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Abstract

Aquatic vegetation provides ecosystem services of great value. Seagrass and fresh-

water macrophytes can improve water quality by filtering nutrients and reducing

re-suspension of sediment. They can also protect shorelines by damping waves. This

thesis explores the interaction between flexible vegetation (e.g. seagrass) and wa-

ter flow. Specifically, I develop physically based models to predict the mass flux to
individual seagrass blades, the dynamic behaviors of seagrass blade, the wave decay

associated with a submerged meadow and the turbulence within a seagrass meadow as

a function of plant morphology, flexibility, and shoot density. Flexible plants/blades

reconfigure in response to flow velocity, which reduces drag relative to a rigid plant

of the same morphology. The impact of reconfiguration on drag can be character-
ized using an effective length, le, which represents the length of a rigid blade that

generates the same drag as the flexible blade of length 1. The effective blade length

depends on the Cauchy number, Ca, which defines the ratio of hydrodynamic drag

to restoring force due to blade stiffness. To validate our proposed models, a combina-

tion of laboratory experiments and numerical simulation was conducted. Our models

also produced good predictions for different laboratory and field studies within 30 %.
With these models, engineers and practitioners will be able to assess different scenar-
ios of vegetation restoration for their potential to protect shorelines and to reduce

erosion events that drive poor water quality.

Thesis Supervisor: Heidi M. Nepf
Title: Donald and Martha Harleman Professor of Civil and Environmental Engineer-

ing
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Chapter 1

Introduction

Aquatic vegetation provides a variety of ecosystem services, and the estimated annual

value of these services is more than ten trillion dollars globally [Costanza et al., 1997].

It supports biodiversity by providing different habitats and shelter areas for various

fisheries [Costanza et al., 1997] and by supplying food for herbivorous animals such

as the dugong and green turtle [Waycott et al., 20051. Shoreline vegetation attenu-

ates incoming waves and protects shorelines from erosion due to wave impact [e.g.

E. W. Koch et al., 20091. Submerged macrophytes can also benefit the surrounding

ecosystem by retaining the nutrients within the local environment [Barko & James,

1998]. Acting as a carbon sink, aquatic vegetation sequesters a larger amount of car-

bon per hectare per year than rainforest [Fourqurean et al., 2012]. Because aquatic

vegetation plays such an important role through these processes, its protection and

restoration have become a major focus in coastal management [Greiner et al., 2013].

A better understanding of the optimal conditions for seagrass growth is crucial

for seagrass protection and restoration. In the first half of the thesis, I consider

specifically how flow conditions impact nutrient uptake. Unlike terrestrial vegetation,

seagrass can take up nutrients from leaf tissue in addition to root tissue [Touchette &

Burkholder, 2000; Romero et al., 2006]. The proportion of nutrient uptake by leaves

may directly affect the growth rate [Romero et al., 2006]. Previous studies have shown

that nutrient uptake rates increase with flow velocity, U, if the uptake is mass-transfer

limited [E. Koch, 1994; Hurd et al., 1996; Thomas et al., 20001. However, above a
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certain velocity the rate of mass transported to the blade surface by diffusion may

surpass the maximum rate at which seagrass can biologically incorporate the available

nutrients. At this point, the uptake rate is biologically limited and not impacted

by further increases in velocity. The transition between mass-transfer-limited and

biologically-limited flux depends on biological factors such as enzyme activity and

light availability, which affects the photosynthetic rate [E. Koch, 1994]. In Chapter 2

of the thesis, I focus on the mass-transfer limit, seeking to understand the relationship

between flow velocity and potential flux of nutrients to seagrass blades under the

mass-transfer limit.

Aquatic vegetation also affects hydrodynamic conditions, and in turn the feedback

between water flow and vegetation can control sediment resuspension [e.g. Gacia &

Duarte, 2001]. Because the wave-driven resuspension is important to the cycling of

nutrients and pollutants [e.g. Wang et al., 2015], I need to understand the interaction

between aquatic vegetation and hydrodynamic conditions. Wave damping by vegeta-

tion has been documented in many studies [e.g. Bradley & Houser, 2009]. However,

the flexibility of vegetation has been considered in only a few previous studies [e.g.

