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Abstract

ABSTRACT

In the framework of SHIEELD, a European Research Project with the aim of
assessing the protective value of seagrass in nature-based coastal defence, a series
of laboratory experiments using artificial vegetation have been performed in an
open-channel flume, measuring meadow-induced wave attenuation in combined
wave-current flow conditions. Artificial vegetation reproduces four species
(Posidonia oceanica, Zostera marina, Zostera noltii, Cymodocea nodosa) and four
different plant densities; hydraulic conditions imposed allow to replicate a series of
current velocities, submergence ratios and wave characteristics observed in the
field. Wave attenuation was calculated in terms of the dissipation coefficient Kp, ;.
and compared with dissipation coefficient K, ,,,,, for the corresponding experiment
in pure wave conditions, showing general lower dissipation caused by the following
current. Two physically-based models present in literature were compared with
measured wave dissipation with a decent agreement. The main differences are
attributed to uncertainty in the estimation of experimental parameters (drag
coefficient Cj, and vegetation deflected height hp), to the wide range of Keulegan-
Carpenter numbers KC and vegetation densities involved in experiments and to the
different mimic vegetation properties. Further, the dependence of Kj ,,. on some
dimensionless parameters has been investigated, showing that Kj, ,,. increases with
plant density and decreases with the Cauchy number Ca and the Keulegan-

Carpenter number KC.
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Nomenclature

NOMENCLATURE

Hydrodynamic forcing in the model of Losada et al. (2016)
[kg/(m*s®)]

Wave orbital amplitude at canopy-top [m]

Plant area per unit height normal to the flow [m]

Vegetation frontal area per unit meadow [1/m]

Wave amplitude [m]

Undisturbed wave amplitude [m]

Buoyancy parameter [- |

Component related to vegetation-flow interaction in the model of
Losada et al. (2016) [kg/(m?s®)]

Spacing between cylinders in the model of Dalrymple et al. (1984)
[-]

Turbulent stress at canopy top [- ]

Representative Cauchy number [- ]

Cauchy number in pure-current conditions [- ]

Cauchy number in pure-wave conditions [—]

Cauchy number in combined wave-current conditions [—]
Representative drag coefficient for a plant [- ]

Drag coefficient for a plant in pure-current conditions [~ |

Drag coefficient for a plant in pure-wave conditions [—]

Drag coefficient for a plant in combined wave-current conditions [~ |
Group velocity in pure-wave conditions [m/s]

Group velocity in combined wave-current conditions [m/s]

Inertia coefficient for rigid cylinder [- ]

Diameter of cylinders in the model of Dalrymple et al. (1984) [m]
Young modulus [MPa]

Specific energy in respect to the bed [m]

Energy transfer in combined wave-current conditions [/]



Nomenclature

Fpwe Force acting on the meadow per unit volume volume in combined

wave-current conditions [N]

g Gravitational acceleration [m/s?]

H Wave height [m]

H, Undisturbed wave height [m]

h Water depth [m]

hp Vegetation deflected height [m]

I Momentum of inertia [kg * m?]

] Head drop in respect to bed [m]

i Slope of the bed [m]

k Water depth [1/m]

Kppw Wave dissipation coefficient in pure-wave conditions following the

model of Lei & Nepf (2019) [1/m?]
Kp we Wave dissipation coefficient in combined wave-current conditions

following the model of Schaefer & Nepf (2022) [1/m?]

KC Keulegan-Carpenter number [—]

L Length ratio [-]

l Plant length in still water [m]

L, Blade length [m]

l, Generic effective plant length [m]

leme Effective meadow length in pure-current conditions [m]

le mpw Effective meadow length in pure-wave conditions [m]

le mwe Effective meadow length in combined wave-current conditions [m]
L Rigid sheat length [m]

n, Number of blades per unit area [~ ]

Re, Reynolds number in pure-current condition [- ]

Re,,. Reynolds number in combined wave-current condition [- |
S Average plants spacing [m]

As Free surface gradient [m]

t, Blade thickness [m]

U, Time-averaged current velocity [m/s]



Nomenclature

=

Orbital wave velocity at canopy-top [m/s]

Total in-canopy current velocity [m/s]

Current-induced in-canopy current velocity [m/s]

Wave-induced in-canopy current velocity [m/s]

Relative velocity between a plant and the combined wave-current
field [m/s]

Horizontal flow velocity in combined wave-current conditions
[m/s]

Blade width [m]

Longitudinal coordinate, origin at flume’s inlet [m]

Vertical coordinate, origin at bed level [m]

In-canopy wave velocity reduction [- ]

Wave dissipation coefficient following the model of Dalrymple et
al. (1984) [1/m]

Wave dissipation coefficient following the model of Losada et al.
(2016) [1/m]

Distance over which turbulent momentum flux impact canopy
velocity [m]

Energy dissipation per unit horizontal area [m? /s3]

Vegetation bending angle [- ]

Wavelength [m]

Solid volume fraction of the meadow [~ ]

Free surface displacement [m]

Archimedes’ constant [—]

Water density [kg/m?3]

Density of blade material [kg/m3]

Wave frequency in a wave-current flow [Hz]

Wave frequency in a reference system moving with current velocity
[Hz]

Water kinematic viscosity [m?/s]

Plant density [1/m?]
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Introduction

l. INTRODUCTION

Coastal engineering is a branch of civil engineering whose objective is to develop
solutions for problems associated with natural and human induced changes in
coastal areas that affect human activities (e.g. harbours, recreational beaches).
Coastal areas are the margins separating the land from the water and they are
composed by sediments derived from land that temporarily forms beaches, bars or
islands (USACE, 2002). Because of their nature, coastal areas experience the effect
of many physical processes, such as sea level rise, tides and waves, that can induce
floods and coastal erosion (the latter is particularly important in non-rocky coasts).
They are likely to cause numerous negative impacts, both environmental and
economic. Main consequences associated with erosion are degradation of
ecosystems, sandy shorelines retreating, loss of productivity of land and
infrastructure damage (IPCC ARS, 2014). On the other hand, floods affect
freshwater resources, agriculture and forestry, human health, human infrastructures,
and biodiversity (IPCC ARS, 2014). Historically, coastal engineering has used hard
solutions (also known as grey solutions) to protect shorelines against erosion and
prevent floods. This implied the construction of artificial structures such as
seawalls, groins, and levees. Over time we have become aware of ecosystems
functions and that hard solutions have many consequences. They are very expensive
and have a negative impact on aquatic ecosystems, by interfering with natural
currents and preventing sediment motion. In light of these considerations, nature-
based solutions have been proposed as an alternative and sustainable solution in
place of conventional coastal protection. The most diffused nature-based solutions
are artificial wetlands or salt marshes, beach nourishment, mangrove re-
establishment and protection, oyster reef creation and seagrass/kelp meadows.
These ecosystems present a very good adaptation to a variety of conditions, and
they can be easily modified in case of need (Davis et al., 2015). Nature-based
solutions have been demonstrated to attenuate waves and protect coasts from
erosion and floods by stabilizing shorelines and creating low-energy niches in

which sediment resuspension is reduced in favour of deposition and retention of
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Introduction

fine material (Schaefer & Nepf, 2022). Moreover, they can help to contrast climate
change by increasing the CO2 storage capacity: submerged aquatic vegetation is an
important carbon sink and seagrass meadows can sequester a larger amount of CO2
per hectare per year than rainforests (Lei & Nepf, 2019b). By contrast, it is very
challenging to measure and predict effectiveness of nature-based solutions, leading
to high uncertainty about their cost-effectiveness and thus to under-investment

(Seddon et al., 2020).

Seagrasses are the largest submerged aquatic vegetation ecosystem protected in
Europe (Ondiviela et al., 2014) and provide a potential nature-based solution to
reduce wave-generated erosion, as it has been demonstrated that they can affect
wave propagation, by reducing wave height and energy by as much as 40% and
50% respectively during storm events (Chen et al., 2022). Besides, seagrasses are
ecologically important marine habitat that can stabilize sandy substrates through

the effects of their roots and rhizomes (Chen et al., 2022).

1.1. THE SHIEELD PROJECT

In the context of climate change and increased anthropogenic pressure, there is
growing literature that physical and environmental pressure on coastal areas are
increasing, and this rise is expected to accelerate during 21% century. Sea level rise
and more energetic storm patterns associated with climate change will increase
exposure rate to coastal flooding and shoreline erosion and will lead to habitat and
ecosystem degradation.

SHIEELD is a European Research Project that aims to assess the protective value
of seagrass in nature-based coastal defence, and help developing new tools that can
be accounted for by stakeholders and policymakers in coastal areas management
under a climate change and increased anthropogenic pressure scenario. The project

focuses on two main aspects:
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- The flow resistance of seagrass canopies in pure-wave flows and combined
wave-current flows, with laboratory experiments in an open-channel facility
and using seagrass surrogates that mimic the behaviour of real species.

- The effect of seagrass, that shields seabed from wave motion and stabilizes
it with rooting system, on sediment transport and sediment mobility
threshold, with a dedicated field campaign.

The present work will focus on the first part of the SHIEELD project, namely on
wave attenuation properties of mimic seagrass canopies in combined wave-current
flows, analyzing the dependence of wave energy dissipation on wave characteristics

and meadows properties.

1.2.  AIMS AND OBJECTIVES

Main objectives of the present research work are to quantify the wave attenuation
(also referred to as wave energy dissipation or wave dissipation in the present work)
produced by artificial seagrass in combined wave-current flow conditions,
characterize the impact of following currents on wave dissipation, and evaluate if
literature’s models, based on the assumption of an irrotational and uniform wave-
current field, are effective in describing the nonlinear interaction occurring when
waves propagate over a current. A series of laboratory experiments have been
performed in an open-channel flume with artificial vegetation to achieve these
objectives. Mimic vegetation used was designed from dimensionless considerations
on morphological and mechanical properties of four seagrass species: Posidonia
oceanica, Zostera marina, Zostera noltii and Cymodocea nodosa. Hydraulic
conditions and seagrass shots arrangement were defined for each experiment in
order to cover the largest range of field conditions possible observed for the species
considered, following similarity considerations. As a result, after a series of
preliminary tests, a large number of experiments have been conducted, measuring
water depth along the vegetation. Data collected have been processed to estimate

wave dissipation and then analyzed in light of the objectives abovementioned.
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2. STATE-OF-THE-ART

2.1. WAVE ATTENUATION IN PURE WAVE FLOW

Laboratory, field, and numerical studies concerning the interaction of waves with
vegetation mainly deal with the concept of energy dissipation over seagrass, due to
reflection and diffraction of wave energy caused by the change in the bottom
topography, and with the related wave attenuation.

Research on wave attenuation properties of vegetation canopies has begun in the
80s. Dalrymple et al. (1984) stated that a region of localized energy dissipation
attenuates an incident wave field. They proposed a wave dissipation model
applicable to monochromatic waves propagating in the x direction through

vegetation, over a constant depth:

a,, (x) = a, (L> (2.1)

1+ apx

in which ap is an attenuation factor (wave dissipation coefficient), related to the
energy loss and a,, is the wave amplitude (the subscript zero refers to the initial
one).

In the framework of the linear wave theory, Dalrymple et al. (1984) obtained wave
dissipation coefficient by applying an energy balance and considering a standard
quadratic law for energy dissipation. Energy dissipation is due to drag force, exerted
by waves on vegetation. Modelling plants as rigid cylinders, they obtained the

following formulation for wave dissipation coefficient:

o= 22 (2) (B
" (2.2)

35D |3 A+ 200
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where Cj, is a drag coefficient representative of the flow-plant interaction, D is the
cylinder diameter, b is the spacing between cylinders, [ is the cylinder height
(meaning plant’s length in still water), k is the wave number and h is the water
depth.

This model, which neglects the effect of plant motion on energy dissipation by
including it in the drag coefficient, represents the starting point for any work that

has been done so far on the topic of wave energy dissipation by vegetation.

Several studies performed both in laboratory (Stratigaki et al., 2011; Manca et al.,
2012) and in the field (Bradley & Houser, 2009; Infantes et al., 2012), confirmed
that wave attenuation along artificial vegetation canopies or along seagrass
meadows is significant, with wave height decreasing with distance along the
canopy. They concluded that wave energy dissipation depends upon several other
factors such as vegetation characteristics, weather, hydrodynamic conditions,
bathymetry, and sediment characteristics, resulting in a different behaviour for
different types of vegetation (Manca et al., 2012). It has been demonstrated that
wave attenuation increases with stem density and submergence ratio (Stratigaki et
al.,, 2011; Manca et al., 2012; Luhar et al., 2017). Moreover, it decreases with
increasing wave frequency and increases with increasing wave height (Luhar et al.,

2017).

The model developed by Dalrymple et al. (1984) works well for rigid vegetation,
but flexible seagrass experiences bending and moves with water in a way that the
relative velocity u, between the water and vegetation is not the wave velocity
(Luhar etal., 2017; Lei & Nepf, 2019b). Because part of the plants moves passively
with waves, vegetation drag and thus wave energy dissipation are lower than for
fully rigid blades case with the same geometry (Lei & Nepf, 2019b).

To quantify the impact of blade motion on wave attenuation, Luhar et al. (2017a)
proposed the physical concept of effective blade length, defined as the rigid blade
length that dissipates the same wave energy as the moving flexible blade. This
approach allowed to quantify wave dissipation by considering a rigid vegetation

model and thus overcoming the problem of the relative velocity: effect of vegetation
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shape and Reynolds number were incorporated into the drag coefficient, in order to
estimate Cp from literature, considering non-flexible vegetation, while effects of

bending and motion were accounted for through the effective length [,.

Luhar & Nepf (2016) studied the wave-induced dynamics of flexible blades in a
pure-wave flow and determined the coefficient that describes hydrodynamic drag

produced by a vegetation stand:

1
Cppw = max (10KC™ 3, 1.95) (2.3)

with KC = U,,T/w,, based on Keulegan & Carpenter (1958) and on Graham
(1980).

Equation (2.3) assumes that drag is the dominant hydrodynamic forcing and inertial
effects are not relevant. The Keulegan Carpenter number K C represents the relative

magnitude between drag and inertial forces, thus KC > 1 is a required condition

(Luhar & Nepf, 2016; Luhar et al., 2017).

Luhar & Nepf (2016) also described the deformation of vegetation in response to
flow, named as reconfiguration, in terms of wave Cauchy number Ca,,,, which is
the ratio of the hydrodynamic forcing to the restoring force due to blade stiffness,
of blade length ratio L, which is the ratio of the blade length to the wave orbital
excursion and of buoyancy parameter B, which is the ratio between the restoring

forces due to buoyancy and stiffness.

w, U, 213
Cay, = pr—IW (2.4)
L= l _ 2ml 55
A, U,T 25)
3
_ Apg;’;’tbl 2.6)
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where Ap = p — p,, is the difference in density between water (p) and blades (py),
w,, is the blade width, t, is the blade thickness, U, is the orbital wave velocity at
canopy top, T is the wave period, g is the gravitational acceleration, E the Young
modulus and I the moment of inertia.

Based on individual blades analysis, the following scaling laws were proposed to
determine the effective plant length [, applicable in the wave energy dissipation
model, respectively, for large wave excursion (L << 1) and for small wave

excursion (L > 1), as represented in figure 2.1.

l 1

Te ~ Capw_§ 2.7
l, 1
T (Capyl)™2 (2.8)
L1 L>1
24,
" -
e —— > —

Figure 2.1: schematic illustration of single blade behaviour at large-excursion limit (left panel) and at
small-excursion limit (vight panel). Figure taken from Luhar & Nepf (2016)

Luhar et al. (2017a) validated equation (2.8) for individual plants within a meadow,
while Lei & Nepf (2019b) used the scaling law to construct a predictive model for

wave attenuation over a meadow.
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They further developed the concept of effective length, by introducing an effective
meadow height [, ,y, that accounts for plant morphology and blade
reconfiguration, recognizing that a plant consists of both a rigid (1,.) and a flexible

segment (l;)), assumed to behave like an isolated blade of length [, = [ — [,..

1
lemwe = 0.9(Cayy)p 3% 1, +1, (2.9)

Moreover, they considered the in-canopy velocity reduction (due to drag exerted by
canopy elements) relative to linear wave theory, by introducing the factor «, defined
as the ratio of in-canopy to free-stream velocity and computed following (Lowe et

al., 2005).

As final result, Lei & Nepf (2019b) proposed the following wave dissipation

coefficient:

Kppw = — Cp pwayka® 9 Sirllh(kle.m,\.m) + sinh(3kle mw)
W9 0P sinh kh (sinh(2kh) + 2kh)

) (2.10)

in which a,, is the vegetation frontal area per unit meadow and is calculated as a,, =

n,wy, where n,, is the number of blades per unit area.

Kp pw should be applied in the wave dissipation model based on the formulation

proposed by Dalrymple et al. (1984):

aw,O
1+ Kp pwQw,0X

a,(x) = (2.11)

This model provides a method to predict wave attenuation due to seagrass canopies
without requiring a priori measurements of blade posture and produced good

predictions for some laboratory and field studies.

18



State-of-the-art

2.2. WAVE ATTENUATION IN A COMBINED WAVE-
CURRENT FLOW

Wave energy dissipation produced by aquatic vegetation in a combined wave-
current flow has been much less characterized compared to the dissipation produced
by a pure-wave flow, mainly due to the complexity of the nonlinear interaction

between waves and current.

The first studies on the topic gave contradicting conclusions on the effect of a
following current on wave dissipation induced by submerged meadows: Li & Yan
(2007) presented a numerical model, supported by some laboratory experiments
performed with artificial rigid submerged vegetation, that showed a larger wave
attenuation in the presence of a combined wave-current flow, compared to the pure-
wave case, while Paul et al. (2012) conducted some flume experiments using
artificial flexible and rigid submerged vegetation that showed a reduced wave

attenuation in the presence of a following current.

Hu et al. (2014) pointed out that the velocity ratio between imposed current velocity
and orbital wave velocity at canopy top, i.e. U, /U, was different in the two studies
abovementioned. Therefore, they designed a series of experiments in order to
investigate the effect of the dimensionless parameter U./U,, on wave energy
dissipation induced by rigid emerged vegetation in a combined-wave current flow
with a following current. Results showed that small current velocities lead to less
wave attenuation in comparison to pure-wave conditions, as (Paul et al. (2012),
while the opposite, hence larger wave attenuation, happens for higher current
velocities, as Li & Yan (2007). Results obtained for rigid submerged vegetation are
further corroborated by Yin et al. (2020) and Zhao et al. (2021) and the different
behaviour based on U./U, was attributed to changes in wake structure and

enhancement of in-canopy velocity.

Two main physically-based models that describe wave attenuation due to aquatic

vegetation in a combined wave-current flow are present in literature: Losada et al.
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(2016) model and Schaefer & Nepf (2022) model. These models are commented on
here and described in their entirety in Section 2.3.

Losada et al. (2016) introduced a new analytical model for wave energy dissipation
under combined waves and current due to salt marshes based on the energy flux
conservation approach presented by Dalrymple et al. (1984) for regular waves and
by Mendez & Losada (2004) for random waves. The model was validated by fitting
experimental results obtained from tests performed in a large basin at prototype
scale using real semi-rigid vegetation species. This formulation is based on the main
assumption that the wave-current field is irrotational and uniform, hence their
interaction is modelled as linear, in order to obtain an analytical formulation for
wave dissipation coefficient. In a range of 0.5 < U./U,, < 1.4, they obtained a
smaller wave dissipation when waves and currents are combined, in comparison
with pure-wave conditions, in agreement with Paul et al. (2012) and Hu et al.
(2014). By fitting experimental results, they obtained an empirical formulation for
drag coefficient, incorporating in it the effect of the interaction between meadow
density and flow, namely vegetation motion and plant reconfiguration, on wave

dissipation along the canopy:

9

) (2.12)

75
Cowe = 0.25 + (Re
wc

hpuwc . . . o
where Re,,. = % is the Reynolds number in combined wave-current conditions,

in which the length scale is the deflected height hj, the velocity scale is the
horizontal flow velocity in combined wave-current conditions calculated at canopy
top u,,. and v is water kinematic viscosity.

As length scale for the vegetation, they introduced the deflected length hp, defined
as the actual length affecting flow due to bending and based on videorecording of
plants bending angle 6 during experiments. This parameter does not contain any
physical meaning related to plants motion. It only describes the reduction in

vegetation frontal area opposed to the flow due to the impact of a following current.
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On the other hand, Schaefer & Nepf (2022) proposed a model in which
hydrodynamic drag reduction caused by plants motion is considered in the
definition of the vegetation effective meadow height, as Lei & Nepf (2019b) did,
rather than in the drag coefficient Cp,. They obtained the wave energy dissipation
coefficient for combined wave-current flows Kp . in the same form of equation
(2.10), with the introduction of a new scaling law as length scale for vegetation in
conditions in which both waves and current contribute significantly to

hydrodynamic drag and blade reconfiguration (0.25 < U./U,, < 2):

Le

1
7 = 09(Cay)3 (2.13)

where the wave-current Cauchy number Ca,,. is defined as Lei & Nepf (2019a):

1pCD, Wblb3 1
Caye = 52222 (42 4 20,2) (2.14)

where Cp, ¢ 1s the drag coefficient in combined wave-current conditions, U, is the
time-averaged current velocity and U, is the wave orbital velocity at canopy top
calculated from linear wave theory.

Equation (2.13) was demonstrated to predict the effective length reasonably well in
wave-dominated (U./U,, < 0.25) and current-dominated (U./U,, > 2) regimes as
well. Introducing the concept of rigid sheath and flexible blade, as Lei & Nepf
(2019b), the vegetation length scale proposed to be applied in equation (2.10) to
obtain the wave dissipation coefficient in combined wave-current conditions K, .,

is the following:

1
le,m,wc = Og(c‘amjc)b_§ X lb + lT (2.15)

Drag coefficient for combined wave-current flows Cp ,,, has been calculated as in

pure wave conditions using equation (2.3), following Sarpkaya & Storm (1985),
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that observed a convergence with pure wave values for drag coefficient in combined
wave-current flows for KC > 30.

In order to validate the use of equation (2.15) in Kp . formulation, Schaefer &
Nepf (2022) performed a series of flume experiments using an artificial seagrass
meadow, varying wave characteristics and current velocity. They observed that the
ratio between the wave dissipation coefficient in a wave-current and in a pure-wave
flow is function of the dimensionless parameter U,/U,, and of the Cauchy number

for pure-wave flow Ca,,,.
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Figure 2.2: measured wave dissipation coefficient Kp . for wave-current flows normalized by for pure wave
conditions Kp ., with the same wave amplitude at the meadow leading edge, as a function of (a) the
dimensionless number Uc / Uw and of (b) the wave Cauchy number Cay,,. Figure taken from Schaefer &
Nepf(2022)

Specifically, as observed in figure 2.2, the presence of a following current reduced
Kp,we/Kppw when U, /U, > 0.5, because of the enhanced reconfiguration caused
the vegetation current-induced deflection. This is relevant for small wave
amplitudes (Ca,, < 2000) when wave-induced blade motion is weak, while for
high wave amplitudes (Ca,, > 2000) the effect of a following current on wave
attenuation is negligible due to the strong wave-induced reconfiguration. The
reduction of wave dissipation coefficient was observed to reach an asymptote at

Kpwe/Kppw = 0.6, when U./U,, > 1.
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Schaefer & Nepf (2022) explained the contrast of their results with past literature
for rigid meadows (Li & Yan, 2007; Hu et al., 2014) with the current induced
reconfiguration of the blades, whose effect of blade-normal relative velocity and
vegetation frontal area reduction is greater than the increase in total velocity and

thus drag coefficient caused by the current.
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Figure 2.3: Measured wave damping coefficient Kp ¢ as a function of the wave-current Cauchy number
Cay,c. Figure taken from Schaefer and Nepf (2022)

Furthermore, results obtained in terms of Kp,,. gave support to the use of the
effective meadow length [, . as predictor of the impact of reconfiguration on
meadow drag and wave dissipation. Indeed, the measured power law dependence
between Kp ,,. and Ca,, falls, depending on water depth, between —0.33 and —0.5

(see figure 2.3), which are close to the theoretical dependence derived from their

1
model: Kp . ~ Ca,,. 3 (obtained without considering the dependence of Ca,,. on

CD,WC)'
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2.3. ANALYTICAL MODELS FOR WAVE ATTENUATION IN A
WAVE-CURRENT FIELD

Wave attenuation model by Losada et al. (2016)

The model is based on the following assumptions:

1. Current is uniform over the water depth and alongshore the meadow.
Current and waves are collinear.

Linear wave theory.

Irrotational and uniform wave-current field.

Doppler effect is considered in the wave velocity field.

Dissipation is only due to drag force.

o

The horizontal drag force component is dominant and drag coefficient is
depth-averaged.
8. Constant depth and horizontal bottom.

9. Dense vegetation conditions.

Based on the aforementioned assumptions, the one-dimensional, steady

conservation of energy flux equation for waves and current is expressed as:

aEwccg,wc — _¢
ax D,wc

(2.16)
where E, is the energy transfer in combined wave-current conditions, Cg . is the
group velocity in combined wave-current conditions and &p,,. is the energy
dissipation per unit horizontal area.

Considering assumptions from (1) to (5), the group velocity Cg . can be expressed

as:
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0o 0(Uck +./gktanhkh)
= o =

Cowe =51 Ue + Cypw

—U +1(1+ 2hh & hkh)% _
= Ue 51 * Sinh c2imy) e t2nh (1)

where the wave frequency o is equal to ¢ = U.k + / gk tanh kh, following the
dispersion relationship proposed in the linear wave theory by Dean & Dalrymple

(1991) for waves propagating over a current with velocity U..

Depth-integrated and time-averaged energy transfer in the wave-current field is

calculated as Baddour & Song (1990):

1

p 2kh )g 2
Eye=—g(1+——)(Ztanh H?
we = 169 ( * Sinh (2kh) (G tanh ()
P ( i) 2 2.18
t169% 3t Snn c2zremy ) (2-18)
3p g 2 p
oF 2 (Y 2002, F 3
+ 2ok (kcoth (kh))* H +5hU,

where H is the wave height.

The first term represents the transport of energy by the wave group velocity; the
second term is the transport of energy by the current velocity, considering the work
done by current against wave radiation stress; the third and the last term are related
to kinetic energy transport performed by current. Summing up, the first term is the
wave energy component, the last term the current energy component, while the
second and third term represent the contribution of non-linear interaction between

current and waves.
Considering assumptions (6) and (7), it is possible to define the depth-integrated

(over the canopy height) and time-averaged (over a wave period) energy dissipation

per unit horizontal area, considering z = 0 at horizontal bottom, as:
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l
Epwe = f FD,wcuwc dz
0 (2.19)

—h+hp
= f 2 PCpwcan Ny, Uy luye dz
—h

The product a, N is equal to a,,, the vegetation frontal area per unit meadow volume
and Fp . is the force acting on vegetation per unit volume and according to
assumption (6) it is possible to consider only the drag component of this force.

The term u,,. is the horizontal flow velocity, and considering assumptions (3), (4)

and (5) it can be expressed as:

gk cosh (k(h + 2))
T 2 —U.0) " cosh (kh)

Uye = U, sin (kx — at) (2.20)

Based on assumption (9) of dense vegetation conditions, the oscillatory component
can be considered dominant inside the canopy, because currents are diverted around
and over the meadow, depending on submergence ratio (Losada et al., 2016), and

current contribution in horizontal velocity can be neglected:

gk cosh (k(h + 2))
Ywe =506 ) cosh (kh)

sin (kx — at) (2.21)

where 0, = 0 — U .k = U k +/gk tanh kh — U _k =,/ gk tanh kh is the wave-
current angular frequency introduced by Losada et al. (2016), obtained in a

reference system moving with current velocity.

Substituting in equation (2.19), the energy dissipation can be written as:
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hp 1
Epwe = f E.OCD,wcavuwcluwcluwc dz
0

2

1 gk cosh(k(h + 2)
_ th 2PCowetty <2(0WC)H co(sh(kh)z )Sm(kx_“t)) (2.22)
B 0 gk cosh (k(h + 2))

2(0we) cosh (kh) dz

sin (kx — at)

Phase-average of energy dissipation is done by averaging over a wave period
T . . : :
( % fo Epwe dt ), and then solving the vertical integration. The result is the energy

dissipation due to vegetation over a wave period:

3 3 .
2 ( gk ) sinh th+351nhthH3 (2.23)

=2 nC
Eowe = T3 PLowee (505 3k cosh kh

Substituting equations (2.17), (2.18) and (2.23) in equation (2.16), the energy flux
balance becomes a differential equation that can be solved by separating variables
and integrating, considering that only the wave height H is function of x. The result

is in the form of the wave attenuation model proposed by Dalrymple et al. (1984):

Hy
H(x) =———F— 2.24
@ =155 (224)
where
Ag
Buc = Ho - (2.25)
0
with
2 gk \>sinh3(khp) + 3sinh (khp)
= 2.26
Ao 3 PLDweay (2(awc)> 3k cosh3(kh) (226)
and
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N =

2kh
= s ( + Sinh (Zkh)) (%tanh (kh)

4P U<3+ Heh )
89%\> T Sinh (2kh)

227
3p, . 2(9 2 227
+ kU (Ecoth (kh))

1
1 2kh g 2z
x |U, +§(1 e (Zkh)) (Ztanh (kh)) ]

Wave attenuation model by Schaefer & Nepf (2022)

This wave attenuation model is based on the following assumptions:

Current is uniform over the water depth and alongshore the meadow.
Current and waves are collinear.

Linear wave theory

Irrotational and uniform wave-current field.

Doppler effect is negligible (Cgp,y, > Uc).

A A o e

Reduction of the in-canopy wave velocity within the meadow due to canopy

drag.

7. Current has an impact on reconfiguration but not significantly increase the
total velocity (U; < U,).

8. Model valid for rigid vegetation: effect of motion and bending is hidden into
the vegetation length scale.

9. Dissipation is only due to drag force.

10. The horizontal drag force component is dominant given the slender
morphology of seagrass blades and drag coefficient is depth averaged.

11. Constant depth and horizontal bottom.

Considering assumptions from (1) to (5), the steady wave energy balance is

expressed as
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aEwcCg,wc - —¢
ax D,wc

(2.28)
Based on assumptions (3) and (5) the group velocity for a combined wave-current
flow Cg . can be considered equal to the one for a pure wave flow Cj ,,,, obtained

from linear wave theory.

N R

1 2kh g
Oy PR L V(U (2.29)
Come = Lapw 2( + Sinh (Zkh))(ktan (kh)

For rigid vegetation, the relative velocity between the vegetation and the water u,
is the absolute fluid velocity u,,. within the meadow. Assuming linear wave theory,
reduction of in-canopy wave velocity and negligible current velocity impact it is

equal to:
sin (ot) (2.30)

where a is the reduction in orbital velocity due to drag and inertial forces

exerted by the canopy elements and is calculated as Lowe et al. (2005)

1=
14 (Cy — DA,

a (2.31)

with €y, inertia coefficient for rigid cylinder and 4, describing the solid volume
fraction.
Depth-integrated and time-averaged energy transfer in the wave-current field is

based on Dean & Dalrymple (1991) linear wave theory:

1
Eye = Epgawz (2.32)
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Considering vertical blades of a general vegetation length [ and assuming (8), (9)

and (10) as valid, the rate of energy dissipation by vegetation can be expressed as

l l
Epwe = f FD,WCuWC dz = f EPCD,WCavurlurluwc dz
0 0 (2.33)

l

— — 2

_f ZpCD,wcavluwcluwc dz
0

Substituting equation (2.30), solving the vertical integration and phase averaging,

equation (2.33) becomes:

2 aa,,o \3( 9sinh(kl) + sinh(3kl)
Epwe = 5—pPCp e ( ) (2.34)
We 3T TP \sinh (kh)/ \sinh kh (sinh(2kh) + 2kh)

Assuming Cp,,. and a, as constant, equations (2.29), (2.32), (2.34) can be

substituted in the energy balance (2.28) to yield:

o1
a<§pgaw Cg,wc)

235
B c ( aa,,c )3 9 sinh(kl) + sinh(3kl) (2.35)
= T3P owe® \Ginh (kh)) \sinh kh (sinh(2kh) + 2kh)

(2.35) is a differential equation that can be solved by separating variables and
integrating, considering that only the wave amplitude a,, is function of x. Result is

in the form proposed by Dalrymple et al. (1984):

aW,O
1+ Kpyeayox

a, (x) = (2.36)

in which the dissipation coefficient in combined wave-current flow K, .. is defined

as:
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9 sinh(kly e ) + SINh(3kly mwe)
sinh kh (sinh(2kh) + 2kh)

2
KD,WC == gCDakaﬁ < ) (2.37)

with length scale [, ,,,,c, defined in equation (2.15) as characteristics vegetation
length, which can be better predicted using in the definition of Ca,,. (2.14) the total
in-canopy current velocity U, given by the reduced current velocity U, . and the
wave-induced current U, ,,,, instead of the time-averaged current velocity U,.

Thus, it follows:

1pCD, Wblb3 1
Cay, = 5#(@2 +EUW2> (2.38)

with U; = U, , + Uy ¢, where:

a,kl
Uy, =(0.740.2) 0.9 U, /% U, (2.39)

Uy, = Ue
1,c —
hD CD,C a, le,m,c h — hD 3 (2‘40)
1_7’17’\[26(1—/11,) %2)

1 1
Here l,mw = 1.1(CayL), %1, and o, = 09(Ca,c)p 3 %1, + 1, are the

3
1pCpwWp Uy lp

effective lengths calculated in wave-dominated (Caw =3 o ) and

. 1 pCp,cwpUA 1> . . .
current-dominated (C a. = EPD'C%) regimes, A, is the canopy solid volume

fraction, Cp, =195+ :TO =195 + —2

c Ucwp/v

is drag coefficient in pure-current

.. 5.\1/3 .
conditions and C = 0.07 (f) characterizes turbulent stresses at the top of the

0.23

canopy, with 6, =

ayCp,c
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3. METHODOLOGY AND METHODS

3.1. EXPERIMENTAL FACILITY

Experiments were conducted in a 50 m long, 61 cm wide and 1 m deep, non-tilting,
recirculating, open channel flume located at the Giorgio Bidone Hydraulics
Laboratory of Politecnico di Torino (figure 3.1). The flume has glass sidewalls and
a bed made mainly of steel and, in some parts, of glass. A false bed of smooth
concrete blocks was placed over the original bed of the flume along its entire length,
apart from the test section, that starts at x = 19.751 m downstream the inlet of the
channel. The mimic meadow was mounted above the flume bed in the 4 m test
section, by inserting four baseboards with the artificial plants. The x-axis is
considered aligned with the length of the flume starting at the inlet, while z-axis is
vertical and normal to the bottom of the flume, that is considered as the origin.
Waves were generated by a piston-type wavemaker (figure 3.2) placed in proximity
of the flume inlet. It allows to generate waves with a maximum height of 0.3 m and
with a wave period between 0.2 and 6 s. Transfer function used to determine actual
wave characteristics from imposed oscillatory motion of the wavemaker was
known. A 2.2 m long porous steel passive wave-absorber was installed at the end
of the flume, just before the outlet, to absorb wave energy and prevent wave
reflection to large extents.

Three types of experiments have been performed, involving pure-wave flow, pure-
current flow, and combined wave-current flow The outlet of the channel was sealed
with a steel cap in pure-wave experiments and with a sharp-crested weir used to
regulate water depth in pure-current and wave-current experiments. Current flows
in the flume thanks to a submerged pump that enables water recirculation between
the flume and a large underground sump, which is connected to the inlet through a
pipe were an electromagnetic flow meter was mounted to monitor the flow rate for

each test.
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Figure 3.1: upstream-downstream view of the large scale open-channel flume at the Giorgio Bidone
Hydraulics Laboratory of Politecnico di Torino. Figure taken from Peruzzi (2020)
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Figure 3.2: view of the piston-type wavemaker at the inlet of the open-channel flume

Figure 3.3: view of a detail of the test section with artificial vegetation bended due to the pure-current flow
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3.2.  INSTRUMENTATION

Wave gauges

Eight wave gauges (WG) connected to a controller were installed on the flume at
fixed locations, to measure height of the water column. They operate by measuring
the resistance of water between a pair of parallel rods. Resistance is proportional to
the immersion depth and is then converted to a length by using an appropriate
calibration file. An Edinburgh Designs WGSUSB Wave Gauge Controller measures
the signals from the eight probes and allows the synchronization with the
wavemaker for data collection. Probes’ sampling rate is 128 Hz and each

acquisition lasted for all test duration.
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Figure 3.4: scheme of a wave probe (left figure) and probes’ installation in the flume (right figure)
Wave gauges were used to measure in eight different locations the water depth at

high sampling rate in order to retrieve wave height modifications along the flume.

WGI was placed next to the wavemaker as a reference to control wave generation
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mechanism. WG2 was placed just before the meadow and is the reference
measurement for wave height attenuation analysis along the canopy (HO =

H(WG2)). WG8 was placed immediately after the end of the test section.
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Figure 3.5: scheme of WGs locations along the channel

Electromagnetic flowmeter

An electromagnetic flowmeter Euromag International MC608 converter is
installed on the main pipe supplying water to the channel and it provides
measurements of the flow rate. It works by generateing a local magnetic field and
then measuring how the flow modifies it. According to the manufacturer, the
accuracy in flow velocity readings is equal to 0.2% % 2 mm/s.

The flowmeter was used during all the tests to measure the flow rate entering the
flume by averaging instantaneous velocities measured in a time interval of 1
minute. Afterwards, values obtained were averaged on the effective test duration in

order to calculate, from the discharge rate, the effective current velocity.
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Figure 3.6: electromagnetic flow meter

Thermometer

A digital thermometer with a precision of +0.1°C was used to measure water
temperature before the realization of each experiment. Measurements were taken
immediately downstream the wavemaker. Temperature was recorded in order to

assess water viscosity and water density during each test.

Vernier scale

A Vernier scale was installed immediately upstream the test section in order to
measure water depth in the flume, mounted on a metal structure which allowed its
positioning above the flume. Measurements were used to quantify the exact water

depth h at the test section, with a precision of 0.05 mm.

Ultrasonic gauges
Two ultrasonic gauges with a sampling frequency of 100 Hz have been installed
before and after the test section, at distance of 6.7 m. They were used to monitor

the evolution of free surface in pure-current experiments.
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3.3.  SEAGRASS MODELLING

Seagrass shoots have been constructed in order to be morphologically and
dynamically similar to four seagrass species (Posidonia oceanica, Zostera marina,
Zostera noltii and Cymodocea nodosa), based on field observations and information

available in literature.

Each mimic seagrass is composed of 4 low-density polyethylene strips, that mimic
plant’s leaves, put inside a heat-shrinking sleeve, that mimics plant’s rigid sheath
(figure 3.7). The number of blades chosen is consistent with field observations for
Zostera noltii, Zostera marina and Cymodocea nodosa, while Posidonia oceanica
has 7 leaves (de los Santos et al., 2016). The sheath has a diameter of 0.32 cm and
is 1 cm long; blades are 9 cm long, 0.2 cm wide and 0.09 mm thick. Hence, total
length | of a mimic seagrass in still water is 10 cm. Young modulus E of blade
material is 128 MPa and material density p, is 930 kg/m3. Submergence ratio
varies from 0.25 to 0.5 depending on water depth, as explained in Section 3.4. In
table 3.1 a summary of seagrass biomechanical traits and submergence ratios
observed in the field is reported. Data are taken from de los Santos et al. (2016),
Vettori & Marjoribanks (2021), Soissons et al. (2018) and Schaefer & Nepf (2022).

Table 3.1: seagrass properties observed in the field
thickness width length Young Submergence
[mm] [mm] [m] modulus ratio
[MPa] (-]
Cymodocea nodosa 0.1-04 26—-47 0.1 —0.55 55—-105 01-1

Posidonia oceanica 0.2-0.5 9—-10.8 0.15 — 0.75 110 — 470 0.02—-0.5
Zostera marina 0.15 — 0.44 3—-12 0.15-10.8 100 — 380 0.1-0.5
Zostera noltii 0.16 — 0.26 2—2.7 0.05—-0.27 75-1000 01-1
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Figure 3.7: shoots of mimic seagrass used in the experiments

Mimic plants were inserted in four predrilled boards made in plexiglass, each board
is 1 m long and 0.61 m wide, for a total meadow length of 4 m and a total meadow
area of 2.44 m?. Then, baseboards have been placed into the flume at the test

section, creating the meadow.

Four different meadow densities were used in the experiments: 251, 502,
669 and 1338 plants/m?. In the next paragraphs, they will be indicated
respectively as Veg251, Veg502, Veg669 and Vegl1338. In figure 3.8 it is
shown the stem configuration for meadow density 669 plants/m?. Densities were

selected based on seagrass data present in the literature:
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- Ondiviela et al. (2014) reported a density from 600 to 4000 plants/m? for
Zostera noltii in the field;

- Schaefer & Nepf (2022) reported a density from 350 to 2200 plants/m?
for Zostera marina in the field;

- Infantes et al. (2012) reported a 2200 plants/m? density for Posidonia

oceanica in the field.

Belcher et al. (2003) predicted that dense canopy regimes occur for:

t
S—l;l > 0.1 3.1)

where S is the average plant spacing.

Considering that in densest condition tested (Veg1338) S~ 7.4 cm, it follows
t—l;l < 0.1 for every stem density used in the present study, and thus all tests are
S

performed in condition of non-dense canopy.

Figure 3.8: detail of shoots arrangement for Veg669. Filled circles are holes in which is placed a plant;
empty circles represent empty holes.
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3.4. EXPERIMENTAL DESIGN

Experiments were designed following similarity considerations in order to make
them representative of field conditions. Froude number Fr, Cauchy number Ca,

buoyancy parameter B and length ratio L were used to assess scaling ratio for length
r; and, referred to it, for velocity (ru = \/71), Young modulus (ry = r;) and time
(rt = \/71) Scaling ratios achievable in terms of length to reproduce the four

seagrass species vary from 1 to 8. The effect of turbulence is considered negligible

and the Reynolds number Re was not used in the similarity considerations.

Three experimental water depths were used: 20,30 and 40 cm, and that allowed to
reproduce water depths from 20 cm to 3.2 m in the field. They will be indicated
respectively as h20, h30 and h40 in the next paragraphs. The corresponding
submergence ratios [/ h, hence the fraction of water depth occupied by plant height,
were respectively: 0.50,0.33 and 0.25, in accordance with field data reported in
table 3.1. Wave heights were selected to cover all the wavemaker operative range,
in accordance with its limitations related to water depth, which varies between
0.01 m and 0.15 m, means wave heights from 0.01 m to 1.2 m in the field. Wave
periods were designed to vary between 0.81 s and 2.20 s, corresponding to a range
from 0.81 s to 6.22 s in the field.

Current velocities were designed in order to be representative of field conditions
and to cover the widest possible range of U,/ U,,. Folkard (2005) reported a velocity
range of 0.08 — 0.4 m/s for Posidonia oceanica and Schaefer & Nepf (2022) of
0.01 — 0.55 m/s for Zostera marina. Three depth-averaged current U1, U2 and U3
have been used and they correspond respectively to 0.075, 0.125 and 0.175 m/s,
which represent velocities from 0.075 m/sto 0.49 m/s in the field, and that make
vary U./U, between 0 and 12. For a relevant number of tests, it was imposed
U./U, < 0.5, that is the transition value indicated by Schaefer & Nepf (2022)
above which the reduction in wave attenuation due to presence of the current is
relevant. Moreover, some tests were designed with U./U,, > 3 in order to broaden

the range studied by Schaefer & Nepf (2022).
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Combining all the values for the parameters described above, a set of 27
experiments have been performed for each current velocity and thus a set of 81
experiments have been performed for each of the four vegetation densities involved,
plus for the condition of unvegetated bed, resulting in 405 experiments overall. A
summary of the hydraulic and wave conditions for each set of experiments is shown
in table 3.2. Based on the wave characteristics reported in table 3.2, the Le
M¢hauté’s diagram of wave theories validity (Le Méhauté, 1969) was used to assess
the most appropriate wave theory to describe waves employed in the experiments

(see figure 3.9)

- Le Mehaute Wave Theory Validity Test ID10
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Figure 3.9: Le Méhauté’s diagram of wave theories validity.

All the waves employed fall outside the region of validity of the linear wave theory.
They mainly belong to the Stokes’ 2" order and Stokes 3™ order regions. The higher
is the wave height, the more waves are nonlinear. However, as will be explained in

the next chapter, waves will be analyzed considering linear theory so that to
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compare results with the models from the literature in which the interaction between

waves and current has been modelled as linear. Therefore, any mismatch between

the results and the models could be due (at least partially) to nonlinear interactions

between waves and current. Further, all the tested waves fall in the range of

intermediate depth, defined as /10 < kh < m (Dean & Dalrymple, 1991).

Table 3.2: summary of wave and hydraulic conditions for experiments performed for each current

TEST H L Uc/ Uw for Uc/ Uw for Uc/ Uw for
[m] [s] [m] [m] U~0.075m/s U~0.125m/s  Uc~=0.175 m/s
0.2 IDO01 1.38 0.010 1.8 22 24 39 5.5
0.2 D02 220 0.021 3 78.6 1.1 1.8 2.5
0.2 IDO3 193 0.031 26 100.7 0.7 1.2 1.7
0.2 ID0O4 1.65 0.041 22 11.1 0.6 0.9 1.3
0.2 IDO5S  0.87 0.047 1 55 0.6 1.0 1.4
0.2 IDO6 096 0.057 1.15 77.8 0.5 0.8 1.1
0.2 ID07  1.18 0.078 1.5 1422 0.3 0.5 0.7
0.2 IDO8  1.06 0.096 13 1499 0.3 0.4 0.6
0.3 IDO01 1.4 0.010 26 205 3.0 5.0 7.0
0.3 D02  2.13 0.021 35 580 1.4 2.3 32
0.3 IDO3  0.82 0.029 1 16.9 1.8 3.0 4.2
0.3 ID0O4 1.86 0.051 3 121.4 0.6 1.0 1.3
0.3 IDO5S 142 0.059 22 100.2 0.5 0.9 1.2
0.3 IDO6 096 0.076 13  66.6 0.5 0.9 1.3
0.3 IDO7  0.89 0.096 1.15 69.8 0.5 0.8 1.1
0.3 IDO8 122 0.116 1.8 1552 0.3 0.5 0.7
0.3 ID09 1.06 0.144 15 1522 0.3 0.4 0.6
0.4 IDO01 1.14 0.010 1.8 8.5 5.0 8.4 11.8
0.4 ID02 191 0.020 35 41.0 1.7 29 4.1
0.4 D03 2.14 0.030 4 72.1 1.1 1.9 2.6
0.4 ID0O4  0.81 0.049 1 15.1 2.0 33 4.7
0.4 IDO5  1.68 0.060 3 101.8 0.6 1.0 1.4
0.4 IDO6  0.87 0.078 1.15 322 1.0 1.7 24
0.4 ID0O7 149 0.098 2.6 1413 0.4 0.7 0.9
0.4 IDO8 093 0.116 13 604 0.6 1.0 1.3
0.4 ID09 131 0.126 22 1469 0.3 0.6 0.8
0.4 ID1I0  1.02 0.145 15 96.1 0.4 0.7 0.9
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3.5. PRELIMINARY EXPERIMENTS

Pure-current flow experiments

The combined wave-current flows used to study energy dissipation induced by
vegetation were obtained by setting a steady flow in the flume and then overlapping
the collinear waves with the characteristics specified in table 3.2. The steady flow
conditions were achieved by setting the flow rate and the height of the sharp-crested
weir at the end of the channel so that to obtain at the target mean current velocities.
Free surface gradient As was measured in unvegetated bed condition by two
ultrasonic gauges located at both ends of the test section at a distance of 6.7 m from
each other. Measurements of the free surface profile (taken with ultrasonic gauges)
and of the flow rate (from the electromagnetic flowmeter) were analyzed to check
that the flow was indeed steady throughout the experiments. Results were compared

with the theoretical free surface profile for a steady flow calculated as Citrini &

Noseda (1987):

ps = 2Ep (3.2)
i—J

where AE, is the gradient of specific energy with respect to the bed, i is the bed
slope (which is equal to zero, being the channel non-tilted) and J is the head drop
with respect to the bed.

In table 3.3 the theoretical and measured free surface profiles along the test section

in condition of unvegetated bed are compared.
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Table 3.3: theoretical and measured free surface profiles

Experimental As (measured) As (predicted)
conditions [mm] [mm]
h40 - U1 -0.4 -0.1
h40 - U2 -0.5 -0.2
h40 - U3 -0.6 -0.4
h30-U1 0.1 -0.1
h30 - U2 0.1 -0.2
h30 - U3 0.1 -0.4
h20-U1 0.0 -0.1
h20 - U2 -0.1 -0.3
h20 - U3 -0.4 -0.6

A negative As means a decrease in water depth, that is the condition expected from
theory (Citrini & Noseda, 1987). Measured As are comparable with theory and,
being in the order of 0.5 mm, the free surface profile can be approximated as
horizontal in the test section. Positive values obtained for h30 and h20 — U1 are

considered as zero (negligible free surface gradient).

Pure-wave flow experiments

A series of 27 experiments with pure waves with the characteristics reported in table
3.2 were performed for each of the four densities considered in the present work
and in condition of unvegetated bed. Dissipation coefficients K, ,,,, were calculated
by removing from the dissipation obtained with vegetation the dissipation obtained
in unvegetated bed condition for the same experimental conditions. Results are
reported in table 3.4, with their 95% confidence intervals estimated from the linear
regression and considering uncertainty propagation as explained later on. The
dissipation coefficients of pure-waves were used as a benchmark to evaluate the

impacts of following currents on meadow-induced wave dissipation.
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Table 3.4: dissipation coefficients obtained in pure-wave conditions with the 95% confidence intervals. Each
column corresponds to experiments performed with different vegetation density, respectively 251, 502, 669
and 1338 plants/m’

Veg251 Veg502 Veg669 Vegl338

h TEST Kb pw Kb pw Kppw Kb pw
[m] [1/m?] [1/m?] [1/m?] [1/m?]
0.2 ID01 5.12+2091 591+£277 7.52+241 11.19 £2.62
0.2 ID02 1.64 +0.85 2.38+0.96 2.63+0.84 391 +1.01
0.2 1D03 1.69 + 0.66 2.28 £0.58 2.67+0.54 391+0.74
0.2 1D04 1.41 +0.57 1.93 +£0.84 2.23+0.63 3.32+0.87
0.2 1ID05 1.58 £ 0.66 2.77+1.17 2.5+£0.75 3.82+£0.86
0.2 1ID06 1.41 +0.56 2.24+£0.74 2.35+0.64 3.51+0.74
0.2 1DO7 1.15+0.32 1.61+£0.3 1.8 £0.32 2.92 £0.46
0.2 1D08 0.71 £ 0.45 1.21+£04 1.41 £0.47 2.43 +£0.65
0.3 IDO01 3.67+4.69 4.19 £4.85 4.56 +4.61 5.48 £4.88
0.3 1D02 0.4 +4.69 0.75+4.75 0.84 +4.97 2.18+4.94
0.3 1D03 0.84 £0.8 1.12+ 1.1 0.36 = 0.69 1.56 +0.78
0.3 1D04 0.49 £ 0.61 0.7+0.59 0.77 £ 0.73 1.4 +£0.68
0.3 1ID05 0.58 £0.45 0.71 £ 0.62 0.82 +£0.48 1.3+0.57
0.3 1ID06 0.49 +0.47 0.57 +0.49 0.61 +£0.46 0.94 +0.47
0.3 1IDO7 0.47 £0.17 0.56 +0.11 0.5+0.2 0.85+0.14
0.3 1ID08 0.41+0.18 0.5+0.2 0.59+0.21 0.9+0.32
0.3 1ID09 0.36 £0.13 0.5+0.18 0.55+0.17 0.78+0.3
0.4 IDO01 2.01 £3.26 1.96 £ 3.46 2.63+£3.21 3.43+3.35
0.4 ID02 1.65+3.13 2.12 £3.05 2.11+£33 2.58 +3.42
0.4 1D03 0.66 £3.23 0.91 £3.42 1.09 £3.31 1.32+3.51
0.4 1D04 0.19+0.35 0.29 £ 0.33 027+04 0.37+0.34
0.4 ID05 0.17+0.31 0.32+0.27 0.39 £ 0.33 0.6+0.3
0.4 ID06 0.16 £ 0.25 0.25+0.22 0.24 +0.28 0.32+0.21
0.4 1IDO7 0.26 £ 0.23 0.36 +0.23 0.41+0.19 0.58+0.2
0.4 1D08 0.1£0.22 0.12+£0.22 0.16 £ 0.23 0.17+0.19
0.4 1D09 0.14 +0.15 0.2 +£0.21 0.24 +0.18 0.38 £0.24
0.4 ID10 0.17+0.11 0.25+0.15 0.28 £0.16 0.32+0.15

46



Methodology and methods

Combined wave-current flow in unvegetated bed condition experiments

Experiments were performed also in a condition of unvegetated bed in order to
estimate the contribution of bed and side-walls friction to the total dissipation.
Hence, dissipation coefficients calculated for unvegetated bed were subtracted from
each corresponding test performed with the selected plant densities. Uncertainty on

the estimation was propagated in the subtraction following Taylor (1997) formula:

6KD,wc = SKD,wc,vego + SKD,wc,lr (33)

where 8 is the uncertainty on the estimation of the dissipation coefficient and

and &y are the uncertainties estimated from linear regression for

KD,wc,vegO l
Kp wc for unvegetated bed and selected density respectively.

The results obtained are reported in table 3.5.

3.6. DATA ANALYSIS

Signals of free surface level n collected from wave gauges were processed to
estimate wave dissipation coefficients. Waves were interpreted assuming linear
theory from Dean & Dalrymple (1991) to be valid, even if the waves tested in the
experiments don’t fall in linear theory’s applicability range in the Le M¢éhauté’s
diagram as shown in figure 3.9. Hence, the wave orbital velocity at canopy top U,
was obtained from linear wave theory, considering the measured wave height,
whose calculation is explained below. Wave period was considered the same of the
pure-wave case, as it has been observed that added current didn’t have an influence
on it. Current velocity was calculated by time-averaging over the experiments’
duration the velocity obtained from the flow rate measured by the electromagnetic
flow meter, knowing flume’s geometrical properties and water depth from Vernier
scale’s readings. Water kinematic viscosity and density were calculated from water

temperature measured before each test.
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The first steps of data analysis aimed to remove the parts of the signals affected by

wave reflection and the transient at the beginning, induced respectively by the

sharp-crested weir and the wavemaker. They have been performed as follows:

displacement [mm] - WG1 to WG8

of the cut signal.
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Signals have been detrended to remove the effect of water depth variations.
Signals have been cut 5 s before the theoretical arrival time of the first
reflected wave to each wave gauge, calculated assuming linear wave theory.

A reference wave height has been calculated from a reference timespan

Wave heights of each wave period antecedent to the reference timespan
have been compared with the reference wave height with a tolerance of
10%. Procedure stopped with the first wave period with wave height not

belonging to the reference wave height range. This became the starting point

200
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Figure 3.10: signals obtained for each WG (sorted from 1 to 8 from top to bottom) during one experiments.

The part highlighted is red is the one analyzed to obtain the dissipation coefficient

Wave height H has been calculated from the root mean square of the signals (1);-1,,5)

as indicated by Schaefer & Nepf (2022):
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H = \/E* 2N rms 3.4)

Dissipation coefficients K, ,,. have been obtained by interpolating experimental

data with the wave attenuation model proposed by Schaefer & Nepf (2022):

a,(x) = TF Ky oty o (3.5)
that rewriting becomes:

Ao — Ay (x

G0 Z O _ g et (3.6)

Ay (%)

Comparing equation (3.6) with a linear regression as y = mx + g, where x is the
independent variable, y the dependent variable, m the slope and g the intercept, it

follows:

m = KpwcQw,o (3.7)
Knowing that wave amplitude is half of the wave height it is possible to obtain the

wave dissipation coefficient:

m

K =2
D,wc HO (3,8)

where Hy = H(WG2).
It should be pointed out that linear regression has been performed with the free
intercept instead of forcing it to zero to better adapt model to experimental errors.

All the intercepts fell in a limited range around zero.
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Table 3.5: dissipation coefficients obtained in combined wave-current conditions with the 95% confidence intervals

h20-Ul  Veg251 [m?] Veg502 [m?] Veg669 [m?] Vegl338 [m?] h30-Ul  Veg251 [m?] Veg502 [m?] Veg669 [m?2] Vegl338 [m?] h40-Ul  Veg251 [m?] Veg502 [m?] Veg669 [m?] Vegl338 [m?]
1DO01 2.17+281 3.65+2.80 5.07+2.62 6.82+3.44 1DO01 135+140 1.88+0.83 2.12+1.20 4.27+1.35 1DO01 042+195 0.89+2.11 1.05+£2.13 0.80+2.69
1D02 0.23+£037 0.79+041 1.06+£0.29 2.28+0.35 1D02 0.65+£130 1.18+149 122+1.58 3.02+1.01 1D02 026+1.62 046+1.74 0.69+187 097+1.87
1D03 0.38+035 0.72+042 097+045 2.03+0.21 1D03 0.37+043 065049 0.69+049 1.63+0.25 1D03 0.16+0.81 0.26+0.89 0.51+0.88 0.65+0.83
1D04 040+0.51 0.75+0.40 1.02+049 1.91+0.80 1D04 0.12+0.23 032+£0.27 0.39+023 1.12+0.14 1D04 0.06+0.19 0.10+0.18 0.18£0.22 0.17+0.23
1DO05 1.93+486 222+534 0.69+4.05 4.13+532 IDO05 0.17+0.14 030+0.20 0.44+0.13 1.01£0.07 1D05 0.06+0.17 0.15+0.18 0.22+0.21 0.49+0.24
1ID06 1.05+1.43 139+130 1.76+0.96 2.64+0.94 ID06 0.13+0.10 0.19+£0.13 0.22+0.09 0.72+0.05 1D06 0.06+0.08 0.08+0.09 0.09+0.12 0.15+0.16
1D07 0.20+0.24 045+0.25 0.61+£0.20 1.21+0.36 1D07 0.10+£0.10 0.14+£0.15 0.18+0.09 0.57+0.10 1DO07 0.07+0.10 0.12+0.07 0.14£0.06 0.35+0.09
1D08 0.15+£0.26 037020 0.41+034 1.15+0.24 1D08 0.10+0.15 033+046 0.24+0.14 0.68+0.10 1D08 0.04+0.07 0.06+0.09 0.08+0.09 0.18+0.09

ID09 0.11+0.28 026+042 0.18+0.25 0.52+0.15 1D09 0.04+0.06 0.07+0.06 0.11£0.06 0.25+0.12

ID10 -0.01+0.11 0.02+0.11 0.03+0.12 0.17+0.13

h20-U2 Veg251 [m?] Veg502 [m?] Veg669 [m?2] Vegl338 [m?] h30-U2 Veg251 [m?] Veg502 [m?] Veg669 [m?] Vegl338 [m?] h40-U2  Veg251 [m?] Veg502 [m?2] Veg669 [m?] Vegl338 [m?]
1DO1 2.93+233 4314245 5.30 +2.47 8.17+3.99 1DO1 1.64 £ 1.95 1.93+1.03 2.09 + 1.46 3.59+1.75 IDO1 1.38+2.03 1.94+2.16 2.51+1.55 2.65+221
1D02 0.36 £ 0.58 0.93 +0.62 1.11 +0.54 1.94 + 0.54 1D02 0.51 £ 1.05 0.83+1.23 1.18 + 1.30 1.55+0.58 ID02 0.50 + 1.38 0.66+2.00 0.83+1.60 1.05+1.86
1D03 0.34+£0.52 0.68 +0.55 0.77 £ 0.49 1.54£0.42 1D03 0.43+0.54  0.60+0.53 0.78 £ 0.61 1.21£0.39 ID03 0.23+0.95 0.34+ 097 0.54+098 0.68+0.95
1D04 0.19+0.35 0.56 £ 0.26 0.77 £ 0.29 1.44 £ 0.66 1D04 0.15+0.22 0.25+0.25 0.40 + 0.26 0.88+0.14 1D04 0.17+0.29 0.25+0.28 0.28+0.28 0.38+0.27
1D05 0.26+2.13 0.46 +2.29 0.18 +2.32 0.97 £ 1.94 1D05 0.18+0.14 0.27+0.18 0.42+0.15 0.76 + 0.07 ID05 0.09+0.13 0.17+0.12 0.19+0.13 0.45+0.17
ID06 0.51 +1.38 1.14 £ 1.56 1.13+1.48 1.56 £ 1.23 1D06 0.11+£0.12 0.13+0.15 0.21+0.19 0.52+0.11 ID06 0.09+£0.15 0.12+£0.18 0.13£0.2 0.21+0.24
1D07 0.20 £ 0.25 0.73+£0.26 0.52+0.11 1.24+£0.22 1D07 0.14+0.12 0.12+0.15 0.18+0.14 0.40+0.10 ID07 0.07 £ 0.09 0.11+£0.09 0.14+0.10 0.32+0.12
1D08 0.35+0.23 0.54+0.17 0.50+0.15 1.26 £ 0.23 1D08 0.08 +0.08 0.15+0.10 0.23+0.11 0.51+0.06 IDO08 0.06 £0.10 0.12+0.11  0.10+£0.11 0.20+0.11

ID09 0.09+0.07 0.11+0.07 0.18+0.07  0.35+0.04 ID09 0.06 + 0.06 0.09£0.06 0.12+£0.06 0.22+0.13

ID10 0.06 + 0.08 0.06+0.09 0.09+0.08 0.15+0.10

h20-U3  Veg251 [m?] Veg502 [m?2] Veg669 [m?2] Vegl338 [m?] h30-U3  Veg251 [m?] Veg502 [m?] Veg669 [m?] Vegl338 [m?] h40-U3  Veg251 [m?] Veg502 [m?] Veg669 [m?] Vegl338 [m?]
IDO01 0.64 +4.35 0.82+4.82 1.85+4.79  7.23+5.62 IDO01 0.83+2.92 1.23+2.06 1.35+2.54 1.51+2.38 1DO01 0.03 +£2.55 0.40+282 0.13+226 0.09+3.13
1D02 0.41 +0.62 0.87+0.72 0.95+0.55 1.62+0.70 1D02 0.01+0.94 048=+1.17 0.51+1.00 0.95=+0.63 1D02 -0.19+1.79 038+2.17 020+£1.99 0.11+1.99
1D03 0.44 + 0.51 0.74+0.50  0.80+ 0.43 1.69 + 0.57 1D03 0.35+0.52 0.56+0.60 0.87+0.54 1.31+£0.35 1D03 -0.01+£085 0.08+1.07 024+1.17 037+1.15
1D04 0.29+0.48  0.67+0.61 0.83+0.58 1.48 = 0.60 1D04 0.07+0.21 0.21+0.21 0.35+0.17 0.70+0.14 1D04 -0.06+£0.22  0.09+022 0.13+0.24 042+0.28
1DO05 0.24 + 1.69 0.80+1.76  0.68+ 1.36 2.59+1.77 1DO05 0.22+0.21 0.23+0.18 0.37+0.22 0.57+0.16 1D05 0.10+£0.19 0.26+£0.17 023+£0.18 0.44+0.25
ID06 0.68 £ 0.88 0.67+ 1.15 0.35+0.80  0.91+0.93 ID06 0.19+£0.22 0.16£0.28 0.28 £0.25 0.41+£0.12 ID06 0.13+0.11 0.17+0.14  0.12+0.14 0.21+0.23
1D07 0.24 +0.35 0.47+0.33  0.59+0.30 1.44+0.44 1D07 0.09+0.17 0.10£0.18 0.17+0.18 0.37+0.11 1D07 0.08 + 0.09 0.13+£0.09 0.14+0.11 0.31+0.13
1D08 0.27 £ 0.44 0.41 +£0.45 0.42 +0.45 1.55+0.46 1D08 0.07£0.14  0.12+£0.21 0.20+0.16 0.39+0.08 1D08 0.08 £0.05 0.11£0.10 0.12+0.11 0.18+0.14

ID09 0.09+0.08 0.10£0.08 0.18+0.06 0.32+0.06 ID09 0.04+0.15 0.09+0.16 0.10+0.17 0.19+0.17

ID10 0.09£0.09 0.12+0.10 0.13+£0.11 0.20+0.14
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4. RESULTS AND DISCUSSION

4.1. Kp PREDICTION BASED ON MODEL BY LOSADA ET AL.
(2016)

The wave attenuation calculated from wave height measurements is compared with
dissipation coefficients predicted using the wave dissipation model for combined
wave-current flows proposed by Losada et al. (2016). The model defines a

dissipation coefficient 8, combining equations (2.24) and (2.36), as:

Hy
Bwe = KD,WC?

4.1)
Losada et al. (2016) considered a uniform and irrotational wave-current field,
incorporating the effect of plants bending and motion into the drag coefficient. They
obtained an empirical formulation to quantify the effect of this interaction between
flow and canopy by fitting experimental data (see equation 2.12).

The length scale used in equation (2.26) to quantify wave dissipation is the
deflected height hp, that represents the actual blade area that resists to the flow,
after plants bending. In their study, it was measured from images recorded during
experiments. In the absence of direct measurements in the present study, the
deflected height has been approximated as function of current velocity that

produces reconfiguration using the empirical formulation proposed by Schaefer &

Nepf (2022):

=

hy — 1L, 1-Ca,
3
1+4Ca, >+ 8Ca,?

(4.2)

In figure 5.1 dissipation coefficients predictions based on model developed by
Losada et al. (2016) are shown together with their 95% confidence intervals. The

range in x axis has been reduced in each figure with error bars to help visualization
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of data. This was done even though some confidence intervals exceed the x range
being used. Uncertainty has always been calculated as the 95% confidence interval

on the linear regression.

]
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S S WY N Best linear fit = 0.18 + 0.01

0 - o
R?=0.49
-2 "
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beta (measured) [m"}
Figure 4.1: measured wave dissipation coefficient versus predicted wave dissipation coefficient using model
by Losada et al. (2016). The dashed grey line denotes 1:1 agreement, the blue solid denotes best linear fit of

measured wave dissipation coefficient. Cyan symbols denote Vegl338, green symbols denote Veg669, red
symbols denote Veg502 and yellow symbol denote Veg251.

The model strongly underestimates wave attenuation: a linear fit of
B (predicted) versus B,,. (measured) yields a slope of 0.18 + 0.01. Drag
coefficient proposed by Losada et al. (2016) is optimized for their experiments that
have been performed with different conditions in respect to the ones realized in the
present work. Submergence ratio varies between 0.5 and 1, with cases in which
vegetation is even higher than the water column, and some biomechanical
properties are different. Wave heights are in general higher than the ones used in
the present work and vegetation conditions are considered as dense, unlike the

present work.

A slightly better prediction (figure 5.2) of wave dissipation has been obtained using

equation (2.3) to approximate the drag coefficient and the interaction flow-plant.
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Specifically, B, (predicted) = (1.75 £+ 0.16) B,,. (measured). Drag coefficient
has been considered constant along the meadow length, neglecting any increase
with distance related to the reduction of wave amplitude in test section. This

assumption yields for all the models analyzed.
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Best linear fit = 1.75 £ 0.16
R2=0.3
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Figure 4.2: measured wave dissipation coefficient versus predicted wave dissipation coefficient using model

by Losada et al. (2016) with the formulation for drag coefficient introduced in Schaefer & Nepf (2022). The

dashed grey line denotes 1:1 agreement, the blue solid denotes best linear fit of measured wave dissipation

coefficient. Cyan symbols denote Vegl338, green symbols denote Veg669, red symbols denote Veg502 and
yellow symbol denote Veg251.

Despite the applied correction on the drag coefficient, the model overestimates the
dissipation coefficients by 75%. This result is consistent with the prediction made
by Schaefer & Nepf (2022). They compared their measured wave dissipation
coefficients with the theoretical model they developed, using the deflected height
in place of the effective meadow length as length scale for vegetation in equation
(2.37) and the formulation of equation (2.3) for drag coefficient, obtaining an
overestimation of wave dissipation by about 70% (see figure 5a of Schafer & Nepf,
2022). This similarity suggests that use of deflected length as vegetation length
scale leads to an overestimation of wave dissipation, because it does not account

for the wave-induced blade reconfiguration and for the influence of current on it.
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4.2. KpPREDICTION BASED ON MODEL BY SCHAEFER AND
NEPF (2022)

Predictions of dissipation coefficients in combined wave-current conditions based
on model by Schaefer & Nepf (2022) are compared with experimental results in

figure 5.3. The effective meadow height [, ., was estimated using wave

conditions measured just before the test section, at WG2, neglecting changes in

Ca,,. and KC that occurs with wave amplitude attenuation along the meadow.
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Figure 4.3: measured wave dissipation coefficient versus predicted wave dissipation coefficient using model
by Schaefer & Nepf (2022). The dashed grey line denotes 1:1 agreement, the blue solid denotes best linear fit

of measured wave dissipation coefficient. Cyan symbols denote Vegl338, green symbols denote Veg669, red
symbols denote Veg502 and yellow symbol denote Veg251.

As explained in Chapter 2, in Schaefer & Nepf (2022) model the time-averaged in-
canopy velocity U; replaces the time-averaged current velocity U.. Flow velocity
is reduced inside meadows and the use of the undisturbed time-average current
velocity would lead to an overestimation of the degree of reconfiguration and drag
reduction. U; has been calculated using for the mean deflected meadow height hj,

the empirical relation introduced above in equation (4.2).
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The model underestimates the wave energy dissipation measured by around 60%.
Specifically, Kp . (predicted) = (0.42 + 0.03) Kp, ,,,.(measured). This behavior
is evident in particular for the cases in which K, is higher, namely when
submergence ratio is greater and wave heights and current velocity are lower. These
data are quite noisy, and it may be because of issues in data acquisition in certain
conditions due to the experimental setup used in the present work. Moreover, being
the model based on a single vegetation density of 950 plants/m?, it works better
(see figure 4.4) with the two vegetation densities (669 and 1338 plants/m?) more
similar to the one tested by Schaefer & Nepf (2022). Data that deviates more from
the model are the one characterized by lower wave height and lower Keulegan-
Carpenter number. In general, th wave period of data that more deviates from the
model is lower than 1.5 s, while Schaefer & Nepf (2022) used a wave period of 2 s
in all their experiments.
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Figure 4.4: measured wave dissipation coefficient versus predicted wave dissipation coefficient using model
by Schaefer & Nepf (2022) as function of vegetation density. The dashed grey lines denote 1:1 agreement.
Cyan symbols denote Vegl338, green symbols denote Veg669, red symbols denote Veg502 and yellow symbol
denote Veg251.
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Some corrections have been performed to better adapt the model to experimental
results and improve wave dissipation prediction. First, all the tests with KC < 30
have been neglected in the analysis (see figure 4.5 top left panel). Schaefer & Nepf
(2022) approximated drag coefficient in combined wave-current conditions with
the drag coefficient in pure-wave conditions calculated with equation (2.3), because
current impact was negligible in their experimental conditions, based on Sarpkaya
& Storm (1985). In the present work, the drag coefficients of experiments in which
KC < 30 may be influenced by the presence of a current and cannot be considered
equal to the case of pure-wave flow. These values contribute significantly to
underestimate K, ., so they are neglected in the comparison with the model and
thus the correspondence improves. Second, the moment of inertia of the plants was
multiplied by a factor that allowed to correct the blades curling observed (see figure
4.5 top rigth panel). Due to curling, blades’ length is lower than the one expected
from straight blades (see figure 3.7). The increase in plants’ stiffness by modifying
the moment of inertia in the model allows to better reproduce the experimental
behaviour of mimic vegetation characterized by curled blades. More rigid plants
deflect less under waves and currents, hence the degree of reconfiguration is lower
and the dissipation increases becoming more similar to measured wave attenuation,
due to the increased relative velocity. Specifically, curled blades have lower
flexible length, and it has been observed that their bending during experiments was
reduced. This behaviour has been modelled by increasing plants rigidity by a factor
of 8. The factor came out from a set of dedicated tests wherein deflected length was

measured on plants with curled blades and plants with straight blades.
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Figure 4.5: measured wave dissipation coefficient versus predicted wave dissipation coefficient using model
by Schaefer & Nepf (2022). Top left graph represents the comparison between experiments with KC>30 and
the model; top right graph represents the comparison between all experiments and the model in which plants’
rigidity has been corrected; bottom graph represents the comparison between experiments with KC>30 and
the model in which plants’ rigidity has been corrected. The dashed grey line denotes 1:1 agreement, the blue

solid denotes best linear fit of measured wave dissipation coefficient. Cyan symbols denote Vegl338, green
symbols denote Veg669, red symbols denote Veg502 and yellow symbol denote Veg251.

Combining the two corrections described before (figure 4.5, bottom panel) the
correspondence definitely improves. Specifically, the corrected model
underestimates experimental results by only 10%, that is an acceptable value,
indicating a good agreement between experimental data and the physical model
proposed by Schaefer & Nepf (2022). It is still evident that experiments with the
highest wave dissipation coefficients measured are the ones that model describes
worst. As mentioned above, these measurements are quite noisy, and this can be
related to the influence of wave period in wave dissipation. In their experiments
wave period was always equal to 2 s, while in the present work it ranges between
0.81 s and 2.20 s, and the lowest values are the furthest from the model, as it is

possible to observe in figure 4.4.

57



Results and discussion

4.3. INFLUENCE OF CURRENT ON MEASURED WAVE
ATTENUATION

The measured dissipation coefficients in combined wave-current conditions K, .,
have been normalized by the dissipation coefficients for the corresponding pure-
wave cases K, ,,,,. Results for the different meadow densities are shown as function

of the dimensionless number U, /U,, in figure 4.6.
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Figure 4.6: measured wave dissipation coefficient Kpwe for wave-current flows normalized by dissipation
coefficients for pure wave conditions Kp pw, with the same wave amplitude at the meadow leading edge, as a
function of the dimensionless number U. / Uw. The dashed grey line denotes Kpwe= Kppw

In general, the addition of a following current decreases the wave dissipation. This
means that the main impact of a current on the flexible vegetation used in the
present work is to induce blade deflection. Vegetation deflecting reduces frontal
area that resists to the flow, reducing hydrodynamic drag and, in turn, wave energy
dissipation. The ratio between dissipation coefficient in combined wave-current and
pure-wave conditions is observed to slightly increase with vegetation density:
cluster of points in the region 2 < U./U,, < 4 is shifted up by a small amount for

each increase in density, meaning that the reduction in frontal area caused by the
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following current is more relevant in less dense canopies. This effect has been
quantified by computing the average Kp,,./Kppw, reported with the standard
deviation, for each vegetation density, respectively Veg251, Veg502, veg669 and
Veg1338: 0.35 £ 0.28, 0.43 + 0.24, 0.51 £ 0.40 and 0.59 £ 0.24.

Results are in agreement with what has been observed by Paul et al. (2012) and
Losada et al. (2016). Paul et al. (2012) performed a series of flume experiments
with flexible submerged vegetation with U./U,, < 0.5 (Zhang & Nepf, 2021) and
obtained a reduced wave dissipation of about 30% when following currents are
added to waves. Losada et al. (2016) performed a series of experiments with
0.5 < U./U, < 1.4 and obtained that a following always reduces wave dissipation
compared to a pure-wave case. Results partially agree with Schaefer & Nepf (2022),
that observed a negligible impact in adding a weak current (U./U,, < 0.5) and a
decrease in dissipation coefficient compared to pure-wave case adding stronger
currents (U./U,, > 0.5), with a clear decreasing trend, as shown in figure 2.2. They
obtained these results performing experiments with flexible mimic plants composed
by 6 blades and with a vegetation density of 950 plants/m 2, corresponding to a
blade density of 5700 blades/m 2. In terms of blade density, Veg1338 is the only
dataset of the present work similar to the one of Schaefer & Nepf (2022),
corresponding to a blade density of 5352 blades/m 2. For Vegl338 wave
dissipation has been reduced on average of about 41% when a current has been
added. This is consistent with Schaefer & Nepf (2022) that observed a 40%
reduction in wave dissipation due to current effect for U./U,, > 0.5. Blade density
may be one of the parameters that create mismatch in Kp ,./Kpp, as function
of U./U,, between the present work and the research carried out by Schaefer &
Nepf (2022). For the ratios between dissipation coefficient in combined wave-
current and pure-wave conditions obtained in the present work no specific trends
can be observed as function of U./U,,. Kpc/Kppw is always lower than one
for U./U,, < 0.5, in contrast to what has been observed in Schaefer & Nepf (2022).
This could be explained by the different wave heights and wave periods involved
in the experiments with U./U,, < 0.5: in the present work wave heights are greater
than 5 cm and wave periods ranges from 0.9 s to 1.5 s, while Schaefer and & Nepf

(2022) used wave heights lower than 4 cm and a single wave period of 2 s. For
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U./U,, > 0.5 there is a weak decreasing trend of K, ,,,./Kp pw, apart from some
isolated tests in which current impact is negligible or even contributes to increase
wave dissipation. The latter mainly belong to experiments in which KC is very low
and results may be affected by other forces not negligible compared to
hydrodynamic drag.

Moreover, still in contrast with what observed by Schaefer & Nepf (2022) in figure
2.2, no specific trends are present in figure 5.7, where the ratios between wave
attenutaion in wave-current and pure-wave conditions as function of the wave
Cauchy number Ca,,, are reported. This means that there is no evidence that in the
present work the impact of a following current on wave dissipation depends on
wave characteristics. Increasing Ca,,, which in the experiments means increasing
Uy, the ratio Kp ,,c/Kp pw does not vary, suggesting that the relative importance
between blade reconfiguration and increasing of in-canopy velocity remains

constant.
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Figure 4.7: : measured wave dissipation coefficient Kp,wc for wave-current flows normalized by dissipation

coefficients for pure wave conditions Kppw, with the same wave amplitude at the meadow leading edge, as a
Sfunction of the wave Cauchy number Cawc. The dashed grey line denotes Kp,we= Kppw
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4.4. EFFECT OF GOVERNING PARAMETERS ON WAVE
ATTENUATION

Wave attenuation in combined wave-current conditions depends on blades
reconfiguration. Flexible blades move passively under small-excursion waves
reducing relative velocity between plant and water and thus reducing hydrodynamic
drag (Lei & Nepf2019b). Current impacts reconfiguration by deflecting blades and
by limiting their wave-induce motion: the first reduces vegetation area exposed to
the flow and thus drag, the latter dampen blade motion, increasing relative velocity
between flow and plants (Schaefer & Nepf, 2022). Currents contribute to increase
total in-canopy velocity and thus drag. Hence, hydrodynamic drag and blade
reconfiguration are related and not independent to each other. Moreover, wave
attenuation depends on vegetation density. More plants mean increased vegetation

area exposed to the flow and thus higher wave dissipation.

Summing up, Kp, ;. depend on three main parameters:

KD,wc ~ f(CD,wc)f(av) f(le,m,wc) (4-3)

Cp wc models the interaction between flow and a single plant in terms of resistance
produced against the flow and, assuming it equal to the pure-wave case, is
proportional to KC following equation (2.3); a,, describes the effect of vegetation
density on wave dissipation; [, ,,, models the interaction between flow and
canopy, namely blade reconfiguration, and depends on the wave-current Cauchy

number Ca,,. following equation (2.15).

In Schaefer & Nepf (2022) Kp \,c ~ C a,,. ** for a submergence ratio equal to 0.5

and Kp \,c ~ C a,c 27 for a submergence ratio equal to 0.3 (see figure 2.3). In the
present work the best measured power law dependences, shown in figure 5.8, are
quite similar for submergence ratio equal to 0.5 (h20), ranging from —0.34

(Vegl338) to —0.55 (Veg669) and slightly greater for a submergence ratio closer
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to 0.3 (h30), ranging from —0.37 (Vegl338) to —0.58 (Veg251). It should be

pointed out that data are quite scattered and confidence intervals of the prediction

are wide.
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Figure 4.8: measured wave dissipation coefficient Kp,wc for wave-current flows as a function of the wave-
current Cauchy number Cawc. Solid black line denotes best linear fit for h20, solid green line denotes best
linear fit for h30 and solid brown line denotes best linear fit for h40

The dissipation coefficient decreases with the wave-current Cauchy number as
expected: Ca,,. depends directly on total in-canopy velocity, thus a greater velocity
causes higher reconfiguration, deflecting blades and reducing wave energy
dissipation. This is consistent with studies of wave attenuation in pure-wave
conditions, for which K, ,, decreased with increasing wave Cauchy number Ca,,
(Luhar et al., 2017), and in combined wave-current conditions, as mentioned above
about Schaefer & Nepf (2022). Combining all the data the result is

~036£023 Neglecting the 95% confidence interval, this result is

Kpwe ~ Cay,
consistent with the theoretical dependence assumed by equation (2.37), supporting
the use of the effective meadow length .., . as predictor of the impact of
reconfiguration in predicting wave attenuation. The theoretical power law is

obtained by recalling I, , e ~ C a3 from equation (2.15) and approximating
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sinh(kle,mjwc) ~ klg mwc- The latter is valid only if kl, ,, \,c is small, that is not
the case in the present work, but for simplicity the influence of wave characteristics
has been neglected.

From figure 5.8 it is evident that for shallower water depths, meaning higher
submergence ratios, the wave attenuation is higher, reflecting that meadow are
more effective in reducing wave amplitude when they occupy a larger fraction of
water column, as observed also in pure-wave conditions by (Stratigaki et al., 2011;
Manca et al., 2012; Luhar et al., 2017). It can be noticed that increasing vegetation
density the dissipation coefficient increases, as expected from literature, because of
the increased frontal area exposed to the flow that increase hydrodynamic drag.
Moreover, increasing vegetation, data scattering decrease and confidence intervals

on predictions become smaller.

Model proposed by Schaefer & Nepf (2022) implies that there should be a linear
dependence between the dissipation coefficient and the drag coefficient of a plant
in the flow of interest. Assuming that Cp . = Cp py, it follows Kp ,,,c ~ KC7%33,
considering equation (2.3). An increase in Keulegan-Carpenter number is related
with a decrease in drag coefficient and, in turn, with an increase in the dissipation

coefficient.
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Figure 4.9: measured wave dissipation coefficient Kp,wc for wave-current flows as a function of the Keulegan-
Carpenter number KC. Solid black line denotes best linear fit for h20, solid green line denotes best linear fit
for h30 and solid brown line denotes best linear fit for h40

Considering all the data the relationship obtained in the present work is
Kp e ~ KC70311014  The mean value obtained is coherent with the theory
abovementioned and confirms that the interaction between flow and a single plant
in combined wave-current conditions can be modelled as in pure-wave conditions
and that the dependence of K}, ,,,. is very close to a linear one. However, it should
be pointed out that individual datasets (e.g. one vegetation density at one water
depth) have exponents that vary a bit. It appears that plant density and submergence

ratio have some effect that is not completely captured by the model.

Both Losada et al. (2016) and Schaefer & Nepf (2022) models predict a linear
dependence of dissipation coefficient on vegetation frontal area per unit meadow,
the parameter related to meadow density. In particular, wave energy dissipation

increases with increasing frontal area of the meadow.
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Figure 4.10: measured wave dissipation coefficient Kp,wc for wave-current flows as a function of the

vegetation frontal area per unit meadow ay.

In the present work, combining all data, dissipation coefficient does not increase
linearly with vegetation density. Specifically, Kp e ~ a,%77%%20. The increase in
the number of plants reduces the velocity downstream each plant, due to wake
effects. Drag of plants located in the wakes caused by upstream plants is lower and
thus wave energy dissipation generated. By increasing vegetation densities, more
plants ended up in wakes and so the wave dissipation increase is limited. Moreover,
sheltering between blades can become significant increasing vegetation density and
may not increase the frontal area that oppose resistance to the flow, limiting the
increase in the dissipation of energy. These mechanisms are relevant in experiments
in which the power fit between Kj, . and a,, is lower than one.

From figure 5.10 it is possible to observe that increasing water depth, or decreasing
submergence ratio the dissipation coefficients increase less with vegetation density.
The same behaviour, meaning less variation of Kp, ,,,. as function of wave-current
Cauchy number Ca,,. and Keulegan-Carpenter number KC, can be observed
respectively in figure 5.9 and figure 5.8. The lower is the submergence ratio, the

less is the variation in wave dissipation caused by changes in the interaction
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between flow and a single plant or between flow and meadows. Therefore,
attenuation properties of meadows are more relevant when vegetation occupies a
larger fraction of water depth , because the flow is more influenced by the presence

of seagrass.
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5. CONCLUSIONS AND FUTURE WORK

Seagrass contributes to reducing wave amplitude in both pure-wave and combined
wave-current flows. Attenuation in wave height is due to the resistance that plants
oppose to the flow, reducing its energy. Interaction between waves and a following
current is strongly nonlinear, hence it is quite difficult to predict wave dissipation
due to vegetation in those types of flows. The impact of a following current in
dissipation mechanism can be observed in two main aspects: plant reconfiguration
and hydrodynamic drag. Blades bend and deflect under the influence of a current
and reduce the area that oppose resistance to the flow. Current contributes to
increase total in-canopy velocity and dampen wave-induced motion, which, in turn,
increase the hydrodynamic drag, due to the increase in relative velocity between
flow and plants, that causes wave attenuation along the meadow.

In the literature two main models that predict wave dissipation in combined wave-
current conditions exist: Losada et al. (2016) and Schaefer & Nepf (2022). They
describe the interaction between waves and current as linear, assuming a uniform
and irrotational wave-current field. They have been compared with experimental
results obtained in this study and it has been observed that Schaefer & Nepf, 2022
model presents a good agreement, with the application of some corrections. This
model makes use of the effective meadow length as parameter to describe the
interaction between flow and canopy, incorporating in it all the blades bending and
motion effects.

In the present study the addition of a following current contributes to reduce wave
dissipation in almost all the cases. This result partially disagrees with Schaefer &
Nepf (2022), who observed a negligible impact for currents with a time-averaged
velocity equal half or less than the orbital wave velocity at canopy top, due to some
differences in the characteristics of the tested waves, in particular of wave period.
Correlation between wave attenuation in combined wave-current conditions and
dimensionless numbers that model the impact of a following current on the system
(drag coefficient to model hydrodynamic drag and wave-current Cauchy number to
model plant reconfiguration) is similar to what has been observed by Schaefer &

Nepf (2022). On the other hand, the increase in wave attenuation related to the

67



Conclusions and future work

increase in meadow density is not linear as observed and modelled in literature, due

to sheltering and wake effects.

The present study can be considered as a starting point in the analysis of wave
attenuation in combined wave-current flows. This topic should be studied focusing
on the underlying physical process and considering the complexity of nonlinear
interaction between current and waves. Further analysis should be performed on
attenuation coefficients measured with the aim of identifying the most influent
parameters on wave attenuation. Moreover, further analysis on the data collected
can be performed, for example filtering the free surface level signals so that main

harmonic could be isolated and become more similar to the theoretical linear waves.
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