020). Over time, vegetation on bar
tops contributed to a more stable channel morphology. Despite ongoing channel dynamics, the
opposing processes of bank erosion and local bank accretion balanced each other, maintaining

overall morphological equilibrium.

Ripples were created within a channel-spanning vegetation patch (Yang & Nepf 2019). For
low solid volume fraction (P < 0.012), stem spacing constrained the ripple wavelength and the
presence of model vegetation accelerated ripple migration. However, when the solid volume
fraction increased to @ = 0.025, ripple height approached the grain size and distinct ripples
were absent, indicating a shift to sheet flow, where sediment is transported over a flat bed with-
out bedform development. Additionally, ripple migration-caused bed load transport decreased
as @ increased, revealing that plants promote the onset of sheet flow. In addition, in a partially
covered submerged vegetation patch, Liang et al. (2025) reported that the turbulent kinetic en-
ergy outside the vegetation three times higher than those within the patch. This significant
increase in turbulence greatly influenced bedform development and led to an increase in rough-
ness height. Bedform characteristics, such as ripple length and steepness, were found to be

inversely correlated with the strength of near-bed turbulent kinetic energy.

The plant morphology also influenced the bedform development by affecting the flow struc-
ture (Zhang et al. 2016). For instance, Yagci et al. (2016) and conducted experimental research

to examine sediment pattern around various forms of individual vegetation elements. Their
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study revealed that intact plant forms created two elongated scour holes downstream with a
distinct ridge. In contrast, the impermeable form of the plant resulted in localized scour, in-
creased deposition, and brought the deposition zone closer to the plant. Additionally, the study
demonstrated that bending reduced the projected area of the plant while increasing its bulk vol-
ume, thereby reducing scour compared to the intact form. Consequently, the scour zone became
more elongated and extended further downstream. Artini et al. (2024) demonstrated that leafy
vegetation significantly altered bed morphology, reducing the average dune wavelength and
promoting the development of complex three-dimensional geometries. Their experiments also
highlighted that the bed-load transport rate increased in the presence of leafy, flexible vegetation
with a larger frontal area, due to the enhanced turbulence generated by the vegetation. Similarly,
Suresh et al. (2025) examined how the aspect ratios of flexible blade (length-to-width ratio) in-
fluenced sedimentary bed morphology. They found that changes in velocity magnitude were
strongly influenced by the posture of the flexible blade. At a given flow velocity, blade with
lower aspect ratios experienced less deformation, resulting in greater near-bed velocity in the
wake deflection zone and increased erosion volumes. Furthermore, when the blade experienced
minor deformation, the pronounced velocity increase near the bed was attributed to substan-
tial flow deflection at the blade’s sides and intensified mixing with high-momentum overlying

flows.

To examine how the spatial distribution of vegetation affects channel morphological evo-
lution, Li, Claude, Tassi, Cordier, Vargas-Luna, Crosato & Rodrigues (2022) developed a nu-
merical model that considers two commonly observed vegetation patterns: (a) the filled pattern,
characterized by plants well distributed within the patch, and (b) the stripe pattern, where plants
only are aligned only along the patch contour. The numerical results revealed that the stripe
pattern led to channel widening, increased slope, and reduced water depth in an alternate bar
system, accompanied by higher sediment transport rates. While the filled pattern produced sim-
ilar effects, they were less pronounced. Additionally, the stripe pattern caused alternate bars to
migrate toward the channel centerline, resulting in the formation of center bars. Scroll bars that
developed downstream were shorter and associated with less distinct chute channels compared
to those formed under the filled pattern. Despite having much lower vegetation coverage, the

stripe pattern reduced bar elongation rates in a manner similar to the filled pattern.

In addition to flow conditions and plant characteristics, the development of bedform is
highly connected to the characteristics of sediment particles (Debnath et al. 2012, Sun et al.
2023). Under identical flow conditions, small, light particles are more likely to be resuspended
compared to large, heavy particles. In particular, Lee & Sturm (2009) found that scour depth
around bridge piers diminished with increasing bed grain size relative to pier diameter. This
relationship arose because coarser grains generally had higher critical shear stresses, making

them more resistant to erosion compared to finer sediments. In contrast, larger obstructions
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can generate increased local turbulence, enhancing the potential for sediment motion. In ad-
dition, Okhravi et al. (2023) developed a numerical model to explore how sediment mixtures
affect sediment deposition patterns around four aligned circular piles. Their simulation results
revealed significant differences in the shape of scour holes and sediment deposition mounds
between uniform and non-uniform sediments. These variations were attributed to armoring ef-
fects, where finer particles are more readily transported, while coarser particles remain on the
bed surface and form clusters. This armor alters the flow field, ultimately leading to a distinct
equilibrium sediment pattern. Baas et al. (2013) found that ripples formed on cohesive, mixed
sand—mud beds with bed mud fractions of up to 18% were significantly smaller than equiva-
lent bedform on non-cohesive sand beds. Furthermore, the bedform height exhibited a strong

inverse relationship with the initial bed mud fraction (Debnath et al. 2012).

2.3.3 The flow response to the morphological change

The former section demonstrated that channel morphological changes are closely linked to
both the flow field and sediment characteristics. Conversely, the resulting bedform can signifi-
cantly influence flow dynamics (Jerolmack & Mohrig 2005, McKenna Neuman & Bédard 2015,
Chakraborty & Sarkar 2016) as well as the growth of vegetation (Larsen & Harvey 2010). For
example, sediment movement leads to a change of the bed elevation, modifying the boundary
shape. Yi et al. (2022) found that as bedform developed within a vegetated channel, the interior
flow within the vegetation canopy adjusted more rapidly, resulting in a shorter flow adjustment
length. This acceleration was caused by the sloping bed topography in the adjacent open region.
Furthermore, near the lateral edge of the canopy, the deformed bed was observed to weaken the
horizontal shear structure. Similarly, Bran8 et al. (2022) reported that bedform can modify the
turbulent structure at the main channel-floodplain interface, enhance sediment entrainment into
suspension, and thereby promote levee formation. The formation of levees constrains the lateral
transport of water and sediment into the marsh (Belliard et al. 2015), channeling these fluxes
downstream to the distal edges of the landscape.

Chang et al. (2017) examined the velocity patterns and turbulent structures produced by a
rigid, emergent circular patch, considering both flat and deformed bed conditions. According to
their simulation results, the evolution of the bed from flat to equilibrium deformed conditions led
to a reduction in the lengths of the steady wake and total wake regions. This finding aligns with
the observations made by Kirkil et al. (2008, 2009) and Kirkil & Constantinescu (2010), who
reported that the antisymmetric shedding mode was completely suppressed under equilibrium
scour conditions. This suppression was attributed to the presence of upwelling flow near the
symmetry plane at the rear of the cylinder (Figure 2.12). The upwelling flow, deflected by the
water surface, pushes the separated shear layers away from both sides of the cylinder. Addition-

ally, Aksel et al. (2021) observed that the presence of a scour hole and deposited mound signif-
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Figure 2.12: The upwelling flow at the back of the cylinder in deformed bed.

icantly weakened the lee-wake vortices behind the cylinder. Instead, a well-defined secondary
flow structure, the large-scale counter-rotating streamwise vortices dominate the flow domain to
a great extent in the wake. Similarly, Muzzammil & Gangadhariah (2003) and Narayana et al.
(2022) found that the strength of vortices around a pier is decreased in mobile bed compared to
rigid bed conditions. Waters & Crowe Curran (2016) found that the ripple formation inhibited
the patch’s wake structure, reducing the steady wake length.

The development of bedform alters the flow structure by modifying the flow resistance (Ju-
main et al. 2018). For example, Chang & Scotti (2003), Hurther & Thorne (2011), and Liang
et al. (2025) reported that the development of ripples markedly increases near-bed turbulent ki-
netic energy by increasing the roughness height compared to a flat bed. Lefebvre et al. (2014)
reported that the formation of dunes contributes to flow resistance by increasing drag exerted by
the bed on the overlying flow. What’s more, Artini et al. (2025a) found that, under comparable
conditions, turbulent kinetic energy in mobile-bed scenarios was approximately two to three
times greater than in fixed-bed cases, revealing the significant influence of dune geometry on
turbulence. Furthermore, the turbulence level was higher with increasing dune size, particularly
with dune height. However, the drag effects introduced by leafy vegetation and bedform were
non-linear, highlight the interactions between foliage configuration and dune-related form drag
(Artini et al. 2025b).

At the dune crest and on the lee-side of the dune, flow is separated, forming a separation
zone behind the dunes (Dehsorkhi et al. 2011, Kwoll et al. 2016), affecting the mean flow around
bedform by turbulent ejections of low momentum fluid over dune crests and recirculation cells
(Best 2005). Meanwhile, a turbulent free shear layer emerges above the separation zone, which
is enveloped by a turbulent wake (Kabiri et al. 2017). This shear layer is responsible for gen-
erating large-scale coherent structures that propagate throughout the flow domain and toward
the water surface, gradually dissipating energy (Chang & Constantinescu 2013). Qiang et al.
(2025) examined the influence of dune on very-large-scale motions in turbulent flow. Their re-
sults show that, for the low-angle dunes, the very-large-scale motions persist throughout the flow
depth and are even intensified near the crest. In contrast, for the higher-angle dune, the intensity

of the very-large-scale motions, quantified by turbulent kinetic energy and Reynolds stress, is
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diminished within the near-bed separation zone, suggesting a local dominance of smaller-scale
turbulent structures. This attenuation gradually decreases with increasing distance from the bed.

Ren et al. (2020) discovered that as bedform developed, bed elevation changed, leading
to a flow readjustment (Dehsorkhi et al. 2011). As flow enters the eroded region, its velocity
decreases, subsequently reducing the initiation of sediment transport. This may result in a dy-
namic equilibrium in the movement of sediment from the riffle to the pool, i.e., ripple migration,
during the stable stage (Zhang, Cheng, Hassan, Wang & Wu 2024). In addition, the streamwise
velocity in the mobile bed scenario was lower compared to the rigid bed condition, due to the
energy consumed by sediment movement. Furthermore, Branf3 & Aberle (2022) found that con-
veyance capacity of the mobile bed channel was reduced compared to the fixed bed channel due
to the additional roughness associated with bedform.

Dehsorkhi et al. (2013) observed a convex distribution of Reynolds stress both upstream
and downstream of a bedform with vegetated banks. The convex Reynolds stress distribution
on the upstream side of the bedform is attributed to a diffusion momentum defect, resulting from
the wake of the upstream bedform overlaying a developing internal boundary layer (Fedele &
Garcia 2001). The Reynolds stress distribution over the bedform was dominated by turbulence
generated within the free shear layer in the separation region downstream of the bedform crest.
In addition, Mofrad et al. (2023) found that the Reynolds stress peaked closer to the bed when

the submerged patch was in an artificial pool compared to that in a flat bed.
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Chapter 3
Theory and experiment setup

This Chapter introduces the theory, materials and methods involved in the thesis, detailing both
rigid-bed experiments to investigate flow—vegetation interactions and mobile-bed experiments

to examine the interplay between flow, vegetation, and morphological changes.

3.1 Theory

3.1.1 Governing equations

The present study focuses on patch-scale flow structures and their corresponding impacts. Each
array is represented by circular cylinders with diameter, d, and the mean spacing between the
centers of adjacent elements is denoted as AS. The solid volume fraction, & = N7rd? /4, quan-
tifies the proportion of the patch volume occupied by solid elements, where N is the number of
elements per unit area. The frontal area per unit volume is given by a = Nd. A double-averaging
approach is employed to remove temporal and element-scale spatial heterogeneity (Rominger

& Nepf 2011), leading to the following shallow water equations:

ohid) In()
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L e e R
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where u and v denote the fluid velocities in the x and y directions, respectively, 4 is the flow
depth, p is the fluid density, p is the fluid pressure and 7 represents the shear stress. F; is

defined as the drag force exerted on the fluid in the i-th direction. The angled brackets represent
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the spatial average and the overbar indicates the time average. Outside the vegetated region,

F = %%<ﬁ>(<ﬁ>2+ @)H)1/2 (3.4)
1C
Fy= s E )@+ o)) (3.5)
Inside the vegetated region,
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o= 51 L (@ +5) (.6

_ L Cpa 2 20102
B 50 2 0@+ 6) @)

where Cy is the bed friction coefficient and Cp is the drag coefficient of the plant elements. In the
bare region, the solid volume fraction is zero, @ = 0. As the variations in water depth Ah were
small, with values of Ah/h = O(10~3) for the scenarios considered in this thesis. /(x,y) = h was
assumed to remain constant throughout the entire test section according to rigid-lid assumption.
Inside the vegetated region, the bed drag is generally smaller than the vegetation drag, so the
influence of the bed drag is ignored in Eq. 3.6 and Eq. 3.7. The drag force expressions given in
Eq. 3.6 and Eq. 3.7 are valid only when the length scales considered are larger than the element
spacing, AS. In all scenarios considered in this thesis, however, the element spacing AS, is much
smaller than the overall dimensions of the vegetation patch. Therefore, the drag force defined

here is appropriate for our analysis.

3.1.2 Velocity adjustment

Starting at the leading edge (x = 0), velocity within the patch decelerated over the interior
adjustment length, L;, and then reached a nearly constant value. Within the interior adjustment
region, Eq. 3.2 and Eq. 3.3 become

@ 88(ﬁ> + @) 8a<z> _ _%35? _ % (ffl) @ (@) + G2 (3.8)

9 19(p) 1 Cpa ., -
oy _ p dy —5(1_¢><V>(<u>2+<v>2)1/2 (3.9)

To determine L;, the governing equations are scaled using the following characteristic values:

x~L; (3.10)

y~b 3.11)
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where b is half width of a in-flow located vegetation patch,

u~Us (3.12)
bUs
v~ (Eq.3.1) (3.13)
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The scaled governing equations become
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Dividing by the inertial term in each equation, respectively, the equations are simplified to

Cap _2 ,11/2
L~ A=) [(CDaL,) + (Cpab) } (3.18)
Lt 1 |(CpaL)* + (Cpab)*| 2 (3.19)
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Here, Cpab denotes the non-dimensional flow-blockage of the array. Patches with higher Cpab
values are classified as high flow-blockage patches, whereas those with lower Cpab values
are considered low flow-blockage patches. For high flow-blockage patches, the pressure rise
at the leading edge is on the order of Ap ~ pU2 whereas for low flow-blockage patches, Ap
approaches 0. For the low flow-blockage patch, with Ap ~ 0 and ® < 1. Eq. 3.18 and Eq. 3.19
give,

L~ i (3.20)

CDa

To address the minor yet non-negligible pressure change at the leading edge of low flow-
blockage patches, a correction term is incorporated. For sparse patches with ab < 0.1, Belcher

et al. (2003) observed that Ap/pU2 ~ (Cpab)?. Therefore, for low flow-blockage patches,

2
Li~ o (14 (Cpab)?). (3.21)
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For high flow blockage patches, Ap ~ pUZ. The pressure term must be O(1) in both equations,
leading to
Li~b. (3.22)

The scaling for Ap ~ pU2 is valid for Cpab > 2. For values of Cpab < 2, Ap/pU2 increases
with Cpab and Ap approaches zero as Cpab approaches zero. Therefore, a threshold value of
2 is used to distinguish between high and low flow-blockage patches. Finally, by fitting the
experimental data, the interior adjustment length over a flat bed predict (Rominger & Nepf
2011)

(3.0£0.3)[=—(1 4+ (Cpab)?)], Cpab <2
L= Cpa (3.23)

(7.0+0.4)b, Cpab > 2.

3.1.3 Shear layer penetration

Two distinct length scales characterize the shear flow across the interface of a vegetation patch,
the inner penetration thickness within the vegetated region () and the outer penetration thick-
ness outside the vegetated region (9p). If the shear layer is independent of the channel wall and
array dimensions, the penetration scale inside the array can be obtained by scaling the momen-
tum equation in the sharp transition zone at the interface, where the interfacial shear stress is
nearly balanced by hydraulic resistance.

Analogous to boundary-layer flows, a friction velocity can be defined as the maximum shear
stress at the interface,

? = —Ty/p = max(— (")), (3.24)

u

which occurs very close to the interface of the array. According to the balance between shear

stress and drag forces within the inner penetration region, we have

3

1 CDa 2
§ 2(1—®) !

U?, (3.25)

in which Uy is the velocity at the interface of the array. Thus,
8 ~ (Cpa)™ L. (3.26)

For scenarios with significant patch drag (Cpa), where the shear layer cannot penetrate over the
first row of cylinders, the cylinder diameter defines a lower bound for §;. Previous experimental
data (White & Nepf 2008) reported that d; = 1.8 in this high-density scenario. Accordingly,
the inner penetration thickness is defined as,

0y ~ max [0.5(Cpa), 1.8d]. (3.27)

48



Inside the vegetated areas, the flow outside the shear layer is laterally uniform, and the
spatially and temporally averaged velocity is denoted as U;. Then, Eq. 3.2 can be simplified to
1 a(p) 1 Cpa

_ - 2
0= 2o (3.28)

Here, the pressure gradient arises from the free surface slope,

dh 19(p)

—=— . 32
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Within the outer penetration region, the pressure gradient resulting from the free-surface

slope approximately balances the shear stress,

2
u dh
g 3.32
5 8 (3.32)
For the uniform flow in the main channel outside the shear layer (U,), we have
—___y 3.33
Sax ~ 2'h 2 (3.33)

and

[2gh dh
Uy =,|—=——. 3.34
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Considering Eq. 3.32 and Eq. 3.33, we have

2
—~ 3.35
60 2 h U2 ( )

and the outer penetration length scale become

u2 2h

00 ~ —5—. 3.36
vl (3.36)
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3.1.4 Vortex frequency

The Kelvin-Helmholtz (KH) vortices within a shear layer have a frequency (Ho & Huerre 1984),

0.032U

Jku = 20 (3.37)

in which U = 1/2(U1 -+ Uz) and

o[ ("%7)

U; and U, are the lowest velocity within the array and highest velocity adjacent to the array,

dy (3.38)

respectively, and AU = U, — U;. This frequency has been widely used to predict the KH vortex
shedding frequency in vegetated channels with emergent cylinders (White & Nepf 2008), as
well as in submerged canopies composed of both rigid and flexible plants (Ghisalberti & Nepf
2002).

Based on extensive literature on the wakes of cylinders with diameter D, the Strouhal num-
ber is given by St = fD/U = 0.2 for Reynolds numbers in the range 200 < Re < 3 x 103 (Roshko
1961, Schewe 1983). Zong & Nepf (2012) confirmed that the von Karman vortex street formed

behind a porous patch of cylinders exhibits a frequency

0.20,

Svk = D (3.39)

3.2 Rigid-bed experiments

To investigate the flow structure in vegetated flows, laboratory experiments were carried out
in a recirculating flume with rigid bed which was fully covered by polyvinyl chloride (PVC)
board. The flume has a slope of S;, = 1/1000. The test section has a width (B) of 0.6 m and a
length of 7 m. At the upstream inlet of the flume, two steel mesh screens were fixed to minimize
water-surface oscillations (Figure 3.1a). A tailgate was installed at the downstream end of the

test section to control the water level (Figure 3.1b).

To obtain a sub-critical and turbulent incoming flow, the water level was controlled to be
h =22.0+0.2 cm, measured with a point gauge upstream of the vegetated region, where the
flow was unaffected by the presence of vegetation. The incoming flow was laterally uniform
(Figure 3.2a), with a mean velocity of U, = 8.0 0.1 cm/s. The channel Froude number (Fr =
U../(gh)'/?) and the channel Reynolds number (Re = U../1/ v, where V is the kinematic viscosity
of the water, v = 10~°m? /s) were 0.05 and 17,600, respectively (Table 3.1).
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(a)

Vegetation patch

Steel meshes Tailgate

1<

1<

Storage tank

Figure 3.1: (a) The mesh screens at the upstream inlet of the flume and the tailgate at the

downstream end of the channel. (b) The top view of the rigid-bed flume.

Us (m/s) h(m/s) Fr Re

Rigid-bed test 0.08 022 0.05 17,600
Mobile-bed test 0.15 0.2 0.11 32,000

Table 3.1: Summary of hydraulic conditions. U.. is the mean upstream velocity. & is the water
depth. For mobile-bed test, / is the water depth above the top of the initially flat sand layer. Fr =
Us/ (gh)l/ 2 is the channel Froude number and Re = U..h/V is the channel Reynolds number.
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(a) Rigid-bed test (b) Mobile-bed test
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Figure 3.2: The lateral distribution of time-averaged streamwise velocity (#) measured upstream
of the patch confirmed the laterally uniform conditions. x = 0 is the leading edge of the patch.
y = 0 is the centerline of the patch and channel. The dashed line indicates the mean upstream

velocity, Us.

3.3 Mobile-bed experiments

To correlate the flow structure with the bed morphology development, mobile-bed experiments
were conducted by placing a sand layer on the flume bottom. These experiments were conducted
in a 1-m-wide and 10.4-m-long horizontal channel, with water and sediment recirculated sepa-
rately (Figure 3.3). Sediment was collected at the end of the test section and recirculated to a
sediment return. The sediment return positioned above the flume, which enabled laterally uni-
form sediment release. An array of dowels was installed below the sediment return to dissipate

the energy from the falling water and to smooth the incoming flow.

To highlight the influences of flow structure on bedform development without consider-
ing the armoring effects introduced by sediment heterogeneity, an 8-cm layer of uniform sand
(dsp = 0.35 mm, p; = 2,650 kg/m3) was placed over the entire 10.4 m test section and man-
ually flattened. The water depth was 4 = 20 cm above the top of the initially flat sand layer,
measured with a ruler upstream of the array. The mean water surface had negligible (less than 5
mm) variation along the flume length. The incoming (and channel average) velocity was U, =
16.0 + 0.8 cm/s. The channel Froude and Reynolds numbers were Fr = U, /+/gh = 0.11 and
Re = U,h/v = 32,000, respectively (Table 3.1). The Froude and Reynolds numbers indicated
that the flow was subcritical and fully turbulent. The bed friction coefficient Cy represented

both grain resistance and the bedform drag, when present

1/3
or-3 (02 (%) +4) 340
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Figure 3.3: Sediment return and dowels installed upstream of the test section. The tall dowels
are used to dissipate the energy caused by the water drop. The short dowels are used to smooth

the incoming flow.

in which A is the dune height, and A is the dune length (Eq. 8.18b and 8.21 in Julien (2010)).

For the initial flat bed, C; = & (0.32 (%) 3) — 0.005. The dimensionless particle diam-
_ 1/3
eter d, = ds [(P;)T‘;)g] = 8.85. For 0.3 < d, < 19, the critical Shields parameter T, =
0.25d, 0-6tan30° = 0.039 (Julien 2010), indicating a critical shear velocity of u,, = %%Md5o Toe =
0.015m/s. The incoming velocity was lower than the critical velocity required for the sedi-
ment motion, U, = 0.15m/s < U, = u../+/Cr = 0.22m/s. Consistent with this calculation,
no sediment motion was observed in the region upstream of the array, and the bed surface
remained flat after exposure to water flow (Figure 3.4). The critical bed shear stress 7, =
T (Ps — P )gdso = 0.22Pa, was used to infer a critical level of turbulent kinetic energy for sedi-

ment motion, k. = 7./0.19p = 1.2 x 1073m?/s? (e.g., Yang et al. (2016)).

3.4 Vegetation patch

The present work did not consider the influence of plant morphology, complex natural aquatic
plant was represented by simplified geometric analogs. Here, vegetation patches were modeled
with circular rigid rods that extended from the bottom through the water surface, i.e., emergent.
The patches were placed at the position where the streamwise velocity was laterally uniform
(Figure 3.2). By controlling the stem space and stem diameter d, the number of rods per unit
bed area N(m~?), the frontal area per unit volume a = Nd(m~') and the average solid volume

fraction ® = Nd?> /4, could be obtained accordingly, all of which described the fundamental
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Figure 3.4: Bedform observed upstream of the vegetation array. In this region, the velocity
was not affected by the presence of vegetation patch, suggesting that the incoming velocity was
below the critical threshold necessary to initiate sediment movement, thereby maintaining a flat
bed.

resistance properties of the patches. This study did not consider the variation caused by the stem
arrangement within the patch. To ensure sufficient space for velocity measurements within the
patch and avoid the disturbance caused by the stems, individual rods were held in an aligned
pattern by perforated PVC baseboards extended over the entire test section bottom. In mobile-
bed experiments (Chapter 7), the perforated PVC baseboards were placed below the sand layer.

For rigid-bed experiments (Chapter 4, 5, 6), vegetation patches were modeled with circular
PVC rods of a diameter d = 3.2 mm, which was chosen to fall in the range of observed values
for emergent plants, d = 1 ~ 10 mm (Valiela et al. 1978, Leonard & Luther 1995, Lightbody &
Nepf 2006). For mobile-bed experiment (Chapter 7), the model vegetation consisted of circular

wooden dowels with a diameter d = 1.27 cm.

3.5 Flow and bedform measurement

Velocity measurements were obtained using a 3D down-looking acoustic Doppler velocimeter
(ADV) with a sampling duration of 120 s. The adequacy of this sampling period was verified
through a convergence test of mean and turbulent flow statistics (Figure 3.5). To enhance the
backscatter signal, spherical glass beads (Potters Industries Inc. 110P8, median grain size dsg =
10um) were added to the flow. Two types of ADV were employed: the Nortek Vectrino Profiler
for rigid-bed experiments and the Nortek Vectrino Plus for mobile-bed experiments. The Nortek
Vectrino Profiler can collect velocities within 40 ~ 72 mm below the probe, with user-defined
cell sizes ranging from 1 ~ 4 mm. For the rigid-bed experiments (Chapter 4, 5, 6), only 11 cells
with a 2 mm cell size (total measurement length = 20 mm) were selected to ensure sampling

data quality, corresponding to a measurement range of 40 ~ 60 mm from the probe. The Nortek
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Vectrino Plus can collect velocity 5 cm from the down-looking probe, with a sampling volume
of 6 mm in diameter and 3 mm in height. Details of data collection and ADV configuration are

summarized in Table 3.2.

Rigid-bed test Mobile-bed test
Velocity measurement Nortek Vectrino Profiler Nortek Vectrino Plus
Sampling frequency 75 Hz 200 Hz
Collection time 120 s 120 s
Probe down-looking down-looking
Collection position 40-60 mm >0-57 mm
from the probe from the probe
S?mpllng volume 7 m 6 mm
diameter
Cell size 2 mm 7 mm
Cell number 11 1

Table 3.2: Summary of data collection and ADV configuration.

For each sampling point within the array, the ADV was placed as close as possible to the
midpoint between four dowels. The velocity at this position was confirmed to be within 11%
of the spatially averaged velocity measured by five positions within a unit cell, including four
corners and one center point (see Figure 3.6). For experiments carried out on a mobile bed,
velocity measurements were made at several times after the start of the experiment to observe
how the evolution of the bedform influenced the velocity field. Once the velocity became steady
with time, we considered the bedform to be fully developed, though some minor ripple migra-
tion continued to be observed. The bed elevation was measured with a vertical resolution of
+1 mm before and after exposure to a fixed duration of flow using a down-looking ADV. The
change in bed elevation before and after exposure to flow is defined as the net deposition J,.

Within the vegetation patch, flow is governed by a balance between vegetation-induced drag
and the hydraulic gradient. As the stem density is vertically uniform, the drag force is distributed
evenly from the bed to the water surface. Additionally, the hydraulic gradient remains constant
over the entire water depth. As a result, the vertical profile of streamwise velocity within the
emergent vegetation patch is uniform distributed. Furthermore, stem-scale turbulence generated
within the patch reduces the thickness of the bottom boundary layer, which further contributes to
flattening of the velocity profile. Based on vertical profiles measured in the current experiments
(Figure 3.7) and previous studies for emergent arrays of cylinders (Shan et al. 2020, Zhao &
Nepf 2021), the velocity measured at mid-depth can reasonably represent the depth-averaged
velocity, and the flow can be considered approximately two-dimensional. The origin of the

Cartesian coordinate system (x = 0, y = 0) was placed at the leading edge of the array and
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Figure 3.5: Convergence test confirmed that the 120 s sampling duration was sufficient. Here,
cumulatively averaged velocity (& and V), root-mean-square of the fluctuating velocity (u,,,s and
Vrms), turbulent kinetic energy (k;), horizontal shear stress (—u'V') are plotted against accumu-
lated sample number. The sampling frequency was (a) 75 Hz in rigid-bed test, (b) 200 Hz in
mobile-bed test. All averages converged within 20000 sample points.
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Figure 3.6: A unit cell. The velocity measured at the midpoint between four dowels (denoted
by black circle) was within 11% of the spatially averaged velocity measured by five positions

within the unit cell, including four corners and one center point (denoted by ‘x’).

at the mid-point of the channel, respectively, with x positive in the streamwise direction. The
velocity components were denoted as (u, v) in the (x, y) directions, respectively. The flow
structure and morphological changes were mostly symmetric across the centerline of the array
and channel, which was confirmed by the measurements across the whole flume width (Figure
3.8). Subsequently, to reduce measurement time, the lateral transects were collected over half
of the flume width.

(a) (b)
k> —u' T
1-2 0 2 -10.5 0 0.5
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Figure 3.7: Vertical profiles of time-averaged (a) streamwise velocity (#) and turbulent kinetic
energy (k;), and (b) transverse velocity (v) and Reynolds shear stress (—uV). u, 1s the depth-
averaged streamwise velocity. Because the profiles are vertically uniform, the time-mean and
turbulent velocity characteristics collected at mid-depth can reasonably represent the depth-

average, and the flow can be considered approximately two-dimensional.

Measurements of two-dimensional time-dependent velocity fields on the water surface were
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Figure 3.8: Lateral profiles for (a) bed elevation (J,), (b) time-averaged streamwise velocity
(u), (c) turbulent kinetic energy (k;), (d) horizontal shear stress (—u’V') and (e) the root-mean-
square of the fluctuating spanwise velocity (v,,,,s). The dashed line indicates the lateral interface
of the patch. The flow structure and morphological changes were mostly symmetric across the

centerline of the array and channel (y = 0).
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carried out by means of a two-dimensional Particle Image Velocimetry (PIV) analysis. By
recording images with cameras, the relative displacement of seed particles within a flow can be
determined. Once corrected for time and space, an instantaneous vector field can be produced.
In this experiment, four high-speed cameras were used. They were fixed on rigid supports
at an elevation of around 5 m from the bottom of the channel, pointing downwards. Each
camera recorded 4000 frames for each acquisition, with an acquisition frequency of 100 Hz.
The resolution of each camera is 1920 x 1080 pixels. The illumination has been provided by
five white LEDs of 1000 W each. White plastic particles with a mean diameter of 550 um and
a density of about 1.05 g/cm?> were used as tracers for the PIV. The bottom and side wall of the
flume and the surface of model vegetation were painted black.

(a)
Y z
h=22cm
(b)
B=0.6lm X

Figure 3.9: The experimental setup for Particle Image Velocimetry (PIV) analysis from (a) side

view and (b) top view.

The images from the four digital cameras overlapped by approximately 20% in the stream-
wise direction. Then, the images from the four cameras were processed in order to obtain a
single panoramic image of the entire region of interest (Figure 3.10). The spatial resolution ob-
tained was x = —0.5 ~4.4m and y = —0.3 ~ 0.3m, leading to vector velocity fields evaluated on
a grid 256 x 91. Spatial calibration is always required when adopting a PIV technology. Several
calibration targets were used, which was placed at the height corresponding to the water surface.
Each calibration target measures an area of 0.5m by 0.5m and features a staggered black-and-

white grid with individual squares measuring 0.05 m by 0.05m. To cover the 0.6m-wide flume,

59



the calibration targets were placed sequentially at either side along the width (Figure 3.10a).

Figure 3.10: Panoramic view after merging process of the four camera acquisitions: during (a)
calibration, (b) image acquisitions, in which the darker regions indicate the vegetated arrays

with less particles.

Figure 3.11 shows the time-averaged streamwise velocity (u#) profiles measured at mid-
depth using ADV and at the water surface using PIV. For all scenarios considered, the root-
mean-square deviation between the two measurement methods was less than 2%. Figure 3.13
demonstrates that the vortex frequencies measured at mid-water depth using ADV closely match
those obtained at the water surface with PIV, within uncertainty. The agreement between the
mid-depth and water surface measurements suggests that the flow structure within and around

emergent vegetation patches can be considered two-dimensional.
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Figure 3.11: Comparison of lateral profiles of time-averaged streamwise velocity () in the fully
developed region, measured at the middle of water depth using ADV and at the water surface

using PIV. The dashed lines indicate the interfaces of the vegetation arrays.
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Figure 3.13: Comparison of vortex frequencies collected at the middle of water depth by ADV

and on the water surface by PIV. The dashed line is a 1:1 ratio.

61



3.6 Data treatment

The raw velocity data was prefiltered by removing data with a correlation coefficient less than
70%. The spikes in velocity records were removed by the method developed by Goring &
Nikora (2002). The velocity time series before and after denoising are shown in Figure 3.14.
Each velocity record was decomposed into time-averaged (i, v) and fluctuating (u/, V') com-
ponents. The initiation and evolution of turbulent structures were evaluated using the power
spectral density (Syy) and autocorrelation function (Ryy) of the cross-stream velocity (v), time-
averaged Reynolds stress, —u/v/, turbulent kinetic energy &, = 1/ 2(ﬁ+v72), and root-mean-
square velocity fluctuation, u,; = \/ﬁ), Vims = \/V_TZ) The PSD was estimated by Welch’s
method (Welch 1967), as described in the MATLAB toolbox. Peaks in the PSD indicated the
presence of coherent vortices and their dominant frequency. The lateral profiles of velocity were
used to estimate the momentum thickness of the shear-layer (6 in Eq. 3.38) and the expected
dimensionless frequency of the Kelvin-Helmholtz instability, fxg6/U = 0.032 (Eq. 3.37), in
which U = 1/2(Uy 4+ U,). U; and U, are the lowest velocity within the array and highest veloc-
ity adjacent to the array, respectively. The von Karman vortex formed in the wake of the array
was expected to have a frequency fyk in agreement with Strouhal number 2 fygb /U, = 0.2 (Eq.
3.39), based on a previous study of porous cylinder wakes (Zong & Nepf 2012).

3.7 Dye visualization

Flow visualization was used to examine the vortex structures, by injecting dye with a constant
flow rate. A camera was placed above the region of interest to capture the flow structure.
Videos were recorded over 1 min for all cases, starting at the beginning of the dye injection.
Considering the shedding period of a von Karman vortex and Kelvin-Helmholtz vortex from
previous studies and our observations, the recording duration was enough to cover several vortex
formations. Pictures were post-processed using Photoshop software to enhance the color of
the dye. For experiment carried out on a rigid bed, yellow colored grid lines at the bottom
were used to provide a distance reference (Figure 3.15). To observe the mixing and interaction
of the shear-layer vortices, red and green dyes were released on either side of the patch. To
illuminate the observed region and minimize light reflections from the water surface, several
light-emitting diodes (LEDs) were installed along the glass flume wall when the vegetation
patch was centrally located. When the patch was positioned along the sidewall, the LEDs
were arranged above the flume. A high-resolution camera (Sony FDR-AXP55, 3480 x 2160
pixels) was used, recording videos with 25 frames per second. For experiments carried out on
a mobile bed, dye visualization was conducted at different running times to evaluate the impact

of the deformed bed on the vortex structures. A GoPro camera (2704 x 2028 pixels) was used,
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Figure 3.14: Data treatment. The example velocity data was collected behind a high-density
vegetation patch with a small time-averaged velocity and high turbulence. Filtered data refers
to the data in which records with a correlation coefficient below 70% were removed. Despiked
data refers to velocity records from which spikes were removed using the method developed by
Goring & Nikora (2002).
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recording videos with 29.97 frames per second. In the mobile-bed experiments, which focused
on the evolution of flow structures as the bedform developed, dyes of the same color were
used for simplicity (Figure 3.16). As light was sufficiently available, no additional lighting was
installed during the mobile-bed tests.

To describe the wake von Karman vortices, dye was injected at both corners of the trailing
edge of the patch. The steady wake length (L;;, subscript “d” indicating estimation from dye
experiments) was estimated from the downstream end of the patch to the point where the two
streaks of dye merge (Figure 3.15). The lengths extracted from all images were averaged to
eliminate the oscillation of the mixing point due to the alternation of the vortex. The uncer-
tainty was estimated from the standard deviation of the values measured from each image. To
characterize the Kelvin-Helmholtz votices, dye was released at the side interfaces of the patch
(Figure 3.16). The vortex frequency was extracted from the videos. The time interval between
two consequent vortices shedding to the same position (e.g., outermost) was recorded as the
shedding period, T; (Figure 3.17). Then, the vortex frequency can be estimated from the aver-
age of all observed values, f4ye = 1/7;. The frequency extracted from the video was consistent
with the dominant frequency presented in the PSD (Figure 3.18).

To maintain water clarity for dye visualization, the tank water was replaced after every two
dye injections. Dye tests were conducted at various running times during the mobile-bed exper-
iments. To minimize any impact on deformed bed during water replacement, only a portion of
the colored water was drained, ensuring that the water surface remained approximately 10 cm
above the bedform. The tank was then refilled with clean water and drained to the same level,
and this dilution process was repeated several times until the water was sufficiently clear for the
next dye test. To avoid sudden changes in flow that could affect the bedform, the water pump
was gradually reduced to zero before water replacement and gradually increased to the target

flow rate afterward.
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Figure 3.15: Dye visualization experiment on rigid bed. Flow is from top to bottom (red arrow).
The dye was injected near the corners of the trailing edge. The yellow lines mark 20 cm intervals

in both x and y directions (yellow arrows). The white arrows indicates the steady wake length
(La)-
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(b) t = 96hr

Figure 3.16: Dye visualization of Kelvin-Helmholtz (KH) vortices initiated at the lateral edges
of an instream vegetation array on a mobile bed, observed at different running time: (a) t = 0,

(b) t =96 hr. Dye was released approximately 1.5 m upstream of the trailing edge of the patch,
where KH vortices were observed to be well-organized.

(@) t=t by t=1+Ty/2 ©t=1n+T;

Figure 3.17: The estimation of Karman vortex shedding period, 7.
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Figure 3.18: Comparison of vortex frequencies observed in the wake (von Karman vortex,
labeled as ‘“VK’ in the figure) and near the side edge (Kelvin—Helmholtz vortices, labeled as
‘KH’ in the figure), as extracted from video (f4ye) and from power spectral density (fpsp). The

dashed line is a 1:1 ratio. The figure confirms that the fyye was consistent with fpsp.
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Chapter 4

The combined effects of patch density and
length-to-width aspect ratio on wake
structure behind a rectangular vegetation

patch

4.1 Introduction

Initially, vegetation often appears in circular patches (Vandenbruwaene et al. 2011). The pres-
ence of a finite vegetation patch creates a steady wake region with reduced mean velocity and
turbulent intensity behind the patches, which promotes net deposition (Chen, Ortiz, Zong &
Nepf 2012) and facilities the patches elongated in the streamwise direction (Vandenbruwaene
et al. 2011). The presence of bleed flow delays the onset of the von Karman vortex street,
relative to solid obstruction, leading to the presence of a steady wake region (Chang & Con-
stantinescu 2015).

The patch dimensions could alter the flow motion by controlling the reach of the resistance
of the vegetation. Thus, an elongated patch with a distinct lateral and longitudinal dimensions
behaves differently compared to the circular ones with comparable streamwise and spanwise
length scales. Specifically, increasing patch width (W) may delay the lateral flow diversion,
leading to an adverse effect on the interior velocity adjustment. However, the patch length
(L) controls the space for the velocity drop until the end of the interior adjustment region.
Therefore, if the patch length is shorter than the interior adjustment length (L;), a continuous
growth of lateral velocity gradient at the patch trailing edge will be presented as patch elongates
downstream. In other words, larger patch length and vegetation density may lead to higher
velocity reduction, but patch width presents the opposite impact. Therefore, in addition to

vegetation density, patch aspect ratio (L/W) should be a critical factor for flow behavior, which
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Figure 4.1: Conceptual diagram for flow structure near the vegetation patch (top) and the

streamwise velocity adjustment along the patch centerline (bottom).

is distinct from a circular patch having only one typical dimension. The combined effect of
vegetation density and patch aspect ratio may evaluate the cumulative hydraulic resistance.
They affect the wake structure by changing the bleed flow velocity. Moreover, patch elongation
may trigger the generation of Kelvin—Helmholtz (KH) instability along the patch lateral edges,
which may impose some effects on the wake structure. Based on current findings, a schematic
diagram showing the impact of a vegetation patch on the flow is shown in Figure 4.1. Therefore,
it is significant to investigate the combined effect of patch aspect ratio and vegetation density.
However, most previous studies focused on the wake vortex structure around circular patches
and the effect of the vegetation elongation has not drawn enough interest or attention in literature
(Zong & Nepf 2012, Chen, Ortiz, Zong & Nepf 2012, Li et al. 2019).

The presence of patch-scale von Karman vortex is highly related to the velocity difference
between bleed flows from the patch and free stream, which is influenced by flow blockage
(closely associated with vegetation density and patch dimensions) (Follett & Nepf 2012, Hu
et al. 2018, Liu et al. 2018). When the velocity difference is fairly small, the vortex street will
be ceased (White & Nepf 2007). Therefore, it is reasonably expected that patch elongation
might facilitate the generation of wake vortex street even with a low vegetation density. Mean-
while, the delay effect of the bleed flow will be weakened due to its reduced velocity, thus the
steady wake length is expected to be shortened as patch length increases. A numerical investi-
gation of flow in a multi-cylinder tandem array has demonstrated that extending the length of
porous obstruction promoted the formation of von Karman vortex street (Hosseini et al. 2020).
Moreover, how the along-edge vortex structure interacts or impacts the wake vortex structure

(e.g., frequency interaction) is also of great importance for the full understanding of flow-patch
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interaction. The above arguments make it clear that the combined effect of vegetation density
and aspect ratio are determinant to the flow velocity distribution pattern and the formation of
vortex structure around and behind a vegetation patch. This concept differentiates from pre-
vious studies mainly addressing the role of vegetation density only (with comparable or fixed
aspect ratio). Therefore, this chapter aims to extend this research direction, with aid of rigorous
experimental works and in combination of former relevant results in literature, to highlight the
combined effect of vegetation density and patch aspect ratio. The specific objectives of this
chapter are:

(1) to evaluate how the wake structure of a finite porous patch behaves under the changes in
both solid volume fraction and aspect ratio of the patch;

(i1) to understand the underlying mechanism of the formation and structure of the von Kar-
man vortex street behind a porous patch, including patch interior adjustment and impact of KH
instability;

(ii1) to identify and interpret the formation thresholds of the Karman vortex street behind a
porous patch across a range of patch aspect ratios.

This chapter complements previous experimental works on wake structures behind circular
porous patches (Zong & Nepf 2012, Chen, Ortiz, Zong & Nepf 2012) and relates it with the in-
patch velocity adjustment (Rominger & Nepf 2011), expanding them in relation to the potential
effects associated with patch aspect ratios. The objectives of this chapter were achieved by

carrying out laboratory experiments by means of velocity measurement and flow visualization.

4.2 Materials and Methods

This chapter covered 25 tests with two patch widths (W) of 0.09 m and 0.21 m, and varying
lengths of L = 0.1 ~ 1.4 m, leading to aspect ratios, L/W = 0.48 ~ 15.56. With such elon-
gated rectangular patches, the importance of the cumulative resistance can be presented and the
influences of longitudinal and lateral lengthscale can be differentiated. Note that the bottom
friction may be an influencing factor on the generation of von Karman vortex street, which can
be evaluated with a non-dimensional stability parameter S = c;W /h (Chen & Jirka 1995). The
vortex street will be inhibited when the stability parameter is over an observed critical value,
Sc. In our experiments, the maximum value of S equals to 0.0010, which is much lower than S,
= (0.09 for porous plate (& = 0.5) and S, = 0.2 for solid obstruction (Chen & Jirka 1995). Thus,
bed friction was considered to not impact the formation of vortex formation in our experiment.
All these test parameters are listed in Table 4.1. Sahin & Owens (2004) illustrated that the
vortex shedding in the wake was similar to that of an unbounded condition when W /B < 0.5.
In this regard, the values of W /B (0.15 and 0.35) in this section were smaller than 0.5, so that

the boundary effect of channel sidewalls on the wake structure was negligible. The patches in
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this section was configured with a = 3.6 ~ 16.0m~! and ® = 0.009 ~ 0.040, so that the patch
flow-blockage (Cpab = 0.16 ~ 0.72, where b is half width of the patch W /2, considering the

drag coefficient Cp = 1 for simplicity) for all cases were less than 1, falling into the low flow-

blockage regime (Cpab < 2). Thus the adjustment length could be calculated by the patch drag

length scale and patch half-width according to Equation (3.23), denoted as L; . (subscript “c”

indicating estimation from calculation).

Table 4.1: Summary of experimental parameters. L is the length of the patch. W is the width of

the patch. N is the number of rods per unit bed area. a is the frontal area per unit volume. @ is

the average solid volume fraction. Cpab is the patch flow-blockage with b is half width of the

patch b =W /2. L; . is the calculated interior adjustment length according to Equation (3.23).

L W N a=Nd Li.

Case @ @ @2 () ® Cpab S=c/W/h ()
Al 0.1

A2 02

A3 06 0.09 1111 36 0.009 0.16 0.0004 1.73 +0.17
A4 1.0

A5 14

B1 0.1

B2 0.2

B3 0.6 0.09 1667 53 0.013 0.24 0.0004 1.19 +0.12
B4 1.0

B5 14

Bwl 0.1

Bw2 0.2

Bw3 0.6 0.21 1667 53 0.013 0.36 0.0010 1.48 +0.15
Bw4 1.0

Bw5 14

Cl 0.1

cC2 02

C3 0.6 0.09 2500 8.0 0.02 0.56 0.0004 0.85 +0.08
C4 1.0

C5 14

DI 0.1

D2 0.2

D3 0.6 0.09 5000 160 004 0.72 0.0004 0.57 +0.06
D4 1.0

D5 14

Velocity measurements were taken using a three-dimensional Nortek Vectrino Profiler. More

detailed information related to the data collection and ADV configuration can be seen in Sec-
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Figure 4.2: Experimental setup. (a) Top view. Patch configuration and dye injection points, lon-
gitudinal and lateral transects (dashed lines) of velocity measurements. (b) Side view. Velocity

measurements were conducted at the middle of the water depth.

tion 3.5. This section applies a right-handed coordinate system, with the origin at the channel
bottom, in the middle of the leading edge of the patch (Figure 4.2). The positions of measure-
ment transects were denoted by the dashed lines in Figure 4.2. The longitudinal adjustment of
flow velocity was assessed by measurements along the centerline of the flume. Considering the
length and density of the patches, the measurements covered a region from 0.6 m upstream to
4.5 m downstream from the leading edge (x = — 0.6 m ~ 4.5 m) with neighboring intervals of
5 ~ 20 cm. Smaller intervals were applied to the regions with larger velocity gradients (e.g.,
leading edge and velocity recovery region). The lateral adjustment of flow was assessed by
measurements along several transects along the flume, which covered the region of KH vortices
and wake vortex street. The lateral measurement intervals were 1 ~ 3 cm, ensuring that lower
intervals were applied to the higher velocity gradient region (lateral edges of the patch). In par-
ticular, as the velocity at the trailing edge highlights the flow characteristics for porous-patch
flows, lateral measurements of velocities were made for every case. The lateral measurements
were only conducted in one half of the flume due to symmetry configuration.

For the analysis of velocity measurements, the distance from the patch leading edge (x = 0)
to the position where the velocity achieves an equilibrium or starts to increase within the patch
is defined as measured interior adjustment length, L; ,,, (the subscript “m” here indicates the
estimation from measurements). The steady wake length, Ly, is estimated from the longitudi-
nal velocity profile as the distance from the downstream end of the patch to the position where

the velocity begins to increase, indicating the formation position of the vortex street. The dis-
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Figure 4.3: Dye visualization experiment. The impact of (a) solid volume fraction for L/W =
2.22. (b) patch elongation for @ = 0.013. Flow is from top to bottom (red arrow). The dye was
injected near the corners of the trailing edge. The yellow lines mark 20 cm intervals in both x-

and y-direction (yellow arrows). The white arrows indicates the steady wake length (L;;).
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tance from the end of steady wake region to a point where the velocity is recovered to 90%
of the mean upstream velocity, U.., is defined as the wake recovery (wake decay) length L,.
The uncertainty of the evaluation of L; and L, is induced by the measurement spacing at that
point. Uj is the mean streamwise velocity at x = L+ Ly, y = 0 and U; is the unchanged mean
streamwise velocity in the non-vegetation region at corresponding x transect. The recovery rate
(spatial acceleration) of recovery region is defined as (Us — U})/L,. Similarly, U,; is the mean
streamwise velocity at the central point of the patch trailing edge, and U,, is defined as the mean
streamwise velocity at the open area at the same transect, i.e., x = L. All these velocities defined
here were time-averaged and measured at mid-depth of the water height. These definitions have
been largely discussed and used by Chen, Ortiz, Zong & Nepf (2012) and Zong & Nepf (2012).
The previous attentions, however, were focused on circular patches with comparable longitudi-
nal and transverse length dimensions. For an elongated patch, the similar definitions are applied

herein. All these definitions can be seen in Figure 4.1.

4.3 Results

4.3.1 Hydrodynamic adjustment

Time-averaged streamwise velocities (#) along the channel centerline were measured under dif-
ferent patch solid volume fractions (P, Figure 4.4) and aspect ratios (L/W, Figure 4.5). To
highlight the degree of impact caused by the presence of the patches, the velocity is normalized
by upstream unaffected velocity (Us). It is clearly observed that the flow velocity has been ad-
justed in response to the blocking effect of a porous patch centered on the flume. Streamwisely,
the velocity adjustment, initially occurring in front of the patch, displays an apparent decay
through the patch and recovered in the wake area for all scenarios. The velocity drop is more
sensitive to & rather than to L. In other words, under the same L, an earlier and larger drop
occurs at a larger ® (Figure 4.4) but the velocity drops presented in the longitudinal velocity
profiles nearly show an overlap for cases under the same ® (Figure 4.5).

After entering the patch, the whole patch falls within the adjustment region when L < L,
where the velocity keeps decreasing with the same rate under the same ® (Figure 4.5). However,
larger ® leads to more pronounced velocity drop (Figure 4.4). Moreover, L; becomes smaller as
® increases, which follows the observations of flow adjustment within a long patch (Rominger
& Nepf 2011). For longer patches, velocity adjustment completes within the patches, indicating
L > L;, and once the velocity minimum is achieved, the flow shifts to re-acceleration. This
velocity recovery behavior within the patch attributed to lateral KH vortex interaction is similar
to the results of some cases reported by Rominger & Nepf (2011). Clearly, a larger ® tends

to promote the re-acceleration within the patches, indicating the enhancement of the parallel
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lateral KH vortex interaction under larger ®. In particular, a larger W tends to effectively
attenuate the velocity decay process due to mass conservation (Cases B, W = 0.09m vs Cases
Bw, W = 0.21m, Figure 4.4). Furthermore, widening the patch tends to increase L;, which is
also consistent with the statistical relationship of L;, Cpa and W /2 developed by Rominger &
Nepf (2011). Theoretically, widening the patch decreases the aspect ratio (L/W) which should
be comparable to the scenarios of shortening the patch under a fixed width, which is analyzed

in the following.
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Figure 4.4: Longitudinal profiles of velocity for patches under the same length (a) L = 0.1 m,
(b)L=0.2m,(c) L=0.6m, (d) L=1.0m, (e) L =1.40 m. The dashed lines indicate the trailing

edges of the patches. The longitudinal velocity is measured at the patch centerline, y = 0.

For a constant @, the overlapping region of the velocity adjustment under variable L/W

(as shown in Figure 4.5) ends as the velocity starts to recover, indicating that the downstream
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Figure 4.5: Longitudinal profiles of velocity for patches under the same ® (a) Case A (® =
0.009), (b) Case B (@ =0.013), (c) Case Bw (¥ = 0.013), (d) Case C (P = 0.020), (e) Case D
(® = 0.040). The dashed lines with corresponding color of the case indicate the trailing edges
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velocity is measured along the patch centerline, y = 0.
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flow dynamics are negligibly influential to the upstream region for a vegetation-patch flow.
This also confirms the analytical solution, developed by Liu et al. (2020), of the longitudinal
velocity profile along a near-bank patch. As noted above, as the patch continuously elongates,
the velocity decay tends to cease from the after-patch region (x > L) to the in-patch region
(x < L) with a continuous reduction of the minimum velocity, opposite to widening the patch.
As observed above (Cases Bw in Figure 4.4), the patches with larger W tend to present a larger
minimum velocity though longer decay length. The essence for this behavior is that the increase

in aspect ratio (L/W) shall promote the interior flow adjustment.
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Figure 4.6: Comparison between L; . and L; ,,. The dashed lines indicated the 80% confidence

intervals.

The interior adjustment lengths observed from longitudinal profiles of streamwise velocity,
L; , agree well with those calculated from the formula developed by Rominger & Nepf (2011),
L; . (Figure 4.6). This consistency confirms no sidewall effect on the in-patch velocity adjust-
ment. It is also noted that L; is independent of L (Rominger & Nepf 2011, Chen et al. 2013,
Kim, Kimura & Shimizu 2015), thus each L;,, is averaged among cases with varying L but
same P once L > L; (i.e., Case D stands for the mean value for Cases D3 ~ D5 in Table 4.2).
For Case A (P = 0.009), fully developed region only occurs in Case A5 (L = 1.4 m) and its
Li; = 1.34+0.1 m. Thus, Case A presents a relatively larger deviation mainly due to insuffi-
cient measurement density. Flow within Cases Bw is not fully developed, according to either
calculated L; . or measured L; ,,, which is not plotted in Figure 4.6.

The wake structure at x = L+ L; for cases with different lengths is evaluated by the lateral
profiles of %/U.. given in Figure 4.7 and normalized Reynolds shear stress (-u/v' /u?, where u,
is the friction velocity) in Figure 4.8. When the patch length is smaller than the interior adjust-

ment length, velocity keeps decreasing within the patch, thus steady wake velocity decreases
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as patch length increases (i.e., larger velocity deficit) (Figure 4.7a). However, when the interior
velocity adjustment is completed within the patch (interior adjustment length < patch length),
the velocity presents a recovery region after the interior adjustment region. Because interior
adjustment length is constant under the same vegetation density and patch width, larger patch
length results in longer velocity recovery region. The velocity deficit appears to reduce due to
the velocity recovery. Thus, a peak velocity deficit presents when patch elongates downstream
(Figure 4.7b). In summary, the velocity deficit may keep growing (before fully interior velocity
adjustment) or present a peak (after fully interior velocity adjustment) as patch length increases,
consistent with the results shown in Figure 4.5. Additionally, if the peak exists, the peak will
present earlier (under smaller patch length) when ® increases. That’s because vegetation den-
sity may speed up the interior velocity adjustment and shorten the interior adjustment length.
For instance, velocity deficit peaks at L = 1.0 m for Case B (® = 0.013) while it shifts to L =
0.6 m for Case D (® = 0.020). The peak of the normalized Reynolds shear stress is located
outside the patch edge, which is a signature of a shear layer (Figure 4.8). Maximum normal-
ized Reynolds shear stress value shows a monotonically increasing trend as the patch length
increases, except for the Cases from D4 to D5 (Figure 4.8b). For sparse patch with relatively
low density (Cases A1, B1, C1) or/and short length (Cases A2, B2), no peak presents in lateral

profile of normalized Reynolds shear stress, implying no shear layer formed.
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Figure 4.7: Lateral profiles of #/U. for (a) Case A (® = 0.009), (b) Case D (® = 0.040) at
x =L+ L. Owing to the symmetry about the centerline (y/W = 0), measurements were only
made on one side of the flume (0 < y/W < 2.56). The black dashed line shows the patch edge.

4.3.2 Wake vortex structure

According to dye visualization (Figure 4.3), the increase in ® (0.009 ~ 0.040) gradually en-

courages the formation of wake vortex streets (Figure 4.3a). The obvious alternation observed
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Figure 4.8: Lateral profiles of normalized Reynolds stress —W/ ui for (a) Case B (® =0.013),
(b) Case D (@ =0.040) at x = L+ L;. The black dashed line shows the patch edge.

at @ = 0.020 (Case C2) is weakened for lower ® (= 0.013, Case B2) and even cannot be de-
tected when @ = 0.009 (Case A2). This oscillation with no alternation in Case A2 is likely
attributed to local shearing and transverse diffusion (Chen & Jirka 1995, Uijttewaal & Booij
2000), while the wake instability is not eventually attained. Meanwhile, the increase in ® tends
to accelerate the mixing of free parallel streams, shortening of the steady wake region (L ).
In fact, the effect of solid volume fraction on the wake vortex street observed herein is consis-
tent with the existing works such as Zong & Nepf (2012) and Liu et al. (2018). Similar to &
enhancement, patch elongation can enhance the turbulent behavior from local shearing and self-
diffusion (Case B1, L/W = 1.11) to small-scale transverse wake oscillations (Case B2, L/W =
2.22, Figure 4.3b). Furthermore, the horizontal extent (size) of the vortices (indicated by dye)
is further enhanced by the continuous growth in patch length and patch density, but this growth
seems to be suppressed by the water depth. This indicates that the wake structure is controlled
by patch dimension as well as patch density.

Some deviations can be observed between dye-measured L;; and velocity-measured L in
Figure 4.9, though they are generally consistent. For small L; (or Ly), the deviation may be
caused by the initial velocity of the injected dyes. Thus, some distance is needed for the dye
to adjust to the ambient flow condition, which delays the mixing of the dyes (i.e., Ly > Ly).
However, for larger L; (or Ly ), the mixing point is possibly a result of the diffusivity of the dyes
rather than the vortex shedding, leading to a larger difference. Furthermore, the L;; estimated
by eye detection also causes some uncertainties. The vortex frequency estimated from dye
visualization (fyy.) ranges from 0.13 to 0.20 Hz. For clarity, these statistical parameters and

results are summarized in Table 4.2.
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confidence intervals.

The formation and coherence of the wake vortex characteristics can be described by the
power spectral density of velocity (Bouris & Bergeles 1999, Park et al. 2006). The power
spectral density of spanwise velocity (S,,) distributions along the patch centerline under varying
L/W and ® are presented and compared in Figure 4.10. The dashed lines indicate the leading
and trailing edges of the patch. The presence of the wake vortex street is indicated by a definite
peak at low frequency fyg =0.12 ~ 0.19Hz after the patch, consistent well with those estimated
from dye visualization (fz.) (Table 4.2). Similar vortex-shedding frequency (0.08 ~ 0.22Hz)
has been observed for circular patches (Zong & Nepf 2012, Hu et al. 2018, Liu et al. 2018).
For the low @ = 0.009 (i.e., Cases A), an apparent low-frequency peak arises in the spectra
distribution while L/W > 6.67 (Cases A3 ~ A5), indicating that patch elongation can trigger the
formation of the wake vortex street. Under higher ®, the aspect ratio required for the initiation
of the wake vortex street will be lower, for instance, the wake vortex street occurs when L/W >
4.76 and 2.22 for @ = 0.13 (Cases B and Bw) and 0.020 (Cases C), respectively. Furthermore,
the low-frequency peak occurs for all aspect ratios investigated here (L/W > 1.11) for the high
® = 0.040 (Cases D), evidencing the domination of high & for vortex street formation.

In addition, the starting point of the peak migrates from the far-downstream region to di-
rectly behind the patch as L/W (e.g., Case C2 to C3) and @ (e.g., Case B3 to C3) increase,
indicating the shortening of L;. With sufficient L/W and &, the peak even occurs within the
patch with similar frequency, implying the presence of a Karman-like structure (due to the in-

teraction of KH vortex streets along two patch side edges). This indicates that the formation
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of Karman vortex street may be related to KH vortex streets, which will be discussed in sec-
tion 4.2. However, due to the resistance induced by the vegetation stems, the intensity of this
in-patch Karman-like structure is weaker than the after-patch Karman vortex street. After the
patch, once the peak appeared, it decays during traveling downstream, indicating the decline of
the wake vortex structure.

Turbulence theory indicates that the vortex characteristic length is inverse to vortex fre-
quency (Pope 2000, Huai et al. 2015). In this experiment, the peak experiences a slightly
smaller frequency (not obvious in Figure 4.10, but summarized in Table 4.2) and a stronger
peak (shown in darker red in Figure 4.10) under a larger L/W and &, demonstrating the en-
hancement of the vortex street. This promotion becomes less significant under high L/W and
®, likely due to the limitation of the water level. This observation is consistent with that shown
in the dye visualization. According to Taylor’s frozen turbulence assumption with the local
time-averaged velocity (Up) as the convection velocity, the vortex wavelength (vortex spacing)
can be estimated to be Ly = U;/fyk = 0.08 ~ 0.29 m (Table 4.2). The vortex spacing shows
a reverse trend to the velocity difference, (U, — U;), indicating that a higher velocity gradient
leads to smaller vortex spacing. It demonstrates again that the vortex characteristics (frequency,
vortex space, strength, etc.) are highly affected by the combined effects of patch aspect ratio

and solid volume fraction.

4.4 Discussion

4.4.1 Wake structure related to patch density and aspect ratio

Our experimental measurements of hydrodynamic fields around a center-channel finite patch
illustrate how flow velocity adjustment and wake structure respond to the vegetation patch under
different cumulative resistance. The patch cumulative resistance is defined as the combined
effect of solid volume fraction (®) and aspect ratio (L/W), the latter of which has not yet drawn
enough attention in previous studies. However, the aspect ratio of vegetation patch may vary
significantly in nature due to vegetation colonization dynamics and different types of aquatic
vegetation morphology (Gurnell 2014, Gran et al. 2015, Biggs et al. 2018, Yamasaki et al. 2019).
The increase in patch density and aspect ratio can both decrease the pore velocity and thus
increase the main flow velocity by meeting the balance between momentum flux, high drag and
gravitational force in the patch. This enhances the velocity difference or gradient transversely,
thereby promoting flow instability in the wake. However, it is identified that the global response
of flow to these two factors are in essence distinct due to the shifting of the interaction between
the patch and flow. From the perspective of momentum conservation, patch elongation affects

the flow structure by expanding the reach of its source effect instead of intensifying this effect.
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In contrast, the increasing patch density could locally enhance the drag force and dispersive
stress on the local flow.

Beyond the trailing edge, a steady wake region can be raised for short and sparse patches,
where momentum transport is dominated by advection effect (Zong & Nepf 2012, Kim et al.
2018). The steady wake length (L) would be shortened with an early onset of vortex street.
Wake vortex street can be found directly downstream of the patch (i.e., L; = 0) when L > L;
under large ® (e.g., Case D3), or large L/W (e.g., Cases A4, A5, B4, B5) or a combination of ®
and L/W (e.g., Cases C3, D4, D5). According to Figure 4.11a, 4.11b and Table 4.2, both U} /Uw
and L; /W decrease as ® increases within uncertainty. For Cases A (® = 0.009), both U} /U
and L; /W show a continuous decrease trend as L/W increases, while U} /U.. presents a recovery
trend for other cases with higher density (@ > 0.009, i.e., Cases B, C, D). The unsteady wake
length (L) is dependent on both the velocity recovery rate, (U — U;) /Lo, and initial velocity
deficit, (1 — U} /U), at the wake vortex initiation point. The velocity recovery rate describes
the rate of momentum input outside the wake while the initial velocity deficit describes the
momentum required for full recovery. However, these two factors are interdependent and further
complicate this issue. The unequal contributions of turbulence and velocity difference lead to a
non-monotonic trend of L, to ® and L/W. Regarding the influence of the patch width, Cases
Bw with a width of 0.21 m present larger L; and L,, smaller velocity difference as well as
recovery rate compared to Cases B with a width of 0.09 m, indicating that patch width may
have a negative effect on the generation of a vortex street. From the aspect ratio perspective,
widening the patch performs like shortening the patch. However, only two patch widths are
examined here (not shown in the figure), further investigation with varying patch widths is

recommended to confirm this finding.

4.4.2 Coexistence between KH vortex street and wake vortex street

According to the observations in the current experiment (Figure 4.10) and previous studies
(Rominger & Nepf 2011), two parallel KH vortex streets tend to be triggered due to flow in-
stability along the lateral interfaces. Therefore, it is of great interest the correlation between
the KH vortex streets and the wake vortex streets. A straight-forward way is to use dye tracer
to track the vortex evolution, for example, releasing dye tracers simultaneously along the patch
edge and at the wake. However, this method is not effective due to the strong dispersion of
dye tracers within water flows. Alternatively, the frequency of the two kinds of vortices may be
another indicator to imply their connection.

Similar to the Karman vortex description, the presence of KH vortex can be determined
through the velocity power spectra (S,,) distribution along the patch lateral edge (x =0~ L,y =
W /2, Figure 4.12). The dashed lines in the figures indicate their perspective interior adjustment

length (L;). As shown in Figure 4.12, a peak in §,, distribution demonstrates the initiation of
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KH vortex (White & Nepf 2007, Caroppi et al. 2020, Proust & Nikora 2020, Yan, Duan, Wai, Li
& Wang 2022). Specifically, when approaching L;, instability structure starts to form (indicated
by yellow in Figure 4.12). Then, over L;, KH vortex streets can be observed (indicated by red
in Figure 4.12), which is consistent with the study of Rominger & Nepf (2011). As the flow
travels downstream, the enhanced velocity gradient at the patch lateral edge and weakened flow
diversion contribute to the generation of KH vortex street. This evolution will be intensified
through the momentum exchange between the parallel KH vortex streets across the patch width
(Rominger & Nepf 2011), given by the stronger peaks at Cases B (W = 0.09 m) relative to Cases
Bw (W =0.21 m). Moreover, the presence of these peaks also complies with the occurrence of
in-patch peaks (Figure 4.10). Therefore, the Karman-like structure within the patch is proved
to be a result of the interaction of the two parallel KH vortex streets. This in-patch Karman-like
structure will persist after the patch as a Karman vortex street. Based on the analysis of the
results presented in Figure 4.13, when KH vortex occurs, a peak presents at fxgyg = 0.12 ~ 0.17
Hz in §,,, with an average of 0.14 Hz, consistent with the mean value of fykx = 0.15 Hz for
patch-scale Karman vortex street, indicating that KH vortex does have some similarity with
Karman vortex.

Furthermore, the results of the normalized Reynolds shear stress at x = L, y = W /2 for all
cases are shown in Figure 4.14. The normalized shear Reynolds stress at the end of trailing
edge shows an increasing trend as aspect ratio and solid volume fraction increase, indicating
the formation and growth of the KH vortex. This result is consistent with the peak values
presented in the velocity power spectra above. However, when the length of Case D (® = 0.040)
extends from L = 1.0 m to 1.4 m, a sudden drop occurs, which is mainly caused by the strong
interaction between two KH coherent structures developed along the parallel edges of the patch.
This interaction leads to the formation of an in-patch Karman-like vortex, which results in
vortex intensity dissipation and velocity recovery as indicated in Figure 4.4 and Figure 4.5. This
Karman-like vortex has also been observed in the study of cylinders in tandem (Hosseini et al.
2020). Moreover, this in-patch Karman-like structure may explain why natural patches may not
keep elongating downstream unrestrictedly but present an equilibrium length. Meanwhile, there
exists a threshold value for normalized Reynolds shear stress, —u/v'/u? (shown by the dashed
line in Figure 4.14), indicating the presence of KH vortex street. More importantly, according
to Figure 4.14, a Karman vortex will be certainly detected if KH vortex presents, but Karman
vortex can also form with the absence of KH vortex. Therefore, here we consider that KH

vortex is a positive but not necessary condition for Karman vortex initiation.

4.4.3 Wake vortex street formation thresholds

The generation of wake vortex street may significantly impact the flow velocity distribution,

scalar convection and dispersion, sediment deposition and morphodynamics in the wake (Follett
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indicates no/absence.
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& Nepf 2012, Zong & Nepf 2012, Liu et al. 2018). Therefore, a threshold indicator of wake
vortex street is desirable. Considering the available implementations for different scenarios,

three groups of threshold parameters are identified based on the results and findings above.

It has been noted that the initiation and growth of large-scale coherent structures are related
to the velocity asymmetry imposed by factors such as, the topographic forcing in the transition
region of the compound channel (Dupuis et al. 2017, Proust et al. 2017), and multilayered
density stratification (Caulfield et al. 1995). Similarly, the cessation of the wake vortex street
has been shown to be related to the velocity difference (or gradient) induced by the porous patch
because a high-velocity bleed flow can prevent the shear layers developed along two sides to
reach each other. Intuitively, the parameter combination of U; and U, (see definition in Figure
4.1) at the wake vortex onset location is available for the threshold identification following Zong
& Nepf (2012). That is, when (U, — Uy) is too small, wake instability is unlikely to be triggered
to form wake vortex streets. According to our experiments, a distinct vortex street appears when
U, /U, < 0.5, which is different from the result (U; /U, < 0.35) from experiments conducted by
Zong & Nepf (2012) and numerical experiments by Chang & Constantinescu (2015) regarding
a circular patch (i.e., L/W = 1).

In addition to vegetation density as stated in previous studies, the wake instability has been
found to be related to the patch aspect ratio (L/W) based on our experiments. Under the same
density investigated in this chapter, the vortex generation is promoted by patch length (L) and
suppressed by patch width (W). Therefore, an integrated nondimensional threshold value can
be resulted as U; /U x (L/W)~!, which is more appropriate for the threshold identification.
Therefore, a threshold map for the wake vortex generation can be formed as shown in Figure
4.15. Using a linear boundary U; /U, x (L/W)~! = 0.31, no vortex street within the shaded
area and vortex street can be well identified within the non-shaded area (Figure 4.15a). This
threshold incorporating the effect of the aspect ratio can express well the results of existing
works (Zong & Nepf 2012) that are special cases of this expression. Alternatively, we can also
use (U — U)) /U to represent the normalized velocity difference (Figure 4.15b). In this case,
the nondimensional parameter is defined as (U, — Uy )/Us x L/W and it shifts to 0.84. That is,
vortex street occurs when (Uy — Uy )/Us x L/W > 0.84.

Although the impact of patch length on velocity adjustment has been considered in Uj, L
incorporated here is a consideration for the impact of KH instability rather than normaliza-
tion purpose. Under a low-density patch with sufficient length, the reduced velocity within the
patch enhances the lateral velocity gradient as traveling downstream. This strengthened veloc-
ity gradient may trigger the presence of KH instability. Before the generation of an in-patch
Karman-like vortex due to the interaction of the KH vortex, the formed KH instability has pos-
itive effects on the wake vortex street formation as well. For example, Case C1 presented a
close but slightly higher velocity gradient (U, — U;)/U../W = 5.6 m~!) than that in Case Bw4
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(U —Uy)/U/W = 4.7 m~1), but wake vortex presents after Case Bw4 rather than Case C1.
It is possibly caused by the energy contributed by KH instability formed along the patch lateral
edges in Case Bw4, indicated by the yellow in Figure 4.12, even though it is weak. In addition,
in the last case in the experiment of Zong & Nepf (2012), with (Us — U;)/Ue/W = 4.3 m™!
(where D = 0.12 m is the W in this case), no wake vortex occurs, though its velocity gradient
is higher than that of the vortex-generated Case Bw3 (U —U;)/U./W = 3.6 m~!) in our ex-
periment. Thus, the length of the patch should be incorporated into the threshold indicator to

consider the positive contribution from the KH instability.
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Figure 4.15: Velocity difference (a) Uy /Uy; (b) (U, — U,) /U at x = L+ L versus aspect ratio
(L/W). The shaded area indicates the absence of wake vortex street according to the threshold

value.

From a viewpoint of practical implementation, the sampling of U,; and U,, at the cross-
section of the trailing edge (x = L) is much easier compared with U; and U, by locating the
onset of vortex initiation (x = L+ L;). Chen, Ortiz, Zong & Nepf (2012) demonstrated that there
existed some relationship between U; and U,;. In this sense, we also seek another threshold in
the form of U, and U,;. Similar to the above manipulation, a threshold map can be established
for wake vortex street prediction as shown in Figure 4.16. The map implies that the vortex street
forms at U, /U x (L/W)~! < 0.35 (except for Case D1) or (Uyy — Ue1)/Ueo x L/W > 0.55.

Previous studies have reported that the solid volume fraction (®) of the porous obstacle can
also be a simple indicator for vortex street generation. According to the study of Castro (1971),
the vortex street ceases to form after a slim perforated plate (L/W < 1) when ® < 0.8. For a
circular porous array (L/W = 1), Zong & Nepf (2012) reported that the cessation occurs at @ <
0.04, which is very close to the limit (& < 0.05) found in the numerical modeling by Nicolle
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Figure 4.16: Velocity difference (a) Uel/Uez; (b) (Uez — Uel)/Uoo at x = L versus aspect ratio
(L/W). The shaded area indicates the absence of wake vortex street according to the threshold

value.

& Eames (2011). The inconsistent observations are due to the overlook of the impact of aspect
ratios. Smaller aspect ratio leads to higher critical value. This is because @ only considers
the local hydraulic resistance while the patch dimensions consider the reach of the hydraulic
resistance. Considering the cumulative effect of patch dimensions, patch aspect ratio, L/W,
is incorporated to be @ x L/W. In the present experiments, increasing cumulative hydraulic
resistance (by @ or L/W), through altering the velocity shear in the wake, could play critical

roles in promoting the formation of wake vortex streets.

When the patch of rigid emergent cylinders in aligned rectangular configurations with com-
parable streamwise and spanwise length scales (Cases Al ~ D1, with L =0.10 m and W =
0.09 m, L/W = 1.11), the transition occurs at & = 0.020 ~ 0.040, which is close but slightly
smaller than the ones observed in Nicolle & Eames (2011) and Zong & Nepf (2012). When
patch elongates downstream, the transition occurs at @ = 0.013 ~ 0.020 for cases with L/W =
2.22, which complies with our inference herein. Moreover, for L/W > 2.22, threshold values
for @ are less than 0.009. Therefore, another threshold map (® x L/W > 0.045) considering
the cumulative resistance caused by ® and L/W is established for wake vortex street prediction
as shown in Figure 4.17. However, this threshold will cease to hold true when @ is so low that
velocity recovers before the end of the patch, which is not considered in this chapter. Therefore,
the validity of this threshold map may be limited to a certain range of patch density and dimen-
sions, which needs a broader-range investigation. It is better to understand the wake structure
together with the velocity gradient. Moreover, this threshold map was developed for a single

rectangular vegetation patch of rigid emergent cylinders in an aligned configuration. Hydraulic

91



resistance is expected to be higher in staggered configurations with less flow through patches,
resulting in the onset of vortex street for lower solid volume fractions. Besides, the flexibility,
the submergence ratio and the presence of leaves in real plants are not considered either, further

investigations are expected.
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Figure 4.17: Aspect ratio (L/W) versus solid volume fraction (®). The shaded area indicates

the absence of vortex street according to the threshold value.

In consequence, three kinds of thresholds have been established for identifying the forma-
tion of wake vortex streets in a channel with vegetation patches of rigid emergent cylinders in an
aligned configuration under different densities and aspect ratios, which can be used alternatively
based on the availability of corresponding parameters in different scenarios.

(1) Quantified by velocity scales measured at the end of steady wake region (x = L+ L1),

Karman vortex street will appear when

Uy /Uy x (L/W)~' <0.31 (4.1)
or
(Uy—Uy) /U x L/W > 0.84 (4.2)

(2) Quantified by velocity scales measured at patch trailing edge (x = L), Karman vortex

street will appear when

Up /U x (L/W) ™1 <0.35 (4.3)
or
(Upp —Uy1) /U X L/W > 0.55 (4.4)

(3) Quantified by patch characteristics, Karman vortex street will appear when
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@ x L/W > 0.045 (4.5)

In this connection, this chapter forms an essential extension with substantial contribution
to this scientific research. However, there still exists some limitations in this chapter. Firstly,
only two widths were investigated in this case, the variation caused by varying patch widths and
patch blockage ratios (W /B) has not been systematically studied. Secondly, the influence of KH
instability on wake structure has not been fully understood. An interesting future test would be
expected to split the patch in half with a solid dividing barrier/plate along the patch centerline
to prevent any lateral ’communication’ of KH vortices across the patch (essentially forming
two independent shear layers and weaker intensity) and see how it would affect KH vortex
formation, especially for narrow cases. Thirdly, the combined impact of vegetation density (P)
and patch aspect ratio (L/W) was investigated under aligned configuration of rigid and emergent
stems with uniform cylinder rods in this experiment. Hydraulic resistance is expected to vary
under different configurations. Lastly, in natural system, the configuration will be even more
complicated, features may evolve over time and space, with random configuration, irregular
patch shape, and a wider range of stem sizes and densities. For instance, the threshold developed
in this chapter failed to predict the formation of wake vortex after the natural, submerged patch
with flexible leaves investigated in the field study of Biggs et al. (2019). This may attribute to the
restriction of this threshold to rigid, emergent vegetation patches with no leaves or the limited
measured reach in their study (Biggs et al. 2019). Therefore, the flexibility, the submergence
ratio, the presence of leaves in real plants, and the varying flow conditions, such as incoming

velocity and water depth, in natural aquatic systems need further systematically investigated.

4.5 Summary

This chapter experimentally addressed the importance of both solid volume fraction (®) and
aspect ratio (length/width, L/W) to the hydrodynamic behavior, particularly wake formation
and structure, in response to a center-channel porous rectangular patch under aligned configu-
ration of rigid and emergent stems. A total of 25 experimental runs under varying ® and L/W
were carefully designed and carried out for investigation, with aid of rigorous velocity mea-
surements and dye visualizations. The experimental results firmly demonstrated the significant
impact of the patch aspect ratio on wake structure, complements previous experimental works
on wake structures behind circular porous patches with comparable longitudinal and transverse
dimensions.

It is observed that the solid volume fraction indicates the local hydraulic resistance, of which
influence can be immediately felt by the local velocity adjustment, shown as the velocity gra-

dient. Larger solid volume fraction leads to a faster velocity drop. However, patch dimensions

93



determine the reach of the resistance. Larger patch width delays the flow diversion laterally,
leading to an adverse effect on the interior velocity adjustment, while the patch length controls
the distance of the velocity drop and triggers the generation of KH instability along the patch
lateral edges. Therefore, larger patch length and vegetation density may lead to higher velocity
reduction but patch width presents the opposite impact. The combined effect of solid volume
fraction and patch aspect ratio is representative of cumulative hydraulic resistance. It affects
the wake structure by changing the bleed flow velocity and initiating KH instability at the patch
trailing edge. Moreover, the two parallel KH vortex streets formed along the lateral edges of the
patch under sufficiently high aspect ratios tend to interact with each other, leading to velocity
recovery owing to transverse momentum input, especially for a smaller width. In contrast to
the scenarios of high ® producing wake flow instability due to inducing large transverse veloc-
ity difference, the patch elongation through triggering KH vortex streets may impose an extra
impact on the patch wake vortex street structures.

Furthermore, we attempted to explore the threshold for the generation of wake vortex streets
based on previous and current observations. Three nondimensional-parameter-based threshold
maps considering different indicator combinations were established. Based on the characteris-
tic velocity scales (U; and U,) at the onset location of vortex street (x = L+ L), wake vortex
street would appear when Uy /Us x (L/W)~! < 0.31 or (U —U;)/U.. x L/W > 0.84. Based on
the characteristic velocity scales (U, and U,y) at the trailing edge of the patch (x = L), wake
vortex street would occur when U,y /Uy x (L/W) ™! < 0.35 or (Usy — U,1) /U x L/W > 0.55.
In addition, based on solid volume fraction (®) and aspect ratio (L/W), wake vortex street will
occur when @ x L/W > 0.045. These three threshold maps can be alternatively used for theoret-
ical interpretation and implementation by considering the parameter availability under different
test scenarios. The first two threshold maps are likely to be applied to a wider range of patch
configurations (and potentially also to flexible vegetation) since they are based on characteristic
velocity scales in the wake. Further work is needed to determine whether the third threshold
map based on solid volume fraction applies more broadly, since stem alignment, flexibility, and
surface area (skin friction) may also be important factors leading to patch hydraulic resistance,

velocity gradients, and vortex street formation.
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Chapter 5

The influence of patch-edge vortices on

wake dynamics

5.1 Introduction

Chapter 4 demonstrated that patch elongation enhances the velocity gradient along the side
edges of a finite vegetation patch. This increased gradient promotes the formation of Kelvin-
Helmholtz (KH) vortices at the patch edges and von Karman (VK) vortices in the patch wake.
In addition to the velocity gradient, the wake structure is also influenced by the initiation of
KH vortices. Notably, the simultaneous emergence of both patch-edge KH vortices and patch-
wake VK vortices around an elongated rectangular patch suggests that these two vortex patterns
tend to evolve at the same frequency (Figure 4.13). However, the findings in Chapter 4 are
insufficient to fully characterize the initiation and evolution of along-edge KH vortices and
their influence on wake flows. Consequently, this Chapter aims to further extend Chapter 4
by quantifying the impact of patch-edge KH vortices on the patch-wake structure. The main
objectives of this chapter are:

(1) to investigate the relationship between the cumulative hydraulic resistance and the ve-
locity adjustment at the end of the patch;

(2) to characterize patch-edge KH vortex at a patch with finite width and length and to

quantify its effect on the patch-wake structure.

5.2 Materials and Methods

To further investigate the initiation and evolution of KH vortices at the side edges of elongated
patches and their subsequent effects on wake structure, this chapter builds upon the work pre-
sented in Chapter 4. A broader range of patch lengths (L = 0.1 — 2.0 m), and densities (P =
0.007 — 0.080, corresponding to a frontal area per unit volume of a = Nd = 2.8 ~ 31.9m™!)
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was considered to generate a wider variety of wake patterns under comparable conditions. In
total, 46 patch configurations were tested and analyzed, in addition to 19 experimental runs
from Chapter 4. Detailed information for each case is provided in the Appendix A.

Data collection, data treatment, experimental setup and parameter definitions remain con-

sistent with those used in Chapter 4.

5.3 Results and Discussions

5.3.1 Bleed flow deficit related to cumulative hydraulic resistance

Threshold values related to bleed flow deficit, (L/W)(U,2 — U,1)/U, and patch cumulative
hydraulic resistance, ®L/W, have been developed to predict the initiation of wake vortex in
Chapter 4. Specially, flow adjustment at the end of the patch is highly dependent on the patch
cumulative hydraulic resistance, but (L/W)(U,; — U, ) /U is not exactly equivalent to ®L/W,
with different performances under the variation of patch density and aspect ratio. Under the
same aspect ratio (Figure 5.1a), the bleed flow velocity deficit is initially positively associated
with patch density and finally achieves equilibrium, implying full adjustment of the interior
flow before the end of the patch. Increasing the patch density accelerates the interior flow
adjustment, resulting in a shorter adjustment length. After the interior adjustment, the flow
diversion diminishes, leading to a constant velocity difference at the end of the patch ((U,, —

U,1)/Uw), as indicated in Figure 5.1a. Therefore, it is assumed,

(Upp = Up1)Uso o< (@)1, (5.1)

Under the same patch density and patch width that dominate the streamwise gradient of interior
flow adjustment (Rominger & Nepf 2011, Zhang et al. 2023), (U,» — U, )/Uw is proportional
to L/W before the full development of the flow within the patch, behaving like patch density
(Figure 5.1b). Therefore,

(Uez = Ue1) /U o< (L/W) ™. (5.2)

Here, considered that the bleed flow adjustment is a result of the combined contributions from

patch density and aspect ratio, it is assumed,
(Uez—Uel)/Um:k—cl/(CDL/W-I-Cz), (5.3)

where k, c¢1, ¢ are scaling factors to meet the extreme conditions and ensure the equation’s
validity. For instance, for an extremely high-density porous patch like a solid obstruction or an
elongated patch with an interior velocity decay to zero (Rominger & Nepf 2011), ®L/W > ¢y,
U,1 =~ 0 and Uy ~ U, then (Uyy —U,1)/Us = k = 1; for an extremely low-density porous patch
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like none of obstruction, i.e., ® =0, U, — U, = 1 — ¢ /cp =0, thus ¢; = ¢;. Then,
(U2 = Ue1) /U =1 =1 /(PL/W +c1). (54
By data fitting with all measured data, it is obtained,
(Upp —Up1) /Uso = 1—0.03/(®L/W +0.03). (5.5)

with a correlation coefficient equal to 0.75 (R?> = 0.75). Particularly, data related to circular
patches (i.e., L/W = 1) (Chen, Ortiz, Zong & Nepf 2012) is also included in Figure 5.1c,
demonstrating the generality of the developed formulation (i.e., L/W = 1). However, some
deviations exist between the predicted and measured values, attributed to the blocking effect
and the contribution from patch size on velocity adjustment. Further investigation is required to
clarify the roles of these factors in flow adjustment.

To conclude, patch cumulative hydraulic resistance, ®L/W, promotes the velocity differ-
ence between the in-patch and lateral-outside-patch regions, until the interior flow fully devel-
ops. However, according to the observations in Chapter 4, in addition to velocity adjustment,
patch dimensions should be incorporated (i.e., (L/W)(U.,, — U,1)/Us) to include the impact of

the presence of patch-scale KH vortex at the patch lateral edges on the wake structures.

5.3.2 Patch-edge KH coherent structure

In addition to the wake VK vortex, patch elongation actively contributes to the initiation of
KH vortex at the patch lateral interfaces. The initiation and strength of the large-scale co-
herent structure is identified by the peak in power spectra density (S),) and oscillations in
the autocorrelation (R,,) of the cross-stream velocity series (Caroppi et al. 2019) collected
at the end of the patch lateral edge (x = L, y = W/2). The frequency (f) in S,, is normal-
ized by the local momentum thickness, 8, and convection velocity, U, to be f0/U., where
0= ["21/4—((U- UC)/AU)z} dy, U. = (Up +U,1)/2 and AU = U, — U,;. The spectra
manifest a clear peak approximately at 60 /U, = 0.032, which meets the natural frequency of
KH vortices in a plane mixing layer and has been observed in shear layers in partly vegetated
flows with both rigid cylinders (White & Nepf 2008) and flexible vegetation (Caroppi et al.
2019). The results obtained from S,, is consistent with those in R,, (Figure 5.2). Similar to
the initiation of wake VK vortex (Zhang et al. 2023), the threshold value of L/W for the KH
initiation will be lower under a higher ®. Besides, the growth and full development of the
patch-edge KH vortex are indicated by an initial enhancement and a final equilibrium of the
peaks or oscillations in Figure 5.2. The weak peaks and small oscillations indicate the genera-

tion of small-scale coherent structures in cases with a ® = 0.080, smaller than the patch-scale
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Figure 5.1: The relationship between the bleed flow adjustment, (U, — U, ) /U, and (a) patch
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coherent structures, which are not considered in the present work.
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Figure 5.2: The initiation and evolution of the patch-scale KH vortex at the end of the patch
side edge, i.e., (x, y) = (L, W/2) at different values of L/W under varying ®, evaluated by the
(a) power spectra density (S,,), with a horizontal dashed line indicating the natural frequency
for a free shear layer, £6 /U =0.032; and (b) autocorrelation (R,,) of the spanwise velocity. The
vertical dashed line indicates the threshold value of L/W for the initiation of the patch-edge KH

vortex.

However, another criterion related to velocity shear (A-criterion) developed in compound
channels or partly vegetated channels (Caroppi et al. 2019, Dupuis et al. 2023) fails to predict
the formation of the patch-scale KH vortex at the patch end (Figure 5.3a). Relative to the
vortex initiated at a single interface, the interaction of the two KH vortex streets at two parallel
streamwise edges across the patch width (W) should be considered in the in-stream located
patches, since this communication may enhance the turbulence intensity of the KH vortices
(Rominger & Nepf 2011). Besides, the A-criterion was developed from the fully developed
transect, but the in-patch flow is not always fully adjusted by the end of the patch investigated
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in the present work, due to the limited streamwise dimensions. Before fully developed, the
in-patch flow keeps diverting into the lateral bare regions, preventing the initiation of the patch-
scale coherent structures at the lateral interfaces. For cases with high velocity difference, the
patches with low density may have achieved fully developed while the high-density ones may
still be in the interior adjustment process. Therefore, the aspect ratio (L/W) is incorporated
to consider the extra impacts imposed by the finite dimensions of the patches in the present
work, including the interaction of two KH vortex streets across the patch width and the flow
diversion due to interior flow adjustment. In Figure 5.3b, patch-edge KH vortex can be detected
at the end of the patch when (L/W)(U,2 — U,1)/Us > 4.8, and the turbulent intensity of the KH
generally enhances as (L/W ) (U2 — U, ) /U increases. Although the magnitude of the velocity
difference is relatively small compared to the aspect ratio under an elongated patch, velocity
difference is essential in KH vortex generation. For instance, in the partly vegetated flow with
sufficient streamwise length, vortex can be triggered once the velocity shear over the threshold
value (Caroppi et al. 2019). In a circular or square patch with an aspect ratio = 1 (Chen, Ortiz,
Zong & Nepf 2012), (U, — U,1) /U represents the overall effect of patch density and patch
size. Although patch density is not directly presented in this parameter, the impact of which is

incorporated in the velocity adjustment.
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Figure 5.3: Indicator for the patch-edge KH vortex initiation and normalized Reynolds stress at
the position of (x, y) = (L, W/2): (a) velocity shear, (U, — U,1) /(U2 + U,1), and (b) velocity
difference along with aspect ratio, (L/W)(Uy — U,1) /Usw.

5.3.3 The contribution of the patch-edge KH vortex to wake structure

According to the velocities collected along the patch centreline (y = 0), both normalized steady
wake length (L;/ \/Z) and steady wake velocity (U;/Us) are suppressed as ®L/W increases
(Figure 5.4a and 5.4b), where A refers to the area of the patch, A = LW. v/A is used to represent
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the overall size of the rectangular patch, similar to the role of the patch diameter (D = VD? ) in
the analysis of circular patches with an identical streamwise and spanwise dimension, L =W =
D (Chen, Ortiz, Zong & Nepf 2012, Zong & Nepf 2012). The turbulence energy associated
with patch-wake coherent structure, (U, — Uy)?, is normalized by the energy associated with
bed-friction turbulence, 1/2(U, + U;))?. The normalized energy of the wake VK vortex is
stronger after a patch with a larger value of ®L/W (Figure 5.4c). However, for circular patches
with an aspect ratio = 1, the wake flow’s behavior varies after patches with the same solid
volume fraction but different diameters. The variation of the wake structures under the same
value of ®L/W (Figure 5.4a — 5.4c) indicates the unequal contributions from ® and L/W.
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Figure 5.4: The impact of the patch’s cumulative hydraulic resistance (PL/W) on (a) the nor-
malized steady wake velocity, U} /U, (b) the normalized steady wake length, L;/ VA, and (©)
the normalized energy of the wake vortex, (U, — U;)?/[1/2(Uy + Uy)]%.

Patch aspect ratio affects the wake flow not only by adjusting the bleed flow velocity but also
by triggering the KH initiation along the lateral edges, different from patch density. Thus, it is

considered the variations in the wake flow performances are introduced by the presence of the
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patch-edge KH vortex. However, the influences of bleed flow velocity adjustment and the patch-
edge KH vortex generation cannot be simply evaluated by ® and L/W separately, since patch
elongation also makes contributions to modify transverse velocity gradient. To obtain a better
understanding of the impact from the initiation of the patch-edge KH vortex, wake structures
are compared under the same normalized transverse velocity gradient obtained at the end of the
patch, (U —U,1) /Us/(W /B), with flume width, B, for normalization. Two distinct trends are
detected in the wake structure, with a gap evaluating the contribution of the KH vortex (Figure
5.5a — 5.5¢). Figure 5.5b directly manifests that the generation of the patch-edge KH vortex
may decline the steady wake length, implying that the patch-edge KH vortex grows faster than
the shear layer thus the mixing point will be closer to the patch trailing edge. Meanwhile, the
steady wake velocities are enhanced compared to the patches without KH vortex (Figure 5.5a),
revealing that the formation of patch-edge KH vortex may accelerate the velocity behind the
patch. Furthermore, the normalized energy of the patch-wake VK vortex will be dampened
when the upstream KH vortex is generated (Figure 5.5¢). The enhancement or suppression
(i.e., contribution) does not vary with the normalized transverse velocity gradient investigated.
Therefore, the results suggest that the presence of the patch-edge KH vortex not only affects
the flow condition at the patch lateral interfaces but also presents potential impacts on the wake

structure or interacts with the wake vortex.

Indeed, the formation of the patch-scale KH vortex along the patch lateral interfaces in-
duced by patch elongation may introduce extra influences on the wake flow. However, neither
cumulative hydraulic resistance nor normalized transverse velocity gradient is a successful in-
dicator for the wake structure since they cannot evaluate the patch-scale KH coherent struc-
ture. Given the fairy good performance of (L/W)(Uy — U,1)/Us in characterizing the ini-
tiation and evolution of the patch-edge KH vortex (Figure 5.3b), the wake structures can be
well predicted by (L/W)(U,y — U,1)/Us (Figure 5.6a—5.6¢). Before the patch-edge KH vor-
tex initiates, i.e., (L/W)(Uy, —U,1)/U- < 4.8, the turbulent intensity is relatively low, thus
the transverse velocity gradient dominates the wake structures. Under the above condition, the
normalized steady wake length and normalized steady wake velocity drop while the energy of
the wake Karman vortex enhances, as bleed flow velocity decays, consistent with the obser-
vations from circular patches with no patch-scale KH vortex formation (Zong & Nepf 2012).
As (L/W)(Uea — U,1) /U further increases, the patch-edge KH vortex starts to form and grow,
disturbing the wake structures. This disturbance of KH vortex on wake flow is also discussed
under a submerged circular patch (Liu et al. 2018). Although the wake structures behave dif-
ferently before and after the patch-edge KH vortex occurs, they can be reasonably predicted
by (L/W)(Uez — U, ) /U, revealing the dominance of the combined effect of the transverse
velocity gradient and the presence of KH vortex. Although & is not directly presented in this

parameter, its influences are incorporated in the velocity difference.
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Finally, a phenomenological model can shed light on the understanding of how the patch-
wake VK vortex structure responds to the upstream patch-edge KH vortex. Without the KH
vortex (e.g., short dense patch), two shear layers at the edge end (L,+£W /2) grow in parallel
and then reattach to form VK vortex structure at the end of the steady wake zone (Zong & Nepf
2012). The self-rotation of the KH vortex structure with high turbulent energy tends to distort
the two shear layers, leading to an asymmetrical oscillating steady wake (refer to Figure 5.3 in
Zhang et al. (2023)). Furthermore, the fundamental properties of the wake structure are either
enhanced (e.g., U;/U..) or weakened (e.g., L1 /v/A and (U, — Uy)?/[1/2(U, + Uy)]?) by the
KH vortex. Comparable phenomenon can be observed in the flow around two tandem square
cylinders (Shui et al. 2021), where the upstream vortex contributes to suppressing the steady
wake region after the downstream cylinder. This phenomenological model also offers some
implications for the mathematical description of the co-existence of different vortex structures.
Besides, the in-patch velocity recovery after the interior velocity adjustment (i.e., velocity drop)
within a rectangular patch (Rominger & Nepf 2011, Zhang et al. 2023), can also prove the

positive contributions from the KH vortex communication to steady wake velocity.

5.4 Summary

This Chapter investigates the relationship between the cumulative hydraulic resistance and bleed
flow adjustment, and evaluates the responses of the wake structure to the formation of patch-
scale KH vortices along the lateral interfaces of an in-stream located rectangular vegetation
patch. By varying patch densities and aspect ratios, it is observed that patch elongation affects
the wake structure by adjusting the bleed flow velocity deficit as well as triggering the KH
vortex along the patch lateral edges. The initiation of the patch-edge KH vortex at a vegetation
patch with finite length and width is highly sensitive to the aspect ratio of the patch, in addition
to the velocity difference across the interface. Furthermore, the initiation of the patch-edge
KH vortex may accelerate the steady wake velocity, shorten the steady wake length and decay
the energy of the wake vortex. Finally, the wake structure can be quantitatively characterized
by the combined effect of bleed flow velocity deficit and the initiation of the patch-edge KH
vortex. This chapter improves the understanding of flow-vegetation dynamics and provides
critical information on further studies on sediment transport, landscape evolution, and water

quality management in vegetated streams, wetlands, estuaries and coastal regions.

105



Chapter 6

Development and interaction of
Kelvin-Helmholtz vortices along two

parallel fringing vegetation arrays

6.1 Introduction

In partially vegetated channels, a shear layer with regular vortex structures forms at the interface
between the patch and adjacent open region (Caroppi et al. 2020, 2021) after flow deflection near
the leading edge of the patch. These coherent vortices were triggered by Kelvin—Helmholtz
instability initiated by the strong shear and velocity inflection at the array interface (Ghisalberti
& Nepf 2002, Koken & Constantinescu 2023). Due to the difference in hydraulic resistance
in the vegetated region and in open water, the shear layer becomes asymmetric about the array
interface, forming a two-layer structure (White & Nepf 2008). In contrast to free shear layers,
which can grow continuously and symmetrically downstream (Brown & Roshko 1974), the
shear layer in partially vegetated channel ceases to grow once the production of shear layer-
scale turbulent kinetic energy is balanced by its dissipation by hydraulic resistance (Ghisalberti
& Nepf 2004). Consequently, when the shear layer fully developed, the inner penetration scales
with the vegetation-induced drag resistance and the outer penetration scales with the pressure
gradient (White & Nepf 2007, 2008). The asymmetry effect of mixing layers is weakened as
vegetation density decreases as well as bed friction and water shallowness enhances (Wang,
Zhang, Jiang, Yao & Yan 2024).

When the growth of shear layer is constrained by the presence of a boundary before it is
fully developed, the flow is referred to as a confined flow. Many previous studies have revealed
that the flow confinement affects the flow adjustment (Chen et al. 2013, Lei & Nepf 2021) and
shear layer evolution (Nepf & Vivoni 2000, Ghisalberti & Nepf 2009). For instance, Chen

et al. (2013) observed a faster velocity adjustment and a higher equilibrium interior velocity,
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Flow diversion

Figure 6.1: Conceptual diagram for flow structure in a symmetrical vegetation-channel-
vegetation system. Near the leading edge of the patch, the flow is diverted laterally out of the
array over an adjustment length. Shear layers form along each flow-parallel interface, which

produce vortices by Kelvin-Helmholtz instability.

U, when the submergence ratio of the array (H/h, where H is the vegetation height and £ is
the water depth) is over a threshold value. Specifically, for vegetation canopies with a frontal
area per volume of a = 4.4 m~!, the flow adjustment length remains constant for H/h < 0.5,
but mitigates with decreasing water level for H/h > 0.5. In addition, Nepf & Vivoni (2000)
and Wilson et al. (2003) suggested that the penetration length of coherent structures into the
canopy, is constrained by the water surface if H/h > 0.5. However, the threshold value, H /h >
0.67, was larger in the study of Nezu & Sanjou (2008), indicating some dependence on canopy
density. Similarly, Ghisalberti & Nepf (2009) observed that the water surface constrains the
growth of shear layer when Cpa(h — H) < 0.5. When the growth of shear layer was restricted
by the water surface, the shear layer stopped growing (Okamoto & Nezu 2013), leading to a
reduced shear layer thickness. When the array is sparse or when the vegetation height is low,
specifically when 0.1 < CpaH < 0.23, the inner shear layer can penetrate the entire array height,
so that the penetration would be restricted by the bed (Luhar et al. 2008, Zhang et al. 2020).
This penetration highly enhances near-bed turbulence, resulting in increased sediment erosion
(Zhao & Nepf 2021). Although submergence ratio can modify the shear structure and the
associated vortex’s size, the frequency of the KH vortex is observed to always be self-organized
(Ghisalberti & Nepf 2002) and consistent with the natural frequency predicted by linear stability
theory for mixing layers, Eq. (2.16), (Ho & Huerre 1984). In a partially distributed submerged
array, the lateral expansion suppresses the growth of horizontal coherent structures, weakening
the horizontal shear stress (Ben Meftah & Mossa 2016). As a result, vertical coherent structures
become dominant, leading to enhanced inner penetration (Song, Wang, Duan, Stocchino &
Yan 2024). For a partially obstructed emergent array, when the array-to-channel width ratio
b/B > 0.5, where b is the width of the array and B is the flume width, the boundary effects
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induced by the sidewalls become significant, allowing the along-canopy vortices to trigger the
formation of along-wall vortices that rotate in the opposite direction to the original vortices (Jia
et al. 2022). This paired-vortices pattern which has been observed on two-dimensional flow past
a confined circular cylinder with a blockage ratio D/B greater than 0.5, where D is the diameter
of the cylinder (Sahin & Owens 2004, Wang et al. 2021). Meanwhile, initiation of the paired
vortices enhances the shear-scale turbulence (Jia et al. 2022), and the lateral distribution of the
streamwise velocity profile will shift from a hyperbolic tangent to a parabolic velocity profile
(Huai et al. 2015). These paired vortices propagate in an alternating pattern, with pronounced
reduced wavelength and increased wave number (Jia et al. 2022). The presence of along-wall
vortices exerts additional resistance on the main channel flow, highly reducing the bed shear

stress, which may facilitate sediment deposition (Jia et al. 2022).

A few previous studies have considered the evolution and interaction between two parallel
shear layers. For an in-stream elongated patch, shear layers can develop at two flow-parallel in-
terfaces simultaneously. For a low-flow blockage patch (Cpab < 2, where b is the half width of
the patch), the inner penetration length is over the patch centerline (Rominger & Nepf 2011), al-
lowing shear layer vortices to interact and merge into a von Karman-like vortex street (Hosseini
et al. 2020). This vortex interaction results in a significant velocity recovery and turbulence
enhancement within the patch. For a high-flow blockage patch (Cpab > 2), although shear lay-
ers fully develop with penetration less than half the patch width, they can still communicate
across the patch width, which highly enhances the strength of the vortices through a wave mo-
tion induced by the passage of the vortices along the patch edge (Zong & Nepf 2011, Rominger
& Nepf 2011). The wavy motion refers to an oscillating response within the array generated
by the passage of vortex, whose center is a low-pressure point (White & Nepf 2007). In con-
trast to the in-stream vegetation patch with a slow-moving flow within the patch, a symmetrical
straight compound channel creates a reverse flow pattern, with a fast-moving flow in the cen-
tral main channel and a slow-moving flow in the floodplain regions (Proust et al. 2013, Dupuis
et al. 2017, Rathod et al. 2025). This flow distribution causes the shear layers formed at the
transition regions and associated vortices to rotate oppositely. In a narrow symmetrical com-
pound channel, the shear layers can penetrate to the channel centerline and meet the opposite
shear layer, leading to a lateral confinement on shear layer growth (Peltier 2011, Stocchino &
Brocchint 2010, Stocchino et al. 2011). However, the interaction of shear-layer vortices in the
high-discharge main channel remains insufficiently investigated, especially when two opposite

shear layers meet at the channel centerline.

Previous studies have investigated the impacts of flow confinement on velocity adjustment
and turbulent structures in scenarios where vegetation is distributed on one side or submerged.
However, the scenario where vegetation is distributed on both sides has been rarely addressed,

especially when the outer shear layer from one array interacts with the shear layer from the op-
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posite array in a high blockage ratio (Figure 6.2). The inadequate research inevitably hinders the
full understanding of the mechanics and interactions between vegetation patch and water flow,
such as velocity distribution and turbulent structure, making it difficult to predict the sediment
transport and morphological evolution for such scenarios that commonly exist in nature aquatic
environments. In addition to its eco-hydraulic perspective, this scenario also offers fundamental
insights into the mechanics of the interactions between reverse-rotating vortex streets. In this
Chapter, we consider a vegetation-channel-vegetation system to investigate the flow structure
in a channel with fringing vegetation at both sides (Figure 6.1). This symmetrical configuration
creates a high-discharge flow in the central open region and a low-discharge flow in the side
vegetated zones, i.e., slow-fast-slow flow pattern reverse to the in-stream vegetated patch (as
shown in Chapter 4 and Chapter 5). Correspondingly, the shear layers developed at the lateral
interfaces and associated vortices might rotate reversely, similar to a symmetrical compound
channel. The flow confinement and turbulent interaction can be explored by varying patch
widths. Therefore, the main objectives of this Chapter are (i) to investigate the flow adjust-
ment and shear structure under a symmetrically distributed vegetated channel through scaling
analysis; (ii) to examine the initiation and evolution of shear-layer vortices under varying patch

widths and densities; (iii) to evaluate turbulent interaction between two parallel shear layers.

Figure 6.2: Aquatic vegetation distributed on both sides of the natural rivers with a high flow

blockage. Picture was taken at Dasha River in Shenzhen, China.

6.2 Materials and Methods

This Chapter considers 19 tests with varying widths of each array, b = 10 ~ 20 cm, leading to
an array-to-channel blocking ratio, 2b/B = 1/3 ~ 2/3. Each array has a length of L = 3.7 m,
to ensure the full velocity adjustment and shear layer development. To obtain different array

densities, the stem’s center-to-center spacing was varied from dx = 1to 3 cmand dy =2 to 3
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cm in the streamwise and spanwise directions, respectively. The array density, characterized by
frontal area per unit volume a = Nd, where N(m~?2) is the number of rods per unit bed area,
ranges from 3.6m~! to 16.0m™' and average solid volume fraction ® = Nﬂd2/4 =0.9% ~
4.0%. The corresponding non-dimensional flow blockage of the array was Cpab = 1.85 ~
13.61, where Cp is the is the drag coefficient of the array cylinders. Here, Cp was estimated by,
Cp=1+ lORel;lz/ 3 (White & Majdalani 2006), where U is the equilibrium velocity after flow
adjustment within the vegetated region. The value of Cpab for all cases is over the threshold
value, Cpab > 0.1, for the KH vortex initiation in the partly obstructed channel with emergent
array (Ghisalberti & Nepf 2002, Nepf et al. 2007). Experimental configurations are summarized

in Table 6.1.
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Figure 6.3: The laboratory setup. (a) Top view: illustration of the model array and dye injection
points, longitudinal and lateral transects (red dashed lines) of velocity measurements by ADV.
(b) Front view: velocity measurements were conducted at the mid-depth. The streamwise and

lateral coordinates and velocities are (x, u) and (y, v) respectively.

For further analysis, the coordinate system origin was defined as x = 0 at the leading edge
of the array, positive downstream, y = O at the channel centerline. The velocity components
were denoted as u, v in the x, y directions, respectively (Figure 6.3a). Measurements were taken
along the channel centerline (y = 0) and the array centerline (y = (B — b)/2) to investigate the
flow adjustment. Due to the symmetrical configuration and laterally uniform incoming flow,
flow structure was considered symmetrical. Velocities along the channel centerline can also

reveal the interaction between the two shear structures formed at the parallel array lateral inter-
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>

dx

(cm) (cm)

dy

b
(m)

Ui
(m/s)

U
(m/s)

Uy

(m/s)

0.9%

1.3%

2.0%

4.0%

3

3

0.11
0.14
0.17
0.20
0.10
0.12
0.14
0.16
0.18
0.20
0.10
0.12
0.14
0.16
0.18
0.20
0.10
0.12
0.14

0.028 (0.001)
0.033 (0.001)
0.039 (0.001)
0.046 (0.001)
0.024 (0.001)
0.022 (0.001)
0.025 (0.001)
0.029 (0.001)
0.034 (0.001)
0.044 (0.001)
0.019 (0.001)
0.018 (0.001)
0.023 (0.001)
0.027 (0.001)
0.033 (0.001)
0.039 (0.001)
0.013 (0.001)
0.014 (0.001)
0.019 (0.001)

0.130 (0.001)
0.141 (0.001)
0.149 (0.001)
0.151 (0.001)
0.131 (0.001)
0.141 (0.001)
0.151 (0.001)
0.160 (0.001)
0.166 (0.001)
0.173 (0.001)
0.135 (0.001)
0.147 (0.001)
0.159 (0.001)
0.171 (0.001)
0.173 (0.002)
0.183 (0.001)
0.141 (0.001)
0.154 (0.001)
0.171 (0.001)

0.013 (0.005)
0.015 (0.006)
0.018 (0.008)
0.021 (0.008)
0.013 (0.004)
0.017 (0.007)
0.017 (0.007)
0.019 (0.006)
0.021 (0.007)
0.023 (0.007)
0.015 (0.006)
0.017 (0.004)
0.020 (0.007)
0.021 (0.006)
0.024 (0.007)
0.027 (0.009)
0.015 (0.007)
0.018 (0.008)
0.021 (0.006)

Table 6.1: Experimental parameters and measured data. dx and dy is the stem’s center-to-
center spacing in the streamwise and spanwise directions respectively. Uj is the equilibrium
velocity after flow adjustment within the vegetated zone. U, is the equilibrium velocity after
flow adjustment in the main channel. u, is the friction velocity across the side edge of the patch,

defined in Eq. (6.3). Number in the bracket indicates uncertainty.
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faces. To identify the initiation and evolution of the large-scale coherent structures, velocities
were collected along one array lateral edge (y = B/2 — b). Lateral measurements were only
conducted in one half from the side wall to the channel centerline (y = 0 ~ 0.8B/2) of the flume
to characterize the velocity and turbulence structure. Velocity measurement near the flume wall
from y = 0.8B/2 to B/2 was constraint by the ADV holder. Aty = 0.8B/2, no sidewall effect
was observed for all scenarios investigated. Lateral measurements were performed at x = 2.5
m and x = 3.0 m, where the flow was verified to be fully developed in all scenarios based on
the longitudinal velocity profiles and their comparison between the two transects. To avoid
redundancy, only data at x = 2.5 m was included in the subsequent analysis. Velocity measure-
ments were taken every 1 and 10 cm in spanwise and streamwise profiles, respectively. The
transects of velocity measurements were denoted by the red dashed lines in Figure 6.3a. The
time-averaged lateral velocities (V) collected at upstream region, fully developed region inside
and around the array were all below 1 cm/s (Figure 6.4), indicating that no significant secondary

flow occurred in the present experiment.
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Figure 6.4: The lateral profiles of the time-average lateral velocity (v) at (a) upstream region,

and (b) fully developed region for all scenarios.

Flow visualizations were conducted to describe the flow structure, supporting the velocity
measurements. Red dye and green dye were simultaneously injected at 10 cm downstream from
two corners of the leading edge (x =10 cm, y = (B/2 — b)) to avoid the strong diverting effect
around the leading edge on dye transport. Yellow-colored grid lines with a 10 cm spacing re-
garding both streamwise and cross-stream directions at the flume bottom were used to provide
a distance reference. As the vegetation patches were installed along the side wall of the flume,
light-emitting diodes (LED) were positioned around above the flume to illuminate the test sec-
tion, which can avoid water surface light reflections. More information related to dye test was
included in Chapter 3.7.

Other information related to hydraulic conditions, data collection and data treatment method

is included in Chapter 3.2, 3.5 and 3.6. For the analysis of velocity measurements, the equi-
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librium velocity after flow adjustment within the vegetated zone is defined as U;, while the
equilibrium velocity after flow adjustment in the main channel is defined as U,. The velocity

definition can be seen in Figure 6.1.

6.3 Results

6.3.1 Flow adjustment and shear layer evolution

To investigate the spatial evolution of the shear structures, the distribution of the lateral velocity
gradient dui/dy was considered. Here, we define the positions where the lateral velocity gradient
equals 0.1 s~! as the edge of the shear layer, i.e., dii/dy = 0.1. Initially, the shear layers with
elevated velocity gradient occurred at the leading edge of the array expanded laterally as they
developed downstream, gradually approaching the channel centerline. Due to the symmetrical
configuration of the system, the velocity gradient (du/dy) was always zero at the centerline,
presenting a small gap between the two shear layers. However, this gap does not indicate
that the shear layers fail to reach the centerline. The highest velocity gradient aligned with
the streamwise interfaces, increasing in the streamwise direction. Consistent with previous
observations, Figure 6.6 shows a higher velocity gradient near the lateral interfaces of the arrays
with a larger vegetation density. However, the growth of shear layer was insensitive to the
array density. Moreover, the velocity gradient was insensitive to the array width when the
blockage ratio 2b/B was less than 0.5 (Figure 6.7), while the evolution of the shear layers
were slightly accelerated. For 2b/B > 0.5, further increased the array width produced a higher
velocity gradient and faster shear layer development.

Flow adjustment initiated upstream of the leading edge of the array (x < 0) and continued
after entering the arrays, varying with array density (®) and array-to-channel blockage ratio
(2b/B). Fluids were deflected from the high-resistance vegetated region to the low-resistance
open region, leading to a mitigated velocity interior the vegetated regions (U;) and enhanced
velocity in the free stream region (U,). Then, the velocity shear, A = (U, — U;)/ (U, + Uy),
across the lateral interface of the array enhanced. As the flow developed downstream, the growth
rate of the velocity shear decelerated and eventually reached equilibrium. The developing region
is defined as the zone between the leading edge of the patch (x = 0) to the position where the
velocity shear achieves a constant value (dA /dx = 0). Then, the region behind the developing
region is defined as a fully developed region. Figure 6.5a observes that increasing the array
density (®) accelerated the flow adjustment by creating a stronger flow deflection, leading to an
improved velocity shear across the interface, as indicated by a larger dA /dx and a higher A. As
array width varied (Figure 6.5b), the overlap of A near the leading edge of the array at different

array widths reveals that the lateral flow diversion was independent of the array width. The flow
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adjustment was almost identical at 2b/B < 0.5, suggesting that the flow adjustment was not
influenced. As 2b/B further increased, the velocity shear reduced, indicating flow confinement
presented at 2b/B > 0.5. The influence of the array-to-channel blockage ratio on the flow
adjustment is consistent with the findings in a submerged canopy, where a higher submergence
ratio (H /h) produced a weaker velocity shear at the top interface (Chen et al. 2013).
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Figure 6.5: The longitudinal profiles of the velocity shear across the lateral interface, A =
(U, —Uy)/(Up +Uy), under (a) varying array densities for 2b/B = 0.47, and (b) varying array
widths for ® = 2.0%.

The shear flow near the side edge of each array exhibited a distinct two-layer structure,
consisting of a rapidly varying inner penetration, &; into the vegetated region and a more gradual
outer penetration, dp in the open region (Figure 6.8). Within the shear layer, the shear stress
was greatly enhanced, with a peak presenting at the lateral interface. The penetration length
is defined as the distance from the side edge of the array to the position where the velocity
becomes constant (du/dy ~ 0) and the shear stress approaches zero (—u/v' =~ 0). A denser array
produced a lower interior velocity (U;) and a higher free stream velocity (U;), thereby enhancing
the velocity shear (Figure 6.8a, 6.5a). For array with a blockage ratio of 2b/B = 0.40, whose
lateral edge located at 2y/B = 0.60, it is observed that the velocity became constant and the
shear stress reduced to zero at 2y/B = 0.10, obtaining an outer penetration length of 0.5(B/2)
(Figure 6.8). The outer penetration thickness, dp = 0.5(B/2), remained constant for a given
array width (Figure 6.8), independent on the array density. This observation is consistent with
the findings of White & Nepf (2008), who studied a partially obstructed emergent vegetation
array with a blockage ratio of b/B = 0.33 and reported that the outer-layer width was governed
by the water depth and bed friction coefficient, both of which were held constant in the present
experiment.

As the array extended laterally, the outer penetration of the shear layer reduced from the con-
stant thickness, 8p = 0.5(B/2) at 2b/B < 0.5, to the half width of the open region, 8o = B/2—b
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Figure 6.6: The evolution of shear structure indicated by the lateral velocity gradient (du/dy),
under varying array density for 2b/B = 0.47. The black lines indicate the edge of the shear
layer with a threshold value of dii/dy = 0.1s~!. The dashed line indicate the channel centerline
and the edge of the vegetated zones.
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Figure 6.7: The development of shear structure indicated by the lateral velocity gradient
(du/dy), under varying blockage ratios for ® = 1.3%. The black lines indicate the edge of
the shear layer with a threshold value of dii/dy = 0.1s~!. The dashed line indicate the channel
centerline and the edge of the vegetated zones.
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Figure 6.8: The influence of array density (®) on the (a) velocity redistribution (i/U,) and (b)
normalized shear stress (—u'v// uf ). Data was collected at fully developed region for cases
with 2b/B = 0.40. The dashed line indicates the lateral interface of the array. Here, u,  is the

bed friction velocity.

at2b/B > 0.5 (Figure 6.9). Specially, at 2b/B < 0.5, the streamwise velocity increased and sta-
bilized before reaching the channel centerline (Figure 6.9a), revealing that the outer layer was
fully grown in the open region. The thickness of the outer shear was less than the half width
of the open region (8o = 0.5(B/2) < B/2 — b). Within the outer shear layer, the shear stress
dropped from the peak value at the interface to zero as the velocity became stable (Figure 6.9b).
At 2b/B > 0.5, the streamwise velocity continuously increased in the open region, presenting
a peak value at the channel centerline (Figure 6.9a). However, the mitigation of the interior
velocity diminished, resulting in a higher U; and consequently a reduced velocity shear A (Fig-
ure 6.5b). Despite the decrease in velocity shear, the peak shear stress at the interface was
highly enhanced (Figure 6.9b). The shear stress decayed continuously in the open region and
approached zero at the channel centerline (Figure 6.9b). Consequently, the array with a higher
2b/B experienced a faster shear decay in the open region, as indicated by a larger —du/v'/dy.
The lateral profile of the streamwise velocity and shear stress shows that the thickness of the
outer layer was restricted to the half width of the open region, 8o = B/2 — b, which was less
than the full penetration length, 0.5(B/2) in the present work. Given the symmetrical config-
uration of the system, the shear layers that developed along the two flow-parallel interfaces of
the arrays can simultaneously extend toward the centerline, where they may meet and interact
(Figure 6.9b). Increasing the width of the open region or removing the opposite array would
allow the outer shear layer to continue to expand beyond the channel centerline. Consequently,
it is considered that the development of shear layer from one array will be confined by the shear
layer developed at the opposite array when they meet at the channel centerline, which will be

further analyzed in the following.
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Figure 6.9: The lateral profiles of the (a) normalized time-average streamwise velocity (i/U,),
and (b) normalized shear stress (—W/ uib), under varying blockage ratios (2b/B). Data was
collected at fully developed region for cases with ® = 2.0%. The dashed lines (with corre-
sponding color of the case) indicate the lateral interface of the array. u, ; is the bed friction

velocity.

In partly vegetated flows, the momentum exchange between the open region and the veg-
etated region can be analyzed referring to the time-averaged, spatially averaged, and depth
averaged two-dimensional shallow water equations (Truong et al. 2019, Caroppi et al. 2021). In
the fully developed region, the lateral flow diversion ceased, leading to v = 0, du/dx = 0 and

d/dt = 0. The resulting streamwise momentum equation becomes

0=——-2 _ —— —F,, (6.1

where p is the water mass density, and Fj is the drag force exerted on the fluid in the streamwise

direction,
1C
51 D‘;#, y<B/2—b
F.= 1C_ (6.2)
f-2
— L >B/2—b.
5 y=B/

The friction velocity, u,, was defined from the peak shear stress at the side edge of the array, 7,

Uy = \/g =/ —uV\ g/ (6.3)

The shear stress diminishes to zero across the shear layer. For the outer shear layer in the open
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region,

0wy u2
_ouv _ £, (6.4)
8y 60
In the outer shear layer, the shear stress approximately balances the pressure gradient. Eq. (6.1)
becomes,
10p  u?
~oP_ M (6.5)
P dx 50

For unconfined shear layer, the shear stress reduced to zero before being restricted by other
confinement, leading to a zero gradient of the shear stress, —du’v//dy ~ 0, in the region beyond

the outer layer. In this region, the pressure gradient is balanced by bed friction,

19p _1Cr,

pax 2 h 5. (6.6)
Substituting (6.5) into (6.6) gets
w2 2h 1
T 6.7)
Uy Croo

When the shear layers did not penetrate to the channel centerline (2b/B < 0.50), a constant
value of u2/ U22 was observed (Figure 6.10), consistent with the data collected from a single
along-bank vegetated channel with a b/B = 0.33 (White & Nepf 2007). This constant ratio
confirms that the shear-scale turbulence is balanced by the dissipation by bed friction, leading
to a 6p ~ h/Cy (Eq. 6.7) for an unconfined shear layer. The constant ratio of uz/ U22 was also
valid in submerged rigid canopy with a submergence ratio of 4/H < 0.5 in the experiments
conducted by Chen et al. (2013) and Ghisalberti & Nepf (2006). However, when shear structure
penetrates to the channel centerline (2b/B > 0.5), the deviation of u2/ U22 in Figure 6.10 reveals
that 0o does not scale with #/Cy any more (Eq. 6.7). As the array expanded laterally (Figure
6.9), 8p was restricted to half width of the open region B/2 — b and the u? was highly enhanced
(Figure 6.9), which resulted in an enhancement of u2 /8. According to the balance of pressure
gradient and shear stress within the outer shear layer (Eq. 6.5), the pressure gradient in the
open region was improved. In unconfined condition, the pressure gradient is balanced by the
bed friction. However, in confined condition, the bed friction alone is insufficient to balance
the pressure gradient. Due to the symmetrical configuration, the shear layer developed in one
array contributed to balancing the shear-scale turbulence from the opposite array, performing
like an extra flow resistance. In general, 5o = min[c h/C 't (B /2 —Db)], where ¢ is the scaling
factor. By fitting the measured data in the present work and data collected from previous studies
(Figure 6.10), ¢; = 154, with a R? = 0.98. This equation suggests that flow confinement occurs
at cih/Cy+b > B/2, where c¢1h/Cy in the present work is 0.5(B/2). This yields a threshold
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condition of 0.5(B/2) + b > B/2, which simplifies to 2b/B > 0.5 for the present experiment.
However, when bed friction increases or water depth decreases, the outer shear layer exhibits a
reduced full penetration length (i.e., smaller ¢ 2/Cy). Consequently, the threshold value for flow
confinement increases, and a higher blockage ratio is required to generate flow confinement.

-3
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Figure 6.10: Interfacial shear stress, ui versus U22. The dashed line is fitted from data in uncon-

fined condition (2b/B < 0.5), u? = 0.013U3, with a R* = 0.98.

Inside the array, the region outside the inner shear layer has —QW/ dy ~ 0. The pressure
gradient was balanced by the drag resistance induced by the plants. Assuming the pressure
gradient is constant in the lateral direction and applying Eq. 6.5, the streamwise momentum

equation (Eq. 6.1) becomes
1 Cpa | 5 u%

Ur=—. 6.8
21— 1§y ©.8)
Thus,
)
U—*z ~ CDaSO. (69)

1
By fitting the measured data, it is obtained u2/ U12 = 0.5Cpadp with a R> = 0.83 (Figure 6.11a).
This agreement suggests the pressure gradient in the open region influences adjustment of the
interior velocity (Eq. 6.5 and Eq. 6.8). Specially, an enhanced pressure gradient due to shear
layer confinement in the open region leads to a higher interior velocity Uj, consistent with the
observed increase of U} with 2b/B in the lateral profiles of streamwise velocity shown in Figure
6.9a. This interior velocity enhancement was also observed in a submerged canopy with a
higher submergence ratio (Chen et al. 2013, Lei & Nepf 2021). The submergence ratio, defined
as the ratio of vegetation height to water depth, performs similarly to a horizontal blockage ratio

in the present work, but applies in the vertical direction.
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According to (6.7) and (6.9), we obtain

u: ho1
— ~ — . (6.10)
U22 Cy CDaS(Z)
For unconfined shear layer, 6o ~ h/C ', (6.10) becomes,
U12 Cr 1
— ~ L 6.11
U} hCpa’ ©.11)

which is consistent with the observations in White & Nepf (2007). This shear layer scaling
applies to both confined and unconfined shear layers, revealing that flow confinement enhances

the interior velocity (U;) and interfacial shear stress (—u/v') by improving the pressure gradient.
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Figure 6.11: (a) u?/U? scales with Cpadp. The dashed line is the fitted data, u2/U? = 0.02 +
0.49Cpadp, with a R* = 0.83. (b) U{/U;3 scales with h/[CsCpad}]. The dashed line is the
fitted data, U7 /U3 = 0.0004h/[CCpad}), with a R* = 0.92

6.3.2 Vortex formation and interaction

Within the shear layer, the initiation of coherent structures was identified by a distinct peak
in the low-frequency region of the cross-power spectral density of the streamwise velocity and
spanwise velocity (Syy, as shown in Figure 6.12 and 6.13). Normalized by the momentum thick-
ness, 6, and advection velocity, U, the dominant dimensionless frequency fairly agrees with the
value predicted for Kelvin-Helmholtz (KH) instability within a free shear layer, f6 /U, = 0.032
(Ho & Huerre 1984). This agreement suggests that the shear instability can self-organize under
varying array densities and blockage ratios, even the growth of shear layer was restricted and

flow confinement occurs. At 2b/B < 0.5, no peak was observed near the channel centerline,
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the absence of turbulent structures as the shear layer had not extended to the centerline (Figure
6.13). However, as the array expanded laterally (2b/B > 0.5), a distinct peak emerged at the
centerline (Figure 6.13, Figure 6.14), indicating the presence of coherent structure, despite the
time-averaged shear stress being nearly zero at this position (—u/v/ = 0 at y = 0). The zero time-
averaged shear stress and the presence of a peak in the Sy, suggests that turbulent interaction
occurred and this interaction resulted in a balancing effect between these two shear layers. Due
to the symmetrical configuration, the coherent structures initiated at two interfaces possessed
equal strength but rotated in opposite directions. Evaluated by the magnitude of the peaks in Sy,
the vortex intensity was insensitive to the array density, consistent with the observation from the
peak of shear stress (Figure 6.8b). However, as the array extended laterally (Figure 6.13), the
vortex intensity was highly improved, even though the velocity shear across the interface was
mitigated (Figure 6.5b). The consistency of the dominant frequency across the channel width

reveals a vortex synchronization between the two vortex streets.

Figure 6.14 shows the turbulent interaction at the channel centerline from the perspective of
energy. At 2b/B > 0.5, a —3 slope was observed on the high-frequency side of the peak in Sy,
suggesting that the coherent structures formed were quasi-two-dimensional (Proust et al. 2017,
Truong et al. 2019). In the high-frequency region in Syy, the slope improved from almost hori-
zontal (dark blue in Figure 6.14) to —5/3 as the blockage ratio increased from 2b/B = 0.33 to
0.67, indicating the contribution to shear-scale turbulence dissipation was shifted from bed fric-
tion to turbulent viscous effect cause by turbulent interaction (Nezu et al. 1994). Furthermore,
this improvement reveals that the turbulent interaction highly accelerated the transformation of
large coherent structures into smaller scale turbulent structures in the open region (Rathod et al.
2025). This improved transformation is consistent with the faster mitigation of the shear stress
in the open region, indicated by larger lateral gradient of the shear stress, —du/v//dy as shown
in Figure 6.9b. In addition, the peak and the corresponding frequency improved as the blockage
ratio increased, manifesting the enhanced vortex energy and more rapid vortex shedding. For
example, when 2b/B increased from 0.53 to 0.67, the dominant frequency rose from 0.15 Hz
to 0.2 Hz, indicating that the vortex period decreased from 6.7 s to 5.0 s at the center of the
flume. Within the sampling duration (120 s) in the present work, the number of observed vor-
tices increased from 18 to 20, revealing the flow confinement enhanced the vortex shedding at

the channel centerline.
The enhancement of dissipation was demonstrated by the PIV analysis at the water surface
(Figure 6.15). The dissipation rate was calculated by the Smagorinsky model,
e =2(C,A)2(5;8:)32, (6.12)
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Figure 6.12: Lateral distribution of cross-power spectral density (Syy) in fully-developed region
at 2b/B = 0.47 for varying array density: (a) ® = 0.9%; (b) ® = 1.3%; (c) ® = 2.0%; (d)
® = 4.0%. The vertical dashed line marks the lateral interface of the array. while the horizontal
dashed line indicates the normalized natural frequency of mixing layers, /0 /U. = 0.032 (Ho &
Huerre 1984). The dots indicate the peak normalized frequencies for each data collected.
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Figure 6.13: Lateral distribution of cross-power spectral density (Syy) in fully-developed region
at @ = 2.0% for varying array blockage ratios: (a) 2b/B = 0.33; (b) 2b/B = 0.40; (¢c) 2b/B =
0.47; (d) 2b/B = 0.53; (e) 2b/B = 0.60; (f) 2b/B = 0.67. The vertical dashed line marks the
lateral interface of the array, while the horizontal dashed line indicates the normalized natural
frequency of mixing layers, f6 /U, = 0.032 (Ho & Huerre 1984). The dots indicate the peak

normalized frequencies for each data collected.
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Figure 6.14: The impact of blockage ratio (2b/B) on the cross-power spectral density of the

streamwise and spanwise velocity (S,y) for case with @ =2.0% at the channel centerline (y = 0).

where S; j 1s the strain rate tensor,

Al

U.:%(g_;qg_;) (6.13)
and Cs is the Smagorinsky constant and A is the filter width. The highest dissipation rate
was concentrated near the interfaces of the arrays, coinciding with the regions where vortices
formed. For 2b/B < 0.5, the lateral profiles of patch-averaged dissipation largely overlapped in
the open region, indicating that bed friction was the dominant contributor to dissipation. How-
ever, as the array further expanded and the blockage ratio exceeded 0.5, the dissipation rates
increased significantly both near the array interfaces and within the open region (Figure 6.15a).
In this regime, turbulent interaction played a major role in dissipation and bed friction was no
longer dominant. Furthermore, higher vegetation density resulted in a greater peak dissipation
rate (Figure 6.15b), revealing that intensified coherent structures enhance turbulent interactions

and, consequently, the dissipation process.

The normalized frequency of vortex agrees fairly well with normalized natural frequency of
mixing layers predicted by linear stability analysis (Ho & Huerre 1984), but the reduction in
width of the open region highly improved the frequency of the coherent structures at the side
edges, from 0.06 to 0.19 Hz (Figure 6.16a). This is probably due to the reduction in vortex
size, which is strongly linked to mixing layer thickness (6, Figure 6.16b), and the increase in
advection velocity (U, Figure 6.16¢) (Truong et al. 2019). Specially, the reduction in momen-
tum thickness was attributed to the restricted evolution of outer shear layer. These observations
complies with previous findings in a single along-bank vegetation canopy (Jia et al. 2022),
where decreasing the width of the open region led to a smaller wavelength and wave period of

the along-canopy vortices. In their study, the increase in vortex frequency was attributed to the
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Figure 6.15: Patch-averaged lateral distributions of dissipation rate £ (m?/s*) calculated using
the Smagorinsky model at the water surface: (a) for different array widths at a constant ® =
1.3% and (b) for different array densities at a constant 2b/B = 0.67. The dashed lines (with
corresponding color of the case in (a) and black in (b)) indicate the lateral interfaces of the

arrays.

formation of reverse vortices near the side wall of the open region (Jia et al. 2022). Rathod
et al. (2025) reported that the enhanced dissipation process due to the presence of steam-scale
vortices made contributions to increasing the frequency of the vortices in a compound chan-
nel with emergent floodplain vegetation, by breaking the large-scale vortices down into smaller
horizontal vortices (Zhang & Hu 2023). In contrast, Wang, He, Dey & Fang (2022a) observed
that the reduction in relative submergence of flexible vegetation did not influence the vortex
frequency, even though the flow depth overlying the vegetation reduced the spatial scale of the
mixing layer. This was because the relative water-blocking area of vegetation intensified the
flow turbulence, thereby enhancing the shear layer at the canopy top. In addition, the vegetation
density presented no distinct influence on vortex frequency and momentum thickness, since the
vortex characteristics were mostly dependent on the outer shear layer in the open region White
& Nepf (2007). Overall, the vortex frequency is highly dependent on the vortex size and its cor-
related dissipation process. Furthermore, the improved frequency means that flow events occur
more rapidly. As a result, sedimentation processes may be significantly influenced in such a
way that there is less time for the sediment to be deposited, while the momentum fluxes are
larger.

To evaluate vortex evolution and to compare the differences in vortex characteristics be-
tween the water surface and the middle of water depth, the integral time scales for the stream-
wise (7,) and spanwise (7;) velocity components were calculated along the side edge of the
array. The integral time scale is defined as the integral of the autocorrelation function of a ve-

locity component over time. The autocorrelation function of a velocity component is defined
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Figure 6.16: The impact of blockage ratio (2b/B) on (a) vortex frequency (f), collected at the

array interface (y = B/2 — b), (b) momentum thickness (0), and (c) advection velocity (U,).
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as, .
Ry, = M, (6.14)
uj(t)?
where u(¢) is the fluctuating component of velocity at time ¢, including streamwise velocity
component, u'(r), and transverse velocity component, Vv'(¢). 7 is the time lag. The integral
time scale is then calculated by integrating the autocorrelation function from zero to the first

zZero-crossing,
T
ui:/o Ry, (7)dT, (6.15)

where 7] is the time lag of the first zero-crossing. In Figure 6.17, the streamwise integral time
scale (T;,) was larger than the transverse integral time scale (7,,), indicating that the vortices was
elongated in the streamwise direction. In addition, both 7;, and 7, measured at the water surface
were greater than those at the middle of water depth. However, the ratio of the streamwise to
lateral integral time scales (7,,/T,) remained consistent between these two positions, indicating
that although the vortices increased in size near the water surface, their overall shape did not
change. Furthermore, this size difference diminished as the blockage ratio increased. The stable
integral time scales in the fully-developed region indicates that the vortices formed were self-

sustained, retaining their coherence as evoluting downstream.

6.4 Discussion

6.4.1 Wave response

As the array expanded laterally, the dye released from each array was transported over the chan-
nel centerline and the interface between the two dye streaks became wavy, demonstrating that
the turbulent interactions created a wave-like response across the open region. The distinct sepa-
ration of the dye streaks, rather than mixing, suggests that the vortices become self-organization.
Although dye was also present at the channel centerline for 2b/B < 0.5, no organized behav-
ior was observed, implying that this phenomenon is attributed to the diffusivity of the dyes
rather than vortex evolution (Figure 6.18b). For 2b/B > 0.5, the alternation of the vortex cores
from either side of the two arrays in the open region suggests that the vortices organized with
a phase shift of 7 radians (Figure 6.18b). The center of each vortex is a low-pressure point
which creates a wave response (Zong & Nepf 2011). In the present work, the alternation vortex
cores means that the low-pressure regions in one array corresponded to high-pressure regions in
the other array, intensifying the pressure gradient compared to a single interfacial vortex street
(Rominger & Nepf 2011). Furthermore, the resulting cross-channel pressure gradient produced
a phase shift of 7 /2 radians, analogous with the vortex interaction observed across an in-stream

finite porous array (Rominger & Nepf 2011). For a in-stream finite porous patch, cross-patch
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Figure 6.17: The comparisons of the integral time scales in the (a, b) streamwise direction (7},)
and (c, d) lateral direction (7;) and (e, f) their ratios (7, /T;) at the water surface and at middle

of water depth.
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vortex interaction enhanced the vortex’s strength, as indicated by the enhanced magnitude of the
peak shear stress compared to the scenario where vortex interaction was prohibited by placing a
splitter plate at the patch centerline (Rominger & Nepf 2011). In contrast to the parallel vortices
formed along the streamwise interfaces of an in-stream finite patch, where the left side featured
an anti-clockwise rotating vortex and the right side featured a clockwise rotating vortex when
facing upstream, the parallel vortices in the present experiments exhibited opposite rotation di-
rections. Specifically, when facing upstream, the vortices on the left side rotated in a clockwise
direction, while those developed in the right edge rotated in an anti-clockwise direction (Figure
6.1, Figure 6.21). Despite the vortex rotation being reversed, the increase in peak shear stress at
higher blockage ratios (Figure 6.9b) demonstrates that turbulent interaction in the open region
also contributed to intensifying the vortices by enhancing the cross-stream pressure gradient.
Moreover, this interaction improved as the array became more closely spaced. However, the
interaction and its corresponding vortex improvement are expected to decay as the array fur-
ther expands laterally and approaches a channel-spanning patch, which is not considered in the

current experiment.

The initiation and interaction of the shear instabilities give the velocity time series a strong
periodic signature (Figure 6.19, Rominger & Nepf (2011), Li, Liu & Huai (2022)). The fluc-
tuating streamwise, u'(¢), and fluctuating lateral velocity, v'(z) were perfectly out of phase at
the array interface (y = B/2 — b, Figure 6.19a), resulting in a phase shift of 7 radians. These
anti-phase signals made great contributions to the shear stress, —u/v' > 0 (Figure 6.8, 6.9). Nor-
malized by the vortex period, the normalized phase shift between the horizontal velocity compo-
nents converges to a value of 0.5 (Figure 6.19c¢), indicating that the vortices are well-organized
with a phase shift of 7 radians. Coherence between the streamwise and transverse components
at the patch lateral edges exists for all scenarios. In contrast, at the channel centerline (y = 0,
Figure 6.19b), «/(r) and v/ (¢) presented a 7 /2 out of phase, suggesting that the vortices formed
at two array re-organized through a wave motion. This is consistent with wavy interface shown
in the dye visualization (Figure 6.18) and previous observation (Zong & Nepf 2011, Rominger
& Nepf 2011). The phase shift of /2 radians produced no momentum —u/v' = 0, since the
peak of one signal was aligned with the zero crossing of the other signal (Figure 6.19b). In this
case, due to the symmetrically distributed arrays, the shear stress generated from each interface
presented the same magnitude but opposite signs. They balanced each other and produced a
zero value at the axis of symmetry, and the lateral gradient of the shear stress was increased.
However, the zero shear stress at y = 0 for unconfined channel was due to the limited penetra-
tion of the outer shear (§p < B/2 — b). The flow beyond the outer shear was relatively steady,

presenting a weak and non-coherent velocity fluctuation.
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(a)

o = 0.9%

(b)
2b/B = 0.33

Figure 6.18: Dye visualization test. (a) The alternation of the vortex cores from either side of
the two arrays creates a wave response across the main channel, under varying array density
() at 2b/B = 0.67. (b) The impact of the array-to-channel blockage ratio, 2b/B, on vortex
structure in the main channel with a @ = 1.3%. The yellow lines mark 10 cm intervals in both x
and y directions. The vertical arrow indicates the flow direction. The horizontal arrows indicate
the width of the array (b) and the flume width (B).
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Figure 6.19: (a, b) Time records of fluctuating streamwise velocity, «'(r), transverse velocity,
V/(r) and (c, d) their corresponding phase shift at lateral edge of the array, y = B/2 — b, and
channel centerline, y=0. The time lags between two signals were normalized by the measured
vortex period. The data was collected for case with a @ = 0.9% and 2b/B = 0.67. The dashed
line of 0.50 suggests a phase shift of 7 radians. The dashed line of 0.25 indicates a phase shift

of /2 radians.
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6.4.2 Instantaneous fields at water surface

To provide insights into the instantaneous large-scale coherent structures within the flow-parallel
shear layers, a Galilean decomposition was performed on the instantaneous velocity fields
(Figure 6.20 and Figure 6.21). This was achieved by subtracting subtracting a constant con-
vection velocity of 0.05 m/s from the instantaneous streamwise velocities. Meanwhile, the
Okubo—Weiss parameter was evaluated (Okubo 1970, Weiss 1991) to measure the relative con-
tributions of deformation and rotation within the flow. The Okubo—Weiss parameter is defined

as the sum of the squares of normal and shear strain minus the relative vorticity,

W= %(s%—l—sf—a)z), (6.16)
where s, = du/dx — dv/dy is the normal strain component, sy = dv/dx + du/dy is the shear
strain component, and @ = dv/dx — du/dy is the relative vorticity. Positive values of W repre-
sent a strain-dominated flow, while negative negative values correspond to rotation-dominated
flow. In Figure 6.20 and Figure 6.21, a clear alignment between the vortices identified by
the Galilean-decomposed velocity vectors and the rotation-dominated regions characterized by

negative W was observed.

Near the leading edge of the arrays, the flow was deflected from the side regions toward the
central open region, resulting in increased flow intensity in the open area and reduced flow inten-
sity within the vegetated zones. This flow deflection became more pronounced with increasing
vegetation density (Figure 6.20). As the flow deflection diminished further downstream, coher-
ent structures began to form and evolve, eventually reaching an equilibrium size. In addition,
a higher array density led to an earlier onset of vortex formation. In contrast to a free shear
layer, where the shear-layer vortices tends to bend towards the low-velocity region of the shear
layer (van Prooijen & Uijttewaal 2002), the vortices observed in the present work were predom-
inantly located along the interfaces of the vegetation arrays. The presence of vegetation acts as
a mechanism for vortex generation. However, no large-scale vortex was detected near the side
walls of the channel, suggesting that plant-induced resistance also influences vortex evolution
by confining vortices to the low-velocity vegetated regions. A similar phenomenon has been
reported in compound channels, where lateral walls serve as a source of vortex generation, yet
large-scale vortices were primarily found over the transition region (Stocchino & Brocchint
2010).

As array expanded laterally (Figure 6.21), the vortices initiated at two sides increased in
size and became increasingly coherent and organized, especially when 2b/B > 0.5. In this
regime, a rotation-dominated region on one side corresponded to a strain-dominated region on
the other side, suggesting a phase shift of 7 radians, which is consistent with the dye obser-

vations and ADV analysis in the middle of water depth (Figure 6.19). Furthermore, for all
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scenarios considered, we did not observe vortex breaking or vortex merging between vortices
originating from different sides, indicating that these vortices remained sufficiently separated
despite some turbulent interactions in the open region. The flow intensity was highly enhanced
in the strain-dominated regions, oscillating laterally, indicating that the turbulent enhancement
was dominated by the flow deformation, rather than the vortex’s rotation.

In Figure 6.22 and Figure 6.23, the most significant turbulence enhancement occurred in the
open region, contributed by the wave oscillation created by the vortex organization, which is
distinct from the single shear layer observed at the lateral edge of partially vegetated channels
or at the top interface of submerged canopies, where the peak turbulent kinetic energy aligned
with the inflection point of the shear layer. In this symmetrical configuration with vegetation on
both sides, even though the shear layers did not extend to the channel centerline (2b/B < 0.5,
Figure 6.22), turbulence intensity in the central region exceeded that near the interfaces. Fur-
thermore, as the vegetation density increases, the turbulence intensity enhanced in the open
region. Moreover, as the the array expanded laterally, the turbulence intensity in the central re-

gion also increased, ultimately becoming concentrated along the wavy trajectory (Figure 6.23).

To further examine the contributions of each velocity component to overall flow fluctua-
tions, the streamwise and transverse fluctuating velocity components were analyzed separately.
As shown in Figure 6.24, velocity fluctuations increased with the lateral expansion of the array.
Specially, the enhancement of streamwise fluctuations was primarily concentrated at the lateral
interfaces of the arrays (Figure 6.24a, 6.24b) while the transverse fluctuations reached peaked
near the channel centerline (Figure 6.24c, 6.24d). This pattern suggests that wave motion en-
hanced turbulence in the open region by amplifying lateral oscillations, with this wave-induced
motion largely confined to the open area. The intensified streamwise velocity fluctuations at
the interfaces indicate a strengthening of coherent structures near these boundaries, and these

structures remained aligned with the array interfaces.

6.4.3 Quadrant analysis

Quadrant analysis provides information on the contributions from various events to the turbu-
lent shear stress in the flows (Huai et al. 2019). The four quadrants are associated with four
different events, namely outward interactions (1’ > 0, V' > 0), ejections (¢’ < 0,V > 0), inward
interactions (1/ < 0, v/ < 0), and sweeps (1’ > 0, v/ < 0), respectively. To associate the flow
events with the large-scale coherent structure, the time records of the velocity were filtered with
a low frequency, f = 0.6Hz. The separated low-frequency signals were plotted in the quadrants
along with the original measured signals (Figure 6.25) to evaluate the contribution of large-scale
coherent structures. The contribution of each event was accounted separately, because the total

shear stress was zero at the channel centerline. Figure 6.25a and Figure 6.25b observe that ejec-
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Figure 6.20: Galilean-decomposed velocity vector fields and contour of Okubo-Weiss parame-

ters under varying vegetation densities. The convection velocity used was 0.05 m/s. The dashed
lines indicate the interfaces of the vegetated zones.

135



(a) 2b/B =0.33

¥ (m)

¥ (m)

B S e

-0.5 0 0.5 1

1.5 2 2.5 3 3.5
x (m)

(c) 2b/B = 0.53

¥ (m)

¥ (m)

-0.5 0 0.5 1

1.5 2 2.5 3 3.5

Figure 6.21: Galilean-decomposed velocity vector fields and contour of Okubo-Weiss param-

eters under varying blockage ratios. The convection velocity used was 0.05 m/s. The dashed
lines indicate the interfaces of the vegetated zones.
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Figure 6.22: The distributions of turbulent kinetic energy (k;) under varying array densities.

The dashed lines indicate the interfaces of the vegetated zones.
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Figure 6.23: The distributions of turbulent kinetic energy (k;) under varying blockage ratios.

The dashed lines indicate the interfaces of the vegetated zones.
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Figure 6.24: The distributions of (a, b) fluctuating streamwise velocity (u,,,s) and (c, d) fluctuat-
ing lateral velocity (v,,s) under varying blockage ratios. The dashed lines indicate the interfaces

of the vegetated zones and the centerline of the channel.
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tions and sweeps dominated the momentum exchange at the streamwise interfaces of the vege-
tated zone, in line with the observations in partially vegetated channel (White & Nepf 2008) and
compound channel (Truong et al. 2019). For confined shear layers, these events became more
pronounced, leading to an improved shear stress near the lateral interface of the array (Figure
6.9b). However, the distribution of flow events associated with large-scale coherent structures
(low-frequency signals) varied from the array edge to the channel centerline. In the channel
centerline, the contribution of large-scale coherent structures diminished when the shear layers
did not extend to the channel centerline (Figure 6.25c), indicating a small influence of large-
scale coherent structure at the position. All events intensified as the array widened (Figure
6.25d). The presence of these turbulent events at the channel centerline was clearly visualized
by dye (Figure 6.18a). Specially, ejections and sweeps from one array extended across the cen-
terline towards the opposite array, resulting in a wavy interface between the two dyes. Due to
the symmetrical distribution of the system, the contribution of ejections and sweeps from one
array can be considered as inward interactions and outward interactions from the other array,
respectively. The contributions of outward and inward interactions to shear stress are positive
(u'v' > 0), whereas those of sweeps and ejections are negative (/v < 0). The distance from the
channel centerline to each array was the same, leading to an equal contribution of four turbu-
lent events and a zero net shear stress («/v' = 0). Furthermore, even though the shear layer did
not extend to the channel centerline (2b/B < 0.5), the velocity fluctuation (v,,,s) was improved
as the flow developed downstream, around 50% higher than the upstream value (Figure 6.26),
attributed to the enhanced flow intensity in the open region. The flow fluctuation was more pro-
nounced when the shear layers were confined (2b/B > 0.5), with higher v, values observed
at larger 2b/B. According to the contribution rate, the improvement in flow fluctuations in the
region beyond the shear layer was not dominated by low-frequency structures. As the shear
layers reached the centerline, all four events made significant contributions (Figure 6.25d), in-
dicating that the momentum exchange shifted from ‘jet-dominated’ to ‘shear-dominated’. The
intensified flow fluctuations and turbulent events suggest that momentum exchange occurred

across the channel centerline.

Turbulent events at the two lateral edges of the arrays along the same lateral transect can
be evaluated using the time series of fluctuating velocity components collected at the water
surface by PIV analysis (Figure 6.27). The time records of fluctuating streamwise velocity
(u) at two lateral edges of the arrays were completely out of phase: when one edge exhibited
a peak value of ', the other reached its lowest value (Figure 6.27a). In contrast, the time
records of fluctuating transverse velocity (V') was consistent across the channel (Figure 6.27b),
indicating the vortex synchronization and the presence of wave motions. This pattern suggests
that when ejections (1/ < 0, v/ > 0) occurred at one edge, the corresponding x position at the

opposite edge experienced outward interactions (' > 0, V' > 0). Similarly, when sweeps (1’ > 0,
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Figure 6.25: The contribution of large-scale coherent structures to each flow event. The data
was collected (a, b) at the lateral interface of the array and (c, d) channel centerline in the fully
developed region, before (2b/B = 33.3%) and after (2b/B = 66.7%) shear layer penetrating to

the centerline. The percentage at each quadrant indicates the contribution from the correspond-

ing event.
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Figure 6.26: The enhancement of fluctuating lateral velocity (v,s) at the channel centerline un-

der varying blockage ratios (2b/B), normalized by upstream fluctuating lateral velocity, v, .

v/ < 0) occurred at one array, the opposite edge experienced inward interactions (u' > 0,V > 0).
Consequently, on one side, the fluctuating streamwise and lateral velocities (1’ and V') were
completely out of phase (Figure 6.27c), while on the other side, they were fully in phase (Figure
6.27d). This resulted in positive shear stress on one side (—u'v' > 0) and negative shear stress
(—u'V < 0) on the other (Figure 6.28).

6.4.4 Momentum transport

Compared with a single vortex street, the momentum transport in the open region with turbulent
interaction is more complicated. On one hand, the phase shift induced by vortex organization
between the two parallel vortex streets in the open region enhanced the pressure gradient be-
tween low-pressure vortex cores, thereby improving flow fluctuations. On the other hand, the
vortex frequency was increased, which means that the resident time for the momentum trans-
port was reduced. Considering the improved momentum fluxes and diminished resident time,
we applied the wave excursion length (Nepf 20124, Luhar & Nepf 2016), A = \/2v,s/27f,
to estimate the lateral transport distance from the array interface. The frequency of the wave
motion was consistent with the passing vortices (Zong & Nepf 2011), as indicated by the con-
sistent frequency in S,y across the channel in Figure 6.12, and the fluctuating lateral velocity at
the lateral interface was used. Figure 6.29a observes that the excursion decayed from A = 0.8b
to 0.2b, as the blockage ratio increased. Although the turbulent interaction in the open region
improved the flow fluctuations, the enhanced frequency and resulting reduced excursion length
suggest that the lateral transport was restricted. Thus, for one shear structure, the presence of

an opposite shear structure restricted the lateral momentum transport. In contrast, for a finite
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Figure 6.27: Time series of (a) fluctuating streamwise velocity, «(¢), and (b) fluctuating trans-
verse velocity, V/'(¢), measured at both lateral edges of the arrays, y = +(B/2 — b). Panels (c)
and (d) show the time series of u/(r) and V/'(¢) at each lateral edge, specifically at (c)y =B/2—b
and (d) y=0b—B/2.
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Figure 6.28: The lateral profile of time-averaged shear stress (—u/v') averaged across the full-

developed region. The dashed line indicate the lateral interfaces of the arrays.
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vegetation patch (Rominger & Nepf 2011), the turbulent interaction across the patch produced
a wave excursion length over the half width of the patch, leading to an enhancement of lateral
transport.

To evaluate the efficiency of horizontal momentum transport across the array interface, the

Pearson correlation coefficient,

u;

(6.17)

Ty =
UrmsVrms

was considered. Figure 6.29b observes that the array expansion improved the efficiency of
horizontal momentum transport across the patch interface before the shear layers being confined
(2b/B < 0.5), presenting a r,, =~ 0.5 ~ 0.7. In this scenario, the momentum transport was
improved as the vortices strength enhanced. However, when the two shear layers met at the
channel centerline and flow confinement presented (2b/B > 0.5), r,, approached a constant
value r,, ~ 0.7. Although the vortices were further intensified, the constant r,, reveals again
that the shear layer formed at one array acted like an additional resistance to the shear layer
developed at the other array in a vegetation-channel-vegetation system, limiting the momentum
transport. In boundary layer flows and canonical mixing layers, typical values of r,, were
~ 0.32 and ~ 0.44, respectively (Ghisalberti & Nepf 2002). For partially obstructed channels
with emergent complex foliated plants and leafless plants, r,,, were ~ 0.6 and ~ 0.4 respectively
(Caroppi et al. 2019). Compared to the r,, evaluated at a single vortex street, the r,, ~ 0.7 at
2b/B > 0.5 in the present experiment indicates that the shear layer-induced confinement highly

enhanced the efficiency of momentum transport across the lateral edges of the array.
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Figure 6.29: The influence of blockage ratio on the momentum exchange across the array inter-
face, evaluated by (a) wave excursion length, A, normalized by the array width, b; (b) Pearson

correlation coefficient, r,,.

This vegetation-channel-vegetation system generated a lateral flow pattern characterized

by slow-fast-slow velocities, which is the reverse of the fast-slow-fast pattern observed in
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an in-stream finite vegetation patch. For an in-stream finite vegetation patch with two flow-
parallel interfaces separated by the low-speed interior velocity, the vortex interaction across the
patch width transported the momentum from the high-discharge side regions towards the low-
discharge vegetated region, thereby mitigating the velocity deficit (Rominger & Nepf 2011).
This was referred to the formation of a von Karman-like vortex (Zhang et al. 2023). The di-
minished velocity shear in turn weakened the coherent structures as developing downstream
(Zhang, Duan, Yan & Stocchino 2024). However, the vortices in the present experiment inter-
acted across a high-speed region, behaving like a reverse von Karman vortex street (Xu et al.
2017). The high-speed flow in the main central performed like a jet flow, imposing a ‘diverting’
effect toward the side vegetated regions. Concurrently, the plant-induced resistance exerted a
constraining impact on this outward diversion. This resistance contributed to sustaining the
vortex alterations in the open region. Overall, the spatial structure of the reverse von Karman
vortex street is self-sustained under the confined condition while the regular von Karman vortex

street is not stable.

6.5 Summary

In this chapter, we conducted a laboratory experiment to investigate the flow adjustment, shear
layer growth and turbulent interaction within a symmetrical vegetation-channel-vegetation sys-
tem. A total of 19 configurations of varying patch densities and widths (b) were considered for
investigation, with the aid of rigorous velocity measurements and dye visualizations.

In the present symmetrical configuration, shear layers initiated at both lateral interfaces of
the vegetation array simultaneously grow in the open region. Scaling analysis suggests that,
in the outer shear layer, shear stress is primarily balanced by the pressure gradient. When
the outer shear layer was fully developed before reaching the channel centerline, the pressure
gradient is balanced by bed friction, so that the flow adjustment and shear structure were largely
insensitive to the array-to-channel blockage ratio. In this scenario, the fully-developed outer
penetration length is given by 8o ~ h/Cy, where h is the water depth and Cy is the bed friction
coefficient. With constant water depth and bed friction considered in this chapter, a constant
outer thickness of 8o = 0.5(B/2) was observed, where B is the width of the channel, when
each array width b < 0.5(B/2), corresponding to a blockage ratio of 2b/B < 0.5. As the array
extended laterally (2b/B > 0.5), flow confinement appears when the outer shear layers penetrate
to the channel centerline. The thickness of each outer penetration was then restricted to the half
width of the open region, 8p = B/2 — b. In this regime, flow confinement amplifies the pressure
gradient, producing a higher interior velocity within the vegetated region and an intensified
turbulent structure along the edge, relative to the fully-developed shear layer observed in the

present experiment and previous studies. In general, the flow confinement presents when the
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full penetration thickness of the outer shear layer is larger than the half width of the open
region. However, if water depth or bed friction coefficient varies, the threshold value for flow

confinement might change because the full penetration of the outer layer is altered.

Furthermore, within the shear layer, coherent structures were triggered through Kelvin-
Helmholtz instability, with a normalized frequency fairly agrees with the normalized natural
frequency of mixing layers. Although the shear-layer vortices can self-organize even under
confined conditions, increasing the blockage ratio from 0.33 to 0.67 led to an increase in vortex
frequency by over 100%, a reduction in momentum thickness by approximately 60%, and an
increase in convection velocity by about 40%. The time-averaged shear stress was zero at the
centerline when the shear layer was confined to one half of the open region, but the shear-layer
vortices interacted across the open region, observing significant but equally-contributing tur-
bulent events from both sides. Furthermore, a wavy interface was visualized by dyes released
at two side edges, revealing a wave motion with a phase shift of 7 radians between the paral-
lel vortex streets. The alternating low-pressure vortex cores between the parallel vortex streets
amplify the pressure gradient, intensifying coherent structures and facilitating momentum ex-
change across the channel centerline. While the turbulent intensity improves, the decrease in
resident time for the turbulent flow events may lead to shorter transport distances, from 0.8b
to 0.2b. Consequently, the shear layer developed on one interface acts as an extra resistance to
shear turbulence on the opposite interface. From the perspective of vegetation restoration and
management in natural channels or urban drainage systems, the width of the vegetation array
should be carefully considered to minimize flow confinement effect. Intense flow confinement
can enhance velocity within vegetated zones and elevate turbulence at the patch edges, which
may reduce sediment retention within the patch and promote erosion along the patch bound-

aries.

This work applied two-dimensional Particle Image Velocimetry (PIV) analysis to examine
the flow evolution and turbulent structure at the water surface. Compared with the point-by-
point data measured at the middle of water depth using ADV, both the streamwise and trans-
verse integral time scales of the coherent structures were greater at the water surface, but their
ratio remained constant, revealing that although the vortices increased in size near the water
surface, their overall shape did not change. PIV analysis improved the understanding of the
wave motion created by the self-organization of the parallel vortex streets. The formation of
the wave motion highly enhanced the turbulence in the open region, concentrating on the strain-
dominated regions, which is distinct from the single shear layer observed at the lateral edge
of partially vegetated channels or at the top interface of submerged canopies, where the peak

turbulent kinetic energy aligned with the inflection point of the shear layer.

To make our conclusions more applicable to different scenarios, further investigation into

the characteristics of the array is necessary, as factors such as stem size, stem alignment, flexibil-
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ity, degree of submergence and surface area (skin friction) can significantly influence patch hy-
draulic resistance, velocity shear, and vortex structure. Additionally, a wider range of hydraulic
conditions should be considered, since variables like water depth and bed friction coefficient

can also impact the development of shear layers in open region.
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Chapter 7

The interaction between the patch-scale
coherent structures associated with a
rectangular array of emergent vegetation

and bedform development

7.1 Introduction

While previous Chapters have described some aspects of flow and turbulence within and ad-
jacent to porous, emergent structures, many aspects of patch-flow-morphology feedback still
require investigation to enable prediction of sediment loss and accretion from finite patches of
emergent vegetation and porous structures designed to mitigate erosion. The present chapter
considered the morphological response to an in-stream rectangular patch of emergent cylinders,
focusing on the role of vortices formed along the patch flow-parallel edges and in the wake as

agents of sediment transport.

7.2 Methods

The experiments were designed to compare the morphological response to a dense patch, for
which sediment supply may be limited in the interior of the patch, to the response to a sparse
patch, for which KH vortices were expected to penetrate the patch and provide supply into
the patch. To achieve this comparison, the patch geometry was chosen based on the non-
dimensional flow-blockage Cpab greater and less than 2, as defined in Rominger & Nepf (2011).
Specifically, Cpab = 0.91 and Cpab = 3.88, were chosen to represent low and high flow block-

age, respectively. Cp is the drag coefficient of the array elements, Cp = 1 was assumed for
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simplicity (Rominger & Nepf 2011), a (= 4.9 and 19.7m™ ") is the frontal area per volume
within the array, and b (= 18.3 and 19.7 cm) is the half-width of the array. The array length
was L = 2.65 m based on preliminary tests to ensure the full development of KH vortices. The

array parameters are summarized in Table 7.1.

The origin of the Cartesian coordinate system (x = 0, y = 0) was placed at the leading edge
of the array and at the mid-point of the array and channel, respectively, with x positive in the
streamwise direction (Figure 7.1a). The velocity components were denoted as (u, v) in the (x,
y) directions, respectively. Velocity was collected along the channel centerline, along the flow-
parallel edge of the array, and along multiple lateral transects within and downstream of the

array (red dashed lines in Figure 7.1).

Details related to hydraulic condition and sediment characteristics (Chapter 3.3), model
plant (Chapter 3.4), data collection (Chapter 3.5), data treatment (Chapter 3.6), dye tests (Chap-
ter 3.7) are included in Chapter 3.

For further analysis, the change in bed elevation before and after exposure to flow is defined
as the net deposition, ;. The length of the scour region measured from the patch leading edge
is defined as the scouring length, L. The length of the depositional dune measured from the
end of scouring region x = L, refers to L;. By integrating the net deposition &, across the scour
region (x = 0 to Ly) within the patch (y = 0 to b), the volume of erosion at the leading edge
of the patch is V, = fOL * fé’ Opdydx. The volume of the deposition mound inside the patch was
quantified by integrating the net deposition &, between x = Ly to Ly+ Ly and y = 0 to b, i.e.,
Vi=J LLS“J“L" fé’ Opdydx. Using the water surface as reference, the local water depth was defined

as the difference between the water surface and local bed elevation.

b N a L Li,c L Ld hy hd Ve Vd
(cm) m2) mYH (m (m) (m) (@m) (cm) (cm) (cm’) (cm’)
1.4 020 036 —28 1.6 1150 270
197 19.6% 1550 19.7 0.9 (0.1) (0.1) (0.1) (0.1) (0.1) (110) (30)
22 039 056 —6.3 45 3240 1780
(0.2) (0.1) (0.1) (0.1) (0.1) (30) (20)

183 49% 388 49

Table 7.1: Summary of experimental parameters. Bracketed numbers indicate uncertainty. L;
is the measured interior adjustment length. L; . is the calculated interior adjustment length, Eq.
3.23. Ly is the length of the scour region measured from the patch leading edge, and A, is the
depth of the scour. L; and A, are the length and height of the depositional dune within the patch.
V, is the volume of erosion at the leading edge of the patch. V; is the volume of the deposition

mound inside the patch.
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Figure 7.1: Experiment setup. (a) Top view. (b) Side view. Not to scale. The longitudinal
and transverse coordinates and velocity are (x, y) and (u, v), respectively. Red dashed lines
indicate measurement transects, including the centerline, the flow-parallel edge, and several

lateral cross-sections.

7.3 Results

The change in the velocity field and introduction of new turbulence structures in response to the
rectangular patch are discussed first, and these changes in flow field are related to morpholog-
ical changes. After this, the feedback from morphological changes to the velocity structure is

analyzed.

7.3.1 Velocity and bedform evolution through the patch

Starting at the leading edge (x = 0), velocity within the patch decelerated over the interior
adjustment length, L;, and then reached a nearly constant value (Figure 7.2a, b). Theory and
scaling over a flat bed predict Equation. 3.23. However, in this experiment, the bed did not
remain flat. In particular, significant scour and deposition occurred near the leading edge (Figure
7.2¢, d). The presence of bedforms shortened the adjustment length, relative to Eq. 3.23.
Specifically, for the high flow blockage patch, Cpab = 3.88, Eq. 3.23 predicted L; . = 138 £8
cm, but, the measured adjustment length was L; = 90 £ 10 cm (Figure 7.2a). For the sparse
patch (Figure 7.2b), L; = 198 + 10 cm was measured for the initially flat bed, which agreed
with Eq. 3.23, L; . = 220 =20 cm. However, after the bedform developed, L; was reduced to
146 £ 10 cm. The shortened adjustment length was attributed to the deformation of the bed
near the patch leading edge (Figure 7.2c). This finding aligned with the numerical model of a
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near-bank vegetation patch described in Yi et al. (2022), who also attributed a shortened interior

adjustment length to bed deformation near the leading edge of the patch.

While the velocity within the patch declined monotonically from the leading edge, the turbu-
lence was locally elevated, compared to the bare bed upstream of the array. Specifically, for the
dense patch, turbulence was enhanced between x = 0 to 60 cm, relative to the bare bed region
upstream of the patch, and then decayed to k; = 2.340.4 x 10~*m? /s? for x > L; (blue symbols,
Figure 7.2a). The turbulence enhancement came from turbulence generated by stems within the
array. Stem-scale turbulence is generated if stem Reynolds number Re; = ud /v >~ 100 (Liu
& Nepf 2016), and Re; > 400 over the entire array, so stem-scale turbulence was present within

the array.

A region of scour began just upstream of the patch and extended into the patch over the sed-
iment adjustment length-scale, Ly = 20 cm< L; (Figure 7.2c), indicating that the mean velocity
and turbulence intensity dropped below the threshold for sediment motion before the velocity
was fully developed. This highlights how the morphological response depended on the sub-
strate characteristics, which set the critical velocity and turbulence at which sediment motion
can be initiated. Specifically, sediment mobility is dependent on grain size. For dsg = 0.35 mm,
used in the present work, the critical velocity was U, = 0.22 m/s, and the critical turbulence
was k; . = 1.2 10 3m? / s2, as described in the Methods. The measured velocity and turbulent
kinetic energy in the fully adjusted region (x > L;) were lower than these critical values (Figure

7.2a), and consistent with this, no sediment erosion was detected in this region (Figure 7.2c).

Figure 7.3 illustrates the spatial pattern of erosion (blue) and deposition (red) within and
around both the high and low flow-blockage patches. Erosion (blue) was most significant within
a horseshoe-shaped region at and adjacent to the leading edge of the patch. A similar pattern
of erosion was observed around the leading edge of a circular patch (Follett & Nepf 2018) and
at the leading edge of a rectangular patch adjacent to a channel wall (Kim, Kimura & Shimizu
2015). A fraction of the sediment eroded at the leading edge was carried into the patch, creating
a deposition dune within the patch (red color at x = 20 to 56 cm and 39 to 95 cm, for the
high and low flow blockage patches, respectively, Figure 7.3). In both patches, the volume of
sediment eroded at the leading edge (V,) was larger than the volume deposited within the patch
near the leading edge (V,, see Table 7.1), indicating that only a fraction of sediment eroded
at the leading edge was carried into and deposited within the patch (V;/V, = 24% and 55%
for the high and low flow blockage patches, respectively). A similar deposition mound inside
the leading edge has been observed in finite patches along a side wall (Kim, Kimura & Shimizu
2015) and in submerged patches which cover the full width of the flume (Chen, Chan & Li 2012,
Le Bouteiller & Venditti 2014, Tinoco & Coco 2016). In the previous cases, the volume of scour
and deposition inside the patch increased with decreasing array density, which was attributed to

the higher velocity and turbulence inside the patch at the leading edge. Consistent with these
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Figure 7.2: Longitudinal profiles of (a, b) time-averaged streamwise velocity (%) and turbulent
kinetic energy (k;), and (c, d) bed elevation () for high flow blockage patch and low flow
blockage patch, respectively. The data collected on the centerline (y = 0). Vertical dashed lines
indicate the leading (x = 0) and trailing (x = L) edges of the array. In (a) and (b), the horizontal

dashed line indicates the estimated critical turbulence level for sediment mobility.
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previous observations, in our experiment the velocity inside the low flow blockage patch was
higher (Figure 7.2) and resulted in larger scour and deposition (V,, V,; in Table 7.1, Figure 7.2c,
d). Finally, along the centerline of the patch, scour and deposition were absent downstream of
the deposition mound (zero net deposition Figure 7.2¢ and 7.2d), indicating that there was no
supply of sediment to this region or erosion within this region. This was consistent with the fact
that both the velocity and turbulence within this region were below the mobilization thresholds
(Figure 7.2a and 7.2b).

Near the leading edge, erosion and deposition within the patch varied mostly in the stream-
wise direction and was approximately uniform across the patch width (Figure 7.3). However,
downstream of the adjustment region (x > L;), the erosion and deposition pattern varied later-
ally across the patch width. Specifically, for the high-density patch, a flow-parallel depositional
ridge was generated in the region x > L; = 90 cm and just inside flow-parallel edge (red re-
gion along patch edge, Figure 7.3a). In contrast, a depositional ridge did not form along the
flow parallel edge for the low-density patch (Figure 7.3b). This difference was not associated
with lateral transport at the patch edge. Specifically, in the region of fully-adjusted flow, the
time-mean lateral velocity (V) at the patch edge was negligible for both patches (Figure 7.4a), as
expected for du/dx = 0 (Figure 7.2a), and thus the time-averaged velocity field cannot explain
the difference in bed morphology between the two patches. The oscillating component of lat-
eral velocity (v,,s) along the patch edge was also similar between the two patches (Figure 7.4b).
Thus, the difference in flow-parallel ridge formation was most likely due to the difference in
time-averaged streamwise velocity and turbulence within the patch, both of which were higher
for the low flow blockage patch (Figure 7.4c and 7.5d). The formation of the flow-parallel ridge

is discussed in more detail in the next section.

Finally, for the low flow blockage patch, deposition within the patch was observed very
close to the end of the patch (Figure 7.3b, red regions between x = 210 to 265 cm), which
was likely due to flow recirculation in the lee of the patch. Although negative velocity was not
observed at the centerline, the velocity did go to zero downstream of the patch (Figure 7.2b).
To confirm that the ridges were associated with the trailing edge of the patch, we extended
the patch to L = 385 cm, and the position of the deposition region moved downstream, again
associated with the trailing edge (Figure 7.2¢). Finally, all sediment eroded within and adjacent
to the patch was transported downstream, depositing in a finite length wake region, producing
a V-shaped depositional mound after the patch (Figure 7.3a and 7.3b). Because no sediment
collected in the sediment trap, we concluded that no sediment was transported beyond x = 480
cm. That is, while the patch generated a significant local redistribution of sediment, extending
over 1.8L, it did not produce channel scale transport. A similar local redistribution of sediment
was also observed in Follett & Nepf (2012).
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7.3.2 The formation of the flow parallel depositional ridge deposition

For the high flow blockage patch, a flow-parallel depositional ridge formed just inside flow-
parallel edge in the fully developed region (x > L;, Figure 7.3a). The formation and position
of the ridge was associated with the shear layer along the patch edge. Flow diversion away
from the high drag within the patch created a velocity difference (Figure 7.5a) between the free
stream adjacent to the patch (y > b) and the patch interior (y < b), which contributed to the
formation of coherent structures by Kelvin-Helmholtz instability. The vortices penetrated the
vegetated region over distance J;, and grew into the free stream region over distance dp. The
power spectral density (PSD) of the transverse velocity (v) indicated a dominant frequency close
to that predicted for KH instability, fxy6/ U = 0.032 (Ho & Huerre 1984) (Figure 7.5b). How-
ever, based on the lateral profile of streamwise velocity and shear stress (Figure 7.5a), the KH
structures and associated turbulent transport did not penetrate into the patch beyond the first row
of dowels. Specifically, &; was smaller than 2.5 cm, which was the distance from the patch edge
to the first measurement point within the array. Note that the depositional ridge formed farther
into the patch, between 7.5 cm and 12.5 cm from the patch edge, such that transport associated
with shear-layer turbulence cannot explain the extent of cross-stream sediment transport needed
to form the ridge.

A second mechanism of cross-stream transport likely contributed to the formation of the
depositional ridge, associated with the wave motion induced by the passage of the vortices
along the patch edge (White & Nepf 2007, Zong & Nepf 2011). Specifically, the center of
each KH vortex is a point of low pressure, whose passage along the patch edge generates an
oscillating response within the array (White & Nepf 2007). Necessarily, the frequency of the
vortex-induced wave response is the same as the vortex passage, so that peaks in the PSD of the
cross-stream velocity were consistent across the patch width (Figure 7.5b). The wave response
was apparent in the velocity records. Specifically, within the patch interior, there was a phase
shift of /2 radians between the streamwise velocity (1) and transverse velocity (v), consistent
with a wave motion (Figure 7.5d, 7.6e). In contrast, within the shear layer (e.g., 1 cm outside
the patch) u and v were anticorrelated, consistent with the higher Reynolds stress of the shear
layer.

Lateral transport associated with the wave response likely contributed to the formation and
location of depositional ridge inside the dense patch (y = b— J;). Similarly, Zong & Nepf (2011)
showed that the vortex-induced wave response along a patch edge contributed to the delivery
and deposition of suspended material within the patch, allowing sediment to be delivered to
regions inside the patch not directly accessible by turbulent flux. Note that the lateral position
of the ridge was constant over the length of the patch (Figure 7.3a), which was consistent with
the uniform wave response (v,,s, Figure 7.4b) along the patch edge. A weaker wave motion

in the central region of the vegetation patch (Figure 7.5) restricted the delivery of sediment
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to the patch centerline. Consequently, despite the reduction in turbulence and velocity in this
area (x > Ly + Ly, —7.5 cm <y < 7.5 cm, Figure 7.5a, Figure 7.5¢), no sediment deposition
occurred.

Elevated turbulence and velocity near the streamwise edge of the patch produced erosion
(blue, Figure 7.3). For the dense patch, the erosion extended over the distance §, = 5.0+ 1.3
cm into the patch, which was consistent with the region of elevated turbulent kinetic energy
(Figure 7.5e). However, in the fully-developed region, the net deposition averaged across the
dense patch width was zero within uncertainty (% fob Opdy = 0.8 + 0.8 mm), indicating that the
depositional ridge inside the patch was created from sediment eroded at the interfaces, and did
not represent new sediment arriving from outside the patch (Figure 7.6). In contrast, for the
sparse patch, % fob Opdy = —7.2+0.3 mm reveals a net loss of sediment from the patch. In this
case, material eroded near the edge was carried out of the patch.

Finally, outside the patch (y > b), elevated turbulence and velocity produced significant
scour (Figure 7.5¢). Although the velocity was higher outside the shear layer (y > b + 0p)
(Figure 7.5b), the scouring was more significant directly adjacent to the array (y < b+ 8p). In
fact, the velocity in the patch-adjacent region was lower than the critical velocity for sediment
motion on bare bed, u < U. = 0.22 m/s. However, the turbulence adjacent to the patch was
above the critical magnitude, k; > k; . = 1.2 X 10 3m? / s2, over the region y = 17 cm to 32 cm,
consistent with region of scour (0 < 0, Figure 7.6e), indicating that the elevated turbulence was

triggering the erosion at the patch edge.

7.3.3 The influence of stem diameter on interfacial shear layer

For both patch densities (Cpa = 4.9 and 19.7 m~!), the shear layer at the patch lateral edge has
a limited extension into the array. Specifically, the inner penetration length é; < 2.5 cm (Figure
7.5a, Figure 7.7a). The dowel diameter was d = 1.27 cm, similar to &, suggesting that the
KH vortices and associated shear-layer did not penetrate past the first row of the dowels. This
stands in sharp contrast to previous studies of rectangular patches constructed with a smaller
dowel diameter, d = 0.64 cm, but the same range of Cpa, which exhibited a strong dependence
between 07 and Cpa. Specifically, Rominger & Nepf (2011) observed that d; decreased from
10 cm to 2 cm when Cpa increased from 5.3 m~! to 20 m~!, which was consistent with the
theoretical and empirical formula given in White & Nepf (2008), & = max[0.5(Cpa)~!,1.8d] =
9.5 cm and 2.5 cm, respectively. The limited penetration of the shear layer in the present
experiment was likely due to the locally stronger shear created by the larger and in-line dowels,
compared to the smaller and staggered arrangement used in previous studies. Specifically, the
locally intense shear generated by the in-line wakes of dowels along the edge of the patch
produced shear-sheltering, which blocked the penetration of the KH vortices into the patch
(Ptasinski et al. 2003, Hunt & Durbin 1999).
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Figure 7.5: Conditions contributing to the formatin of edge-parallel ridge within the fully de-
veloped region (x > L;) of the high flow blockage patch (Cpab = 3.88). (a) Lateral profiles
of time-averaged streamwise velocity () and Reynolds shear stress (—uV). (b) Magnitude of
power spectral density (PSD) of cross-stream velocity (v), shown by color bar, distributed by
lateral position and frequency. The horizontal dashed line indicates expected Kelvin-Helmholtz
frequency, fxu6®,/U = 0.032. The time series of fluctuating streamwise (u/(¢)) and transverse
(V/(¢)) velocity (c) at 1 cm outside the patch and (d) within the patch (y = b — J;). () Lateral
profiles of bed elevation () and turbulent kinetic energy (k;). The horizontal black dashed line
indicates the initial bed elevation, &, = 0. The vertical dashed line indicates the lateral interface

of the array (y = b).
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Figure 7.6: The laterally averaged net deposition % fé’ Opdy at each streamwise position along
the array. The dashed horizontal line represents the average value in the fully developed region
(x> L)).

Further, for patches constructed with smaller dowels (e.g., Rominger & Nepf (2011)), the
KH vortices along the two flow-parallel interfaces interacted across the patch width when
Cpab < 2, and this enhanced the Reynolds stress. However, this interaction was not observed
for the low flow-blockage patch (Cpab = 0.91) in the present experiment. Specifically, we
compared the lateral distribution of Reynolds stress and v,,,; between scenarios in which the
vortices were able to communicate across the patch, and scenarios in which this communica-
tion was blocked by a splitter plate placed at the patch centerline. The lateral profile of —u/v'
and v, with and without a splitter plate were nearly identical (Figure 7.7), with a 10% and 20%
change only at the peak values for v,,,; and —u/V/, respectively. This was a much smaller change
than the 35% and 85% reductions, respectively, observed with the additional of centerline plate
in Rominger & Nepf (2011). This comparison suggested that vortex synchronization across the
patch width did not occur in the present experiment. This was likely due to the restriction of
KH penetration into the patch by shear-sheltering. This is a key new result that indicates how
patch velocity structure can be influenced by the size and arrangement of the elements within
the patch.

7.3.4 Deposition in the patch wakes

Directly downstream of the high-flow blockage patch, the side-parallel depositional ridges (y =
b+ 0,) grew towards the centerline, enclosing a region of no bed elevation change (grey color
in Figure 7.3) between x = 270 to 290 cm. Even though flow conditions within this zone were
favorable for deposition, with # < U, and k; < k; ., no sediment was supplied by bedload to

this region, and thus net deposition was zero. However, this region did accumulate the fine
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Figure 7.7: The lateral profiles of (a) Reynolds shear stress (—u'V") and (b) fluctuating spanwise
velocity (vy,s) for low-density patch with and without a splitter plate at the patch centerline.

The dashed lines indicate the lateral interface of the patch, y = b.

suspended material present in the flume (residual rust particles), which was evident by the
change in surface color from sand to reddish brown (Figure 7.11). A similar region of zero net
deposition was observed directly downstream of a rectangular patch located along a side wall
(Kim, Kimura & Shimizu 2015), and a high flow blockage circular patch (Follett & Nepf 2012).
Further, Follett & Nepf (2012) also observed the accumulation of suspended sediment in this

region.

Farther downstream from a patch, the sediment scoured from around the patch was de-
posited, which was also observed in previous studies (e.g., Follett & Nepf (2012), Kim, Kimura
& Shimizu (2015)). However, the spatial distribution of net deposition in the wake of a structure
is dependent on local sediment transport capacity, dictated by velocity and turbulence, and also
on the sediment characteristics (Okhravi et al. 2023). For example, downstream of Follett &
Nepf (2012)’s high flow-blockage circular patch deposition occurred on the centerline, whereas
in the wake of the rectangular patch in this experiment, deposition was mostly distributed away
from the centerline. In Follett & Nepf (2012)’s case, a strong von Karman vortex street was
present in the patch wake and carried material eroded around the patch toward the centerline,
which is similar to the mechanism producing a depositional mound on the centerline behind a
solid circular obstruction (Dargahi 1990, Yagci et al. 2017). In this experiment, net deposition
did not peak at the centerline, but peaked at a point 8.7 cm inward from the patch edge (darkest
red downstream of patch in Figure 7.3a), which was less than the wake half-width. This sug-
gested that the lateral transport in the wake was less than the half width of the patch. For the
dense patch, the fluctuating transverse velocity in the wake was v, = 6.9 cm/s (Figure 7.8),
with frequency of fyx =0.16 Hz. The lateral transport associated with this motion would be
A = V2V /2nfyk = 9.7 cm, which was less than the patch half-width » = 19.7 cm. The
stronger lateral oscillation, indicated by higher v,,,; (Figure 7.8), in the wake of the high-flow
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Figure 7.8: Lateral profiles of normalized fluctuating cross-stream velocity (v,,s/U,) at x =318
cm and 328 cm, i.e., 50 cm and 60 cm after the trailing edge of the high flow blockage patch
and low flow blockage patch, respectively. The dashed line indicates the half width of the patch,
y=nb.

blockage patch resulted deposition transported further inward to the centerline, when compared
to the low-flow blockage patch (Figure 7.3). Specifically, the distance from the side edge of the
patch to the position where the depositional mound peaked was 8.7 cm and 7.3 cm for the dense
and sparse patch, respectively.

Farther downstream from the patch, the V-shaped mound widens (Figure 7.3). This ex-
panding, V-shaped deposition pattern was also observed in a low flow blockage circular patch
(Follett & Nepf 2012, Yagci et al. 2017) and a square array (Kim, Nabi, Kimura & Shimizu
2015), and was attributed to the absence of, or weakness of the wake vortex (Follett & Nepf
2012). Specifically, the lateral velocity needed to carry the sediment to the centerline was ab-
sent or too weak. Note that, we do not believe the deposition pattern in the present experiment
was linked to the ratio of array width to channel width (40% in the present experiment), because
the same pattern of separated deposition mounds was also present when the patch diameter to
channel width was less than 18% (Follett & Nepf 2012).

7.3.5 Feedback from morphological evolution to wake velocity structure

To illustrate how the evolution of the bed morphology altered the flow structure, conditions with
the initial, flat bed (r = 0) and with fully-developed bedforms (¢ = 96 hr) are compared in Figure
7.9. First, erosion adjacent to the patch (Figure 7.3) increased the local flow depth by 3 cm and
generated bedforms with an amplitude of 2 cm. The increase in flow depth tended to decrease
the flow resistance, but the introduction of bedforms tended to increase it. These competing

affects appeared to balance in the present experiment, as the distribution of velocity between the
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Figure 7.9: Comparison of flow statistics with initially flat bed (¢ = 0, blue circles) and with
fully-developed bedforms (¢t = 96 hr, orange symbols). (a) time-averaged streamwise velocity
(u), (b) Reynolds shear stress (—u'V'), (c) turbulent kinetic energy (k;). Profiles measured at
x = 249 cm in the fully-developed region of the patch (x > L;) for high flow blockage canopy
(Cpab = 3.88). The vertical dashed line indicates the lateral interface of the array, y = b.

patch and adjacent open channel did not change significantly between the flat bed and deformed
bed (compare blue and orange symbols, respectively, in Figure 7.9a). However, the change in
flow depth and introduction of bedforms diminished the coherence of the shear-layer vortices
along the flow-parallel edge, which was indicated in a diminished Reynolds stress (Figure 7.9b)
and turbulence (Figure 7.9c). Because the shear across the flow-parallel patch edges was not
significantly reduced (Figure 7.9a), the diminished coherence in the shear-layer vortices was
likely due to the introduction of bedforms, associated with a 15% variation in water depth in the

open channel region.

The change in bed morphology in the wake led to a change in the von Karman vortex street,
which was revealed through dye visualization. With the initially flat bed, a strong von Karman
vortex street was observed in the wake, spanning the entire channel width (Figure 7.10a). How-
ever, as the bedforms evolved in the wake, the von Karman vortex street became narrower and
less coherent over time (Figure 7.10b, ¢, d). In particular, note the change directly downstream

of the patch. Atr = 0, the von Karman vortex street formed close to the patch and carried tracer
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upstream to the trailing edge of the patch. At this time, a recirculation zone (# < 0) was present
at the centerline, directly behind the patch (Figure 7.11a, = 0). However, at later times (r > 24
hr), the vortex street formed at a distance from the patch, and no tracer was carried into the
region directly behind the patch (Figure 7.10d). In addition, no recirculation was detected in
the wake (Figure 7.11a). Further, fine particle deposition occurred in this region, which was
visualized due to the dark brown color of the depositing material. Specifically, between t = 24
and 96 hr, a triangular region directly behind the patch became increasingly darker in color
(see Figure 7.10c, b, and d). The progressive decline in von Karman vortex strength and co-
herence was manifest in reduced v,,,; (Figure 7.11b), reduced turbulent kinetic energy (Figure
7.11c), and a reduced PSD peak magnitude (compare Figure 7.10e, Figure 7.10f). Note that,
even as the strength of the vortex street declined, the dominant frequency remained the same,
St, = 2fykb/U, = 0.2, which was consistent with similar observations behind circular porous
arrays (Zong & Nepf 2012).

7.4 Discussion

7.4.1 The decay of wake vortex with bed form evolution

The creation of bedforms in the wake increased the bed friction coefficient (Cy) and diminished
the local flow depth, both of which influenced the wake vortex stability. Consider the wake
stability parameter S = CyW /h, defined by Chen & Jirka (1995), which can indicate when bed
friction suppresses the generation of a von Karman vortex street. For the high flow blockage
patch, the wake bedforms grew to a height of A = 6 cm, and length of A = 41 cm, reducing
the water depth from 2 = 20 to 14 cm. Based on Eq. 3.40, this enhanced the bed friction
coefficient from 0.005 to 0.023. As a result, the wake instability parameter, S changed from
0.01 to 0.07, approaching the critical value S. = 0.09 at which wake vortices were suppressed
behind porous plates (P = 0.5, Chen & Jirka (1995)). Previous studies have also observed that
the wake vortex behind a circular patch (Chang et al. 2017) and a solid cylinder (Kirkil et al.
2008) was weakened as wake bedforms developed. These studies attributed the vortex decay
to upwelling mean flow generated by a bedform on the wake centerline. The upwelling flow
impeded the interactions of the stream-parallel shear layers, which is the precursor to wake
vortex formation, resulting in the two separated shear layers persisting in the wake (Kirkil et al.
2009). Furthermore, Chang et al. (2017) observed that the upwelling motion was weaker after
a porous patch relative to the one observed for solid cylinders. In the present experiment, the
bed forms were not located on the centerline, and, although the vertical velocity was measured
at various locations, no upwelling flow was detected. Thus, the decay of wake vortex in the

present work was likely not influenced by the upwelling flow.
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Figure 7.10: (a, b, c, d) As bedforms in the wake grew, the vortex street in the wake was
weakened, as illustrated by dye visualization. (e, f) PSD in the wake over flat bed (+ = 0) and
over deformed bed (r = 96 hr), measured at x = 318 cm, which was 50 cm downstream of the
trailing edge of the patch and close to the peak of the deposition (Figure 7.3a). The horizontal
dashed line indicates the dimensionless frequency of a von Karman vortex 2fygb/U, = 0.2.

The vertical dashed line indicates the lateral interface of the array.

164



(a) (b)

0.4 , , :
I I o t=0hr
03 ) gsgggﬁggg_ 0.1y | ° ¢ =24hr]
1 o ! =
_ g8 o Z008F oo ! N ;:éggr
n o ~ o o r
Z02 g8, g ) cd° ° °5° 0% | o 1=96hr
g e, o o t=0hr = 0.06 o 00§000, o'
= 1 g © o
‘30-1 ogoooI © ¢ =24hr] 50.04"@88800088'000 o,
@880 : t =48 hr :egeggooos
6§ o8 ; ° t=72hr| 0.02} ! °86 s 8
0 1 o t =96hr 1
L O 1 L 1
0 10 20 30 40 0 10 20 30 40
y(cm) y(cm)
(c)
0.01 -
1 o t=0hr
0.008 : o t=24hr/
! { =48 hr
"2 0.006 | R e t =72hr|]
™ o | t =96 hr
o ° OI
Epo0afo o’ o 900y °
=~ o ) | o009
o8 o
0.002f © 8 °3e 407, og .
(?@o |09908O e
o ' °S88388
0 10 20 30 40
y(cm)

Figure 7.11: The lateral distribution of (a) time-averaged streamwise velocity (), (b) fluctuating
spanwise velocity (v,,s), (c) turbulent kinetic energy (k;), at x = 318 cm, i.e., 50 cm after the
trailing edge of the patch. The dashed lines indicate half width of the patch, y = b.
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7.4.2 Vortex frequency alignment

In the present experiment, and in the similar experiments reported in Chapter 4, the frequency
of the KH vortices (fky) at the patch side edges and the frequency of the von Karman vortices
(fvk) in the patch wakes were the same to within £20% (Figure 7.12). In Chapter 4, which used
a smaller cylinder diameter (d = 3.2 mm), the synchronization was attributed to the interaction
between the KH vortices formed on the two flow-parallel edges and the von Karman vortex in
the wake. Specifically, the measured fxy and fyg were higher and lower than the predicted
value (Table 7.2), respectively, but they matched each other, fxkgy = fvk. In the present exper-
iment, there was no interaction between the parallel shear-layers and KH vortices across the
patch width (Figure 7.7), which was attributed, in part, to the larger stem size, which produced
an edge shear layer strong enough to produce shear sheltering that inhibited the penetration of
the KH vortices into the patch. Further, the measured fxy and fyg matched their theoretical
values (Table 7.2). Specifically, Ho & Huerre (1984) showed that KH vortices within a shear

layer have frequency,

0.032(U +U-
fxkn = (291 2) (7.1)

which has been demonstrated to predict KH vortex frequency in vegetated channels with emer-
gent cylinders (White & Nepf 2008) and for submerged canopies of rigid and flexible plant
models (Ghisalberti & Nepf 2002). In addition, based on a large literature for cylinder wakes,
the Stouhal number St = fD/U = 0.2 for 200 < Re < 3 x 10° (Roshko 1961, Schewe 1983).
Zong & Nepf (2012) confirmed this for a von Karman vortex street behind a porous patch of

cylinders, i.e.,
0.2U,
fvk = 5

Table 7.2 shows that the observed frequencies for both fky and fyk agreed with the predictions

(7.2)

(Eq. 7.1 and 7.2) within uncertainty, suggesting that the similarity between fxy and fyg was a
coincidence, and not driven by mutual interaction. The absence of vortex synchronization was

consistent with the absence of wave response within the patch in the present work.

Finally, we also considered the possible role of stem-scale vortices. For the dense patch, in
the fully developed region, the frequency of the stem-scale von Karman vortices was observed
in PSD, f; = 0.85 (Figure 7.13), which was consistent with f; = %1 = 0.8, with St = 0.2 and
U; = 0.05 m/s. Then, J% = ;tUUz'//i = %. In this case, U, = 0.35 m/s, so ]% =4.4, indicating
that f; > fyk ~ fxu. The difference between the stem-scale frequency and KH frequency is

also illustrated in Figure 7.13. The difference suggested that the stem-scale vortex shedding did

not influence the patch-scale von Karman vortex street.
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Figure 7.12: Ratio of the von Karman vortex street frequency, fyk, in the patch wake to the
frequency of the KH vortices along the patch edge, fky. The solid line indicates fyx = fkyg and
the dashed lines indicates +=20% deviation.

fxu (Hz) fvk (Hz)

Predicted fxg Peak in PSD Predicted fyx Peak in PSD

(Eq. 7.1) in the patch (Eq. 7.2) in the wake

Dense  0.21 (0.02) 0.19 (0.03) 0.17 (0.01) 0.16 (0.03)
Sparse  0.25 (0.06) 0.25 (0.03) 0.17 (0.01) 0.19 (0.03)
ZA5* 0.04 (0.01) 0.12 (0.01) 0.22 (0.01) 0.15 (0.01)
ZB5* 0.04 (0.01) 0.16 (0.01) 0.23 (0.01) 0.14 (0.01)
7C4%* 0.04 (0.01) 0.13 (0.01) 0.23 (0.01) 0.15 (0.01)
7C5* 0.03 (0.01) 0.14 (0.01) 0.23 (0.01) 0.14 (0.01)
ZD3* 0.05 (0.01) 0.14 (0.01) 0.23 (0.01) 0.14 (0.01)
7D4* 0.04 (0.01) 0.13 (0.01) 0.23 (0.01) 0.14 (0.01)
ZD5%* 0.03 (0.01) 0.12 (0.01) 0.17 (0.01) 0.15 (0.01)

Table 7.2: The predicted and measured frequencies for Kelvin—Helmholtz vortices (fxy) and

von Karman vortices (fyk). The asterisk (*) indicates the data measured in Chapter 4. Numbers

in brackets are uncertainties.
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Figure 7.13: Power spectral density of the lateral velocity (S,,) at (x, y) = (249 cm, 20 cm) shows
the difference between stem-scale vortex frequency (f; = 0.85 Hz) and the Kelvin—Helmholtz
vortex frequency (fxkg = 0.2 Hz)

7.5 Summary

This chapter experimentally investigated the velocity field and bedform development within and
around a rectangular array of emergent vegetation. The patch was simulated by rigid dowels
arranged in a regular pattern, with two densities representing high-flow and low-flow blockage
conditions. An 8-cm layer of uniform sand covered the test section. Velocity measurements and
dye visualization were conducted at different running time to evaluate the flow response.

Near the leading edge of the patch, stem-generated turbulence enhanced local turbulent
kinetic energy, even as the time-mean velocity decreased. The elevated turbulent kinetic energy
produced sediment erosion. A fraction of the eroded sediment was carried downstream within
the patch, creating an interior deposition dune. The dune was smaller inside the denser patch,
compared to the more sparse patch, because less sediment was eroded and a larger fraction of
eroded sediment was transported out of the patch by the strong lateral flow diversion. Specially,
the ratio of erosion volume to deposition volume was 24% and 55% for the high and low flow
blockage patches, respectively.

In the fully developed region, Kelvin—Helmholtz vortices were initiated within the shear
layers developed along the side edges of the patch. However, for both the sparse and dense
patches, these vortices were blocked by shear sheltering at the patch edge, and did not penetrate
beyond the first row of dowels. Elevated turbulence at the patch edge caused sediment erosion.
For the dense patch, the eroded sediment was transported into the patch by the vortex-induced
wave response, creating flow-parallel deposition ridges. The process of ridge formation was a
redistribution of sediment, but produced no net change in sediment volume within the patch. In

contrast, for the sparse patch, sediment scoured at the patch edge was carried away, leading to
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sediment loss from the patch.

Sediment eroded from the regions around the patch was deposited in the wake. Because
the von Karman vortex street was weak, the lateral transport in the wake was limited to less
than the patch half width. As a result, the deposition occurred closer to the wake edge, and not
on the wake centerline. The formation of bedforms and the associated increase in bed friction,
progressively diminished the von Karman vortex street, due to the enhanced bed friction under a
deformed and reduced water depth. Specially, the bed friction coefficient increased from 0.005
to 0.023 and the water depth decreased from 20 cm to 14 cm. As a result, the wake instability
parameter, S changed from 0.01 to 0.07, approaching the critical value S. = 0.09 at which wake
vortices were suppressed behind porous plates. Finally, although the patch generated a signifi-
cant local redistribution of sediment, it did not provoke channel-scale sediment transport. From
the perspective of natural sustainability, a denser patch is recommended to improve sediment
retention within the patch.

Further investigation is required to examine the influences of non-uniform sediments, which
more closely resemble natural riverbeds. In such scenarios, finer particles are more easily mobi-
lized and transported, while coarser particles tend to remain on the bed surface, forming clusters
that contribute to armoring effects. This armoring might alter the flow dynamics and ultimately

result in a distinct equilibrium sediment pattern compared to uniform sediment scenarios.
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Chapter 8

Conclusions, limitations, and future works

8.1 Conclusions

This thesis examines flow dynamics and turbulence within and around various configurations
of vegetation patches, with particular emphasis on the initiation and interaction of patch-scale
shear layers and coherent structures, as well as their interaction with morphological change.

The key findings and conclusions can be summarized below.

1. For an in-stream emergent vegetation patch (Chapter 4, 5), patch elongation influences
the wake structure by adjusting the bleed flow velocity deficit as well as triggering the
Kelvin-Helmholtz vortices along the lateral edges of the patch. Wake von Karman vortex
street, unable to be triggered under a low patch density, however, can be generated by
patch elongation. Here, patch density indicates the local hydraulic resistance, of which
influence can be immediately felt by the local velocity adjustment, shown as the velocity
gradient. A larger patch density leads to a faster velocity drop. However, patch dimen-
sions determine the spatial extent of this resistance. A larger patch width delays the
flow diversion laterally, leading to an adverse effect on the interior velocity adjustment,
while the patch length controls the distance of the velocity drop and triggers the genera-
tion of Kelvin-Helmholtz instability along the patch lateral edges. Consequently, larger
patch length and vegetation density may lead to higher velocity reduction but patch width
presents the opposite impact. The combined effect of vegetation density and patch aspect
ratio is representative of cumulative hydraulic resistance. It affects the wake structure by
changing the bleed flow velocity and initiating Kelvin-Helmholtz instability at the patch
trailing edge. Moreover, the two parallel Kelvin-Helmholtz vortex streets formed along
the lateral edges of the patch under sufficiently high aspect ratios tend to interact with
each other, leading to velocity recovery owing to transverse momentum input, especially

for a smaller width. In contrast to the scenarios of high vegetation density producing
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wake flow instability due to inducing large transverse velocity difference, the patch elon-
gation through triggering Kelvin-Helmholtz vortex streets may impose an extra impact on
the patch wake vortex street structures. Specially, the initiation of the patch-edge Kelvin-
Helmholtz vortex may accelerate the steady wake velocity, shorten the steady wake length

and decay the energy of the wake vortex (Chapter 5).

. In a symmetrical vegetation-channel-vegetation system (Chapter 6), shear layers initiated
at the lateral interfaces of the array simultaneously grow in the open region. When the
outer shear layer was fully developed before reaching the channel centerline, the produc-
tion of shear layer-scale turbulent kinetic energy is balanced by the dissipation by bed
friction, resulting in a fully-developed outer penetration length. As the array extended
laterally, flow confinement appears when the outer shear layers penetrate to the channel
centerline. The thickness of each outer penetration was then restricted to the half width of
the open region, leading to flow confinement. In general, the flow confinement presents
when the full penetration thickness of the outer shear layer is larger than the half width
of the open region. However, if the water depth or friction coefficient varies, the thresh-
old value for flow confinement might change because the full penetration thickness of
the outer layer is altered. Furthermore, within the shear layer, coherent structures were
triggered through Kelvin-Helmholtz instability, with a normalized frequency fairly agrees
with the normalized natural frequency of mixing layers. Although the shear-layer vortices
can self-organize even under confined conditions, an increase in blockage ratio led to an
enhanced vortex frequency, reduced momentum thickness, and increased convection ve-
locity. In confined condition, although the shear layer was confined to one half of the
open region and the time-averaged shear stress was zero at the centerline, the shear-layer
vortices interact across the open region, observing significant but equal turbulent events.
Furthermore, a wavy interface was visualized by dyes released at two side edges, reveal-
ing a wave motion with a phase shift of 7 radians between the parallel vortex streets.
The alternating low-pressure vortex cores between the parallel vortex streets amplify the
pressure gradient, intensifying coherent structures and facilitating momentum exchange
across the channel centerline. While the turbulent intensity improves, the decrease in
resident time for the turbulent flow events may lead to shorter transport distances. Con-
sequently, the shear layer developed on one interface acts as an extra resistance to shear

turbulence on the opposite interface.

. To correlate the morphological change with flow structure within and around vegetation
patch, a mobile-bed experiment was conducted (Chapter 7). Near the leading edge of
the patch, stem-generated turbulence enhanced local turbulent kinetic energy, even as the

time-mean velocity decreased. The elevated turbulent kinetic energy produced sediment
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erosion. A fraction of the eroded sediment was carried downstream into the patch, creat-
ing an interior deposition dune. The dune was smaller inside the denser patch, compared
to the more sparse patch, because less sediment was eroded and a larger fraction of eroded
sediment was transported out of the patch by the strong lateral flow diversion. In the fully
developed region, Kelvin—Helmholtz vortices were initiated within the shear layers devel-
oped along the side edges of the patch. However, for both the sparse and dense patches,
these vortices were blocked by shear sheltering at the patch edge, and did not penetrate
beyond the first row of dowels. Elevated turbulence at the patch edge caused sediment
erosion. For the dense patch, the eroded sediment was transported into the patch by the
vortex-induced wave response, creating flow-parallel deposition ridges. The process of
ridge formation was only a redistribution of sediment, producing no net change in sedi-
ment volume within the patch. In contrast, for the sparse patch, sediment scoured at the
patch edge was carried away, leading to sediment loss from the patch. Sediment eroded
from the regions around the patch was deposited in the wake. Because the von Karman
vortex street was weak, the lateral transport in the wake was limited to less than the patch
half width. As a result, the deposition occurred closer to the wake edge, and not on the
wake centerline. The formation of bedforms and the associated increase in bed friction,
progressively diminished, the von Karman vortex street, due to the enhanced bed friction
associated with the deformed bed and reduced water depth. Finally, although the patch
generated a significant local redistribution of sediment, it did not provoke channel-scale
sediment transport. From the perspective of natural sustainability, a denser patch is rec-

ommended to improve sediment retention within the patch.

In summary, these findings provide fundamental insights into the mechanics of the interac-
tions among aquatic plants, flow dynamics, and sediment transport, focusing on flow structure
formation and interaction, and their resulting bedform development. Such theoretical under-
standing contribute to developing more reliable approaches to the restoration and management
of aquatic ecosystems, ultimately enhancing ecosystem resilience, promoting biodiversity, and
ensuring the long-term sustainability of aquatic environments. Last but not least, these findings
also contribute to the fundamental understanding of fluid mechanics, particularly in relation to
the processes of vortex formation and interaction. These simplified scenarios of vegetation—flow
interactions also provides some implications on flow-structure interaction, shedding light on

how porous structure influence turbulence, momentum exchange, and overall flow behavior.

8.2 Limitations and future work

Although this thesis provides new insights into flow dynamics and turbulence within and around

various configurations of vegetation patches, with particular emphasis on the initiation and in-
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teraction of patch-scale shear layers and coherent structures, as well as their interaction with
morphological change, there are certain limitations in this research that may constrain its appli-

cability to natural systems:

1. In this thesis, complex natural aquatic plants were simplified and represented as emer-
gent, rigid, circular rods arranged in an aligned pattern. However, in natural aquatic
ecosystems, plant configurations are much more complicated, and hydraulic resistance
is expected to vary with different arrangements. Real plants have their distinct features
that differ across species. For example, plant characteristics can change over time and
space, resulting in random configurations, irregular patch shapes, and a broader range of
stem sizes and densities. To enhance the applicability of our conclusions to a wider range
of scenarios, further investigation into the characteristics of plant arrays is necessary, as
factors such as stem size, stem alignment, flexibility, degree of submergence, plant mor-
phology and surface area (skin friction) can all significantly flow velocity and turbulent

structure.

2. In this thesis, the incoming flow was designed to be unidirectional, steady, and uniform.
However, hydraulic conditions in natural aquatic ecosystems are much more complex,
often varying significantly over time and space. In coastal regions, for example, wave
action plays a crucial role and should be taken into account. To enhance the applicability
of our conclusions to a broader range of natural scenarios, future studies should consider
a wider range of flow depths and velocities, as well as unsteady and spatially variable

flow conditions, including the presence of waves and multidirectional flows.

3. This thesis considered only a single sediment size. However, bed morphology is strongly
influenced by sediment characteristics such as size, density, and cohesion. For instance,
smaller and lighter particles are more easily mobilized than larger, heavier ones, so that
coarser particles tend to remain on the bed surface, forming clusters that contribute to ar-
moring effects. This armoring effect might in turn alter the flow dynamics and ultimately
result in a distinct equilibrium sediment pattern compared to uniform sediment scenarios.
Moreover, cohesive sediments exhibit different behaviors compared to non-cohesive sedi-
ments. In natural aquatic ecosystems, sediments are typically cohesive and non-uniformly
distributed. Consequently, further research into sediment characteristics is essential, as
these properties and the resulting bedform significantly affect the bed friction, which will

highly affect the sediment motion, flow structure and plant growth.

4. The experiments carried out in this thesis were on the flume scale and short-term, which,
while valuable for isolating specific mechanisms, may not fully capture the complexity

and variability present in natural environments. To gain a more comprehensive under-
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standing of the influence of vegetation on flow and sediment transport over time, long-
term and large-scale field investigations should be considered. Such studies would allow
for the observation of seasonal and interannual changes, the effects of extreme events, and
the cumulative impacts of vegetation on hydrodynamics and sediment dynamics. In ad-
dition, field investigations can help validate laboratory findings and improve the accuracy
of predictive models, ultimately supporting more effective management and restoration

of aquatic ecosystems.

5. This thesis only considered the two-dimensional characteristics of the flow structure, at
the middle of the water depth or the water surface. While the flow is primarily hori-
zontal, vertical variations in flow structure can be substantial, particularly in the near-
bed region. These near-bed conditions are crucial for accurately predicting sediment
transport, as sediment movement is highly sensitive to local shear stresses and turbu-
lence close to the substrate. Therefore, it is essential to undertake high-resolution, three-
dimensional investigations that can capture the detailed structure and dynamic response
of vegetation to flow. Such studies would provide a more comprehensive understand-
ing of flow-vegetation-sediment interactions and significantly enhance the accuracy of

predictive models.

Furthermore, the interactions among vegetation, flow, and sediment are not solely governed
by physical processes, they also covers other disciplines, such as biology, fluvial geomorphol-
ogy, landscape ecology, and geochemistry. For example, biological processes such as plant
growth, reproduction, and decay can influence sediment stability and nutrient cycling, while
geomorphological dynamics shape habitat structure and connectivity. Landscape ecology pro-
vides insights into spatial patterns and ecosystem functions, and geochemical processes affect
water quality and sediment composition. By fostering interdisciplinary collaboration, the field
of eco-hydraulics can develop more reliable approaches to the restoration and management of
aquatic ecosystems, ultimately promoting their resilience, biodiversity, and long-term sustain-
ability.
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Appendix A

Summary of experimental parameters.
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L w Us, U, U, U, U, L —ulv
Case b VK KH
(m) (m) (cm/s) (cm/s) (cm/s) (cm/s) (cm/s) (m) (m?/s?)

Casel 1.00 0.09 0.007 7.8 3.8 9.2 3.6 9.0 0.15 1.03E-04
Case2 120 0.09 0.007 7.8 34 9.4 33 94  0.15 1.04E-04
Case3 140 0.09 0.007 7.8 3.1 9.6 3.1 96 0.05 1.21E-04
Case4 1.60 0.09 0.007 7.8 3.0 9.6 3.0 9.6 0.00 9.66E-05
Case5 1.80 0.09 0.007 7.9 32 9.7 32 9.7 0.00 1.16E-04
Case6 2.00 0.09 0.007 79 34 9.9 34 99 0.00 2.60E-04
Case7 0.10 0.09 0.009 8.0 7.6 8.5 6.6 84 050 5.86E-05
Case 8 0.20 0.09 0.009 8.0 7.1 8.5 6.1 87 040 2.65E-05
Case9 0.60 0.09 0.009 8.0 4.8 9.3 4.3 94 030 8.16E-05
Case 10 090 0.09 0.009 7.6 3.5 9.2 3.2 9.3 0.15 1.35E-04
Case 11 091 0.09 0.009 7.8 3.5 9.3 32 93 0.14 1.57E-04
Case 12 1.00 0.09 0.009 7.7 33 9.4 3.1 93 015 1.41E-04
Case 13 1.11 0.09 0.009 7.7 3.0 9.5 3.0 94 0.09 1.27E-04
Case 14 1.14 0.09 0.009 7.7 29 94 29 94  0.06 1.90E-04
Case 15 120 0.09 0.009 7.7 2.9 9.5 2.9 9.5 0.05 1.37E-04
Case 16 1.40 0.09 0.009 7.7 29 9.6 29 9.6 0.00 1.64E-04
Case 17 1.50 0.09 0.009 7.7 29 9.7 29 9.7 0.00 1.67E-04
Case 18 1.60 0.09 0.009 7.7 2.9 9.7 2.9 9.7 0.00 1.96E-04
Case 19 0.10 0.09 0.013 8.0 7.6 8.3 6.6 85 0.50 3.71E-05
Case20 0.20 0.09 0.013 79 7.1 8.8 5.8 85 050 5.64E-05
Case21 0.60 0.09 0.013 8.0 4.5 94 39 9.5 030 8.53E-05
Case22 0.66 0.09 0.013 8.0 4.3 9.8 3.5 9.8 0.19 1.23E-04
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Case 23
Case 24
Case 25
Case 26
Case 27
Case 28
Case 29
Case 30
Case 31
Case 32
Case 33
Case 34
Case 35
Case 36
Case 37
Case 38
Case 39
Case 40
Case 41
Case 42
Case 43
Case 44
Case 45
Case 46
Case 47

0.70
0.74
0.76
0.80
0.82
0.84
0.90
1.00
1.20
1.40
0.10
0.20
0.60
1.00
1.40
0.10
0.20
0.60
1.00
1.40
0.10
0.16
0.18
0.20
0.21

0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.21
0.21
0.21
0.21
0.21
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09

0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.013
0.02
0.02
0.02
0.02
0.02
0.04
0.04
0.04
0.04
0.04

8.0
7.9
7.9
7.9
7.9
7.9
8.0
7.7
8.0
8.0
8.0
7.9
8.0
8.0
8.0
8.0
7.8
7.9
7.9
8.0
8.1
8.0
8.0
7.8
8.0

3.8
3.6
3.5
34
3.1
3.2
3.0
2.6
24
24
7.9
7.2
5.8
4.4
33
5.2
4.0
1.6
2.0
2.5
4.5
4.3
4.0
39
33

9.6
9.6
9.6
9.7
9.7
9.7
10
9.7
10.1
10.2
8.7
9.2
10.8
11.9
12.2
8.6
8.8
9.9
10.2
10.5
9.1
9.5
9.6
9.5
9.7
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33
3.1
3.0
3.0
29
3.0
2.8
2.6
24
24
6.9
6.3
4.6
33
2.6
4.7
34
1.6
2.0
2.5
32
2.5
2.3
1.7
1.7

9.6
9.7
9.6
9.7
9.7
9.7
9.9
9.9
10.1
10.2
8.8
9.3
10.7
11.2
11.9
8.7
8.9
9.9
10.2
10.5
9.3
9.6
9.8
9.5
9.8

0.15
0.16
0.14
0.15
0.08
0.16
0.10
0.10
0.00
0.00

0.9
0.8
0.5
0.4
0.20
0.15
0.00
0.00
0.00
0.30
0.29
0.27
0.25
0.24

1.18E-04
1.16E-04
1.09E-04
1.32E-04
1.42E-04
1.22E-04
1.33E-04
1.36E-04
1.95E-04
2.14E-04
6.05E-05
7.08E-05
1.09E-04
1.04E-04
1.26E-04
5.66E-05
3.15E-05
1.17E-04
1.72E-04
2.30E-04
6.23E-05
3.64E-05
4.61E-05
2.13E-05
5.01E-05
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Case 48
Case 49
Case 50
Case 51
Case 52
Case 53
Case 54
Case 55
Case 56
Case 57
Case 58
Case 59
Case 60
Case 61
Case 62
Case 63
Case 64
Case 65

0.22
0.24
0.26
0.28
0.30
0.60
1.00
1.40
0.10
0.16
0.18
0.19
0.20
0.21
0.22
0.24
0.26
0.28

0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08

8.0
7.9
7.9
8.0
7.9
8.0
7.9
8.0
8.1
8.1
8.1
8.1
7.8
7.9
7.9
7.9
8.0
8.0

33
2.9
2.7
22
2.1
1.1
1.5
1.8
5.2
4.1
3.8
34
3.0
3.0
1.7
1.4
1.4
1.2

9.8
9.7
9.8
9.9
9.9
10.2
10.2
10.6
9.6
10
10
10.1
9.8
10
9.9
10
10.4
10.5

1.7
1.5
1.2
1.0
1.2
1.1
1.5
1.8
24
1.6
1.5
1.4
1.2
0.9
0.7
0.3
0.3
0.2

9.8
9.8
9.8
9.8
10.0
10.2
10.2
7.8
9.7
10.0
10.1
10.2
9.9
9.9
10.0
10.0
10.4
10.4

0.23
0.21
0.19
0.17
0.15
0.00
0.00
0.00
0.30
0.24
0.22
0.21
0.20
0.19
0.13
0.16
0.14
0.12

5.77E-05
3.40E-05
3.44E-05
8.33E-05
7.40E-05
1.88E-04
2.75E-04
1.86E-04
2.29E-05
2.08E-05
2.87E-05
3.43E-05
4.83E-05
3.17E-05
5.03E-05
5.22E-05
4.32E-05
4.78E-05
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