Maza et al., 2013; Zeller et al., 2014; Houser et al., 2015]. Finally, the impact of

current on wave damping has been considered in only a very few studies [e.g. Li &

Yan, 2007; Hu et al., 2014; Losada et al., 2016]. Chapter 3 and 4 seek to understand

how waves dissipate over flexible vegetation, accounting for the important role that

plant flexibilty plays in the interaction between water flow and vegetation [Bradley

& Houser, 20091. The change in plant posture in response to flow is known as re-

configuration. Recent studies have developed scaling laws to describe the impact

of reconfiguration on drag force on individual strap-like blades [e.g. Luhar & Nepf,

2011, 2016]. The work described in this thesis extended these studies in multiple

ways. First, a wider range of flow conditions was used to verify the scaling laws

on individual blades. Second, the study was extended to meadow-scale to predict

how waves dissipate over meadows. Finally, experiments were conducted in combined

waves and current, and a new model was proposed to describe the blade dynamics

under combined wave-current conditions.

18
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1.1 Thesis structure

This thesis is presented as a series of chapters, each of which corresponds to a paper

that is either published or in preparation. MATLAB/LabView programs for data

processing are included in the appendices.

Chapter 2 describes mass flux to flexible model seagrass blades through a combina-

tion of laboratory experiments, numerical modeling and theory. The accumulation of

tracer chemical in the model seagrass blades was measured at different unidirectional

current speeds. The measured transfer velocity (K) was compared to predictions

based on laminar and turbulent boundary layers developing over a flat plate parallel

to flow, for which K oc U0  and oc U, respectively. It was shown that for sufficiently

pronated blades, the laminar boundary layer model correctly predicted the measured

transfer velocity. The material in this chapter has been published as [Lei & Nepf,

20161.

Chapter 3 presents a physically-based model to predict the wave decay associated

with a submerged meadow as a function of plant morphology, flexibility, and shoot

density. This laboratory study considered how the scaling laws determined for indi-

vidual blades can be used to predict the wave decay over a meadow of multiple plants.

First, the drag force on and motion of individual model blades was studied for a range

of wave conditions to provide empirical coefficients for the theoretically determined

scaling laws for effective length, le. Second, the effective length predicted for individ-

ual blades was incorporated into meadow-scale model to predict wave decay over a

meadow. Finally, wave decay was measured over meadows of different shoot density,

and the measured decay was used to validate the wave-decay model. It is also shown

that the wave decay is similar over meadows with regular and random arrangements

of plants. The material in this chapter has been published as [Lei & Nepf, 2019b].

Chapter 4 extends the scaling laws for effective length developed in Chapter 3 to

combined waves and current. This study derived new predictions of effective blade

length for combined waves and current, and validated the models through a combina-

tion of laboratory experiment and numerical simulation. The material in this chapter

19



has been published as [Lei & Nepf, 2019a].

Chapter 5 constructs a predictive model for turbulence intensity within a sub-

merged meadow. Through laboratory experiments conducted under unidirectional

current, I measured turbulence structure and intensity in arrays of model submerged

plant. A model was proposed to predict the integral length scale and the turbulent

kinetic energy within the canopy.

Chapter 6 presents ideas and suggestions for future work.

20



Chapter 2

Impact of current speed on mass flux

to a model flexible seagrass blade

Seagrass and freshwater macrophytes can acquire nutrients from surrounding water

through their blades. This flux may depend on the current speed (U), which can

influence both the posture of flexible blades (reconfiguration) and the thickness of

the flux-limiting diffusive layer. The impact of current speed (U) on mass flux to

flexible blades of model seagrass was studied through a combination of laboratory

flume experiments, numerical modeling, and theory. Model seagrass blades were

constructed from low-density polyethylene (LDPE), and 1, 2-dichlorobenzene was

used as a tracer chemical. The tracer mass accumulation in the blades was measured

at different unidirectional current speeds. A numerical model was used to estimate

the transfer velocity (K) by fitting the measured mass uptake to a one dimensional

diffusion model. The measured transfer velocity was compared to predictions based

on laminar and turbulent boundary layers developing over a flat plate parallel to

flow, for which K oc U0  and oc U, respectively. The degree of blade reconfiguration

depended on the dimensionless Cauchy number, Ca, which is a function of both the

blade stiffness and flow velocity. For large Ca, the majority of the blade was parallel

to the flow, and the measured transfer velocity agreed with laminar boundary layer

theory, K cx U0 -. For small Ca, the model blades remained upright, and the flux to

the blade was diminished relative to the flat-plate model. A meadow-scale analysis

21



suggests that the mass exchange at the blade scale may control the uptake at the

meadow scale.

2.1 Introduction

Seagrass provides a variety of ecosystem services. It supports biodiversity by pro-

viding habitat and shelter areas for various fisheries [Costanza et al., 1997] and by

supplying food for herbivorous animals such as the dugong and green turtle [Way-

cott et al., 20051. Seagrass attenuates incoming waves and protects shorelines from

erosion due to wave impact [e.g. E. W. Koch et al., 2009]. Submerged macrophytes

can also benefit the surrounding ecosystem by retaining the nutrients within the local

environment [Barko & James, 1998]. Acting as a carbon sink, seagrass sequesters a

larger amount of carbon per hectare per year than rainforest [Fourqurean et al., 20121.

Because seagrass plays such an important role in its environment, its protection and

restoration have become a major focus in coastal management [Greiner et al., 20131.

A better understanding of the optimal conditions for seagrass growth is important

for seagrass restoration. In this chapter, I consider specifically how flow conditions

impact potential nutrient uptake. Seagrass can take up nutrients from leaf tissue in

addition to root tissue [Touchette & Burkholder, 2000; Romero et al., 20061. The

proportion of nutrient uptake by leaves may directly affect the growth rate, since sea-

grass communities frequently occur in oligotrophic environments, which lack essential

elements such as dissolved nitrogen and phosphorus [Romero et al., 20061.

Previous studies have shown that nutrient uptake rates increase with flow velocity,

U, if the uptake is mass-transfer limited [Bilger & Atkinson, 1992; E. Koch, 1994;

Hurd et al., 1996; Thomas et al., 2000]. However, above a certain velocity the rate of

mass transported to the blade surface by diffusion may surpass the maximum rate at

which seagrass can biologically incorporate the available nutrients. At this point, the

uptake rate is biologically limited and not impacted by further increases in velocity.

The transition between mass-transfer-limited and biologically-limited flux depends

on biological factors such as enzyme activity and light availability, which affects the

22
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photosynthetic rate [E. Koch, 19941. In this study, I focus on the mass-transfer limit,

seeking to understand the relationship between flow velocity and potential flux of

nutrients to seagrass blades under the mass-transfer limit. For simplicity and to isolate

the physical transport processes, the experiments were conducted with individual

model seagrass blades made of LDPE (low-density polyethylene) in unidirectional

flows.

The mass flux per blade surface area (J (kg/rn2 s)) may be described by a transfer

velocity (K (rn/s)),

J = KAC (2.1)

with AC (kg/m3) the concentration difference between the bulk fluid and the blade

surface. To derive a model for K I appeal to boundary layer theory. Assuming that a

pronated seagrass blade approximates a flat plate (Fig. 2-1), a viscous boundary layer

grows with distance from the leading edge. Initially the boundary layer is laminar,

even if the external flow is turbulent. As long as the boundary layer remains laminar,

the boundary layer thickness, 6, can be described by the Blasius equation [White &

Corfield, 2006],

6(x) = 5Re-11 2x, Rex = Ux (2.2)

where x is the distance from the leading edge, U is the current speed, v is the kinematic

viscosity of water, and Rex is the boundary layer Reynolds number. At some distance

from the leading edge, defined by Rex = L ~ 5 x 105 , the boundary layer becomes

turbulent with a viscous sub-layer. However, the presence of vigorous turbulence may

cause an earlier transition [Kosorygin & Polyakov, 19901. Once the boundary layer is

turbulent, the viscous sub-layer thickness is between

6y = - and 10V (2.3)

with u, the shear velocity [Boudreau & Jorgensen, 2001; Kundu et al., 2008].
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U ,1

x=0 Rex~5x10s~

Figure 2-1: A laminar boundary layer (6) evolves from the leading edge of a flat plate
(x = 0), and becomes turbulent at the distance x corresponding to Rex = =

5 x 10 5. The viscous sub-layer (6y) remains laminar. The diffusive boundary layer,
6 D, is thinner than the viscous boundary layer, 6 v, with 6D = SvSc- 1 /3.

One limit of flux behavior can be defined if I assume that the transition to a turbulent

boundary layer occurs at the leading edge, which might be reasonable if surface

roughness on the blade is large enough to trip the boundary layer. In this case

the viscous sub-layer thickness is uniform along the blade. The diffusive boundary

layer thickness 6D, is related to the viscous boundary layer thickness 6 v through the

Schmidt number Sc [Boudreau & Jorgensen, 20011.

6D =6vSc& S/ V
Dw(24

where Dw is the molecular diffusivity in water. A simple model for mass flux can

then be constructed by assuming that outside the diffusive boundary layer the fluid is

well-mixed by turbulence and the concentration of the solute in the water is uniform

in the bulk fluid. Within the diffusive boundary layer, the concentration gradient

is assumed to be linear between the bulk fluid concentration and the concentration

at the blade surface. The mass flux across the diffusive boundary layer can then be

described using Fick's law iStevens & Hurd, 1997],

Dw _Dw

J = AC =K AC, K= 25

wherD Wi h oeua ifsvt nwtr iemdlfrmasfu a
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where AC is now specifically the concentration difference across the diffusive bound-

ary layer, and K = D is the transfer velocity. For a given surface, u. scales on

U, so that eqs. (2.3), (2.4) and (2.5) indicate that the transfer velocity is linearly

proportional to velocity, e.g. assuming 8 V 5V,

Dw

K = Dw u*Sc 1/3, KocU (2.6)
5v

Indeed, a linear relationship between transfer velocity and current speed has been ob-

served for kelp blades [Hurd et al., 19961. However, this relationship is not supported

by field measurements with seagrass, for which the flux of nutrient to meadows under

unidirectional current exhibit a dependence on velocity of UO-4 0 2 [Weitzman et al.,

2013; Thomas et al., 2000].

For an alternate model, I may assume that the blade is sufficiently smooth to

maintain a laminar boundary layer over the length of the blade. Indeed, [Nishihara &

Ackerman, 2009] observed a laminar boundary layer over the full length of individual

leaves of a freshwater macrophyte. In addition, [E. Koch, 19941 showed that blades of

the seagrass Thalassia testudinum with low epiphytic growth are hydrodynamically

smooth over a wide range of current speeds, suggesting that a laminar boundary layer

model is appropriate for these blades. Further, for a typical range of blade lengths,

1 = 0.1 to 0.6 m, the boundary layer will not become turbulent before the end of

the blade (i.e. Re < 105) for current speeds up to 0.8 m/s. Assuming a laminar

boundary layer is maintained over the entire blade length, the transfer velocity at

distance x from the leading edge is K(x) = 0.332x-DwRe1/2Sc1/3 [e.g. Incropera

& DeWitt, 1999], from which the average transfer velocity along a blade of length 1

(denoted by overbar) is:

K= 0.332Dw / 0.664Dw -SC/ 3  (2.7)

The laminar boundary layer model has been previously used to describe flux to in-

dividual leaves of terrestrial timber trees [e.g. Grace et al., 1980] and the freshwater
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macrophyte, Vallisneria americana [Nishihara & Ackerman, 2006].

In the flux models discussed above, the seagrass blade is modeled as a flat plate

positioned parallel to the flow. However, depending on the current magnitude, the

blade posture may vary from vertical (perpendicular to the flow) to strongly pronated

(with most of the blade parallel to the flow). The change in plant posture in response

to flow is known as reconfiguration, and the degree of reconfiguration is described

by two dimensionless parameters, the Cauchy number Ca, which is the ratio of the

hydrodynamic drag to the restoring force due to blade stiffness, and the Buoyancy

parameter B, which is the ratio between restoring forces due to buoyancy and stiffness

[Luhar & Nepf, 2011],

1 pCDbU 2 3  Apgbtl(
Ca = - I - B = E(2.8)

2 El El

where p is the density of water, CD is the drag coefficient, b is the blade width, t is the

blade thickness, Ap is the difference in density between the water and the blade, E is

the Young's modulus, and I = b3 is the second moment of inertia. Previous studies12

indicate that B is small for common seagrass species such as Thalassia testudinum,

Posidonia oceanica and Zostera manna (B < 1.4, see Table 2.2), and, for this range

of values, B does not play an important role in controlling blade posture [Luhar and

Nepf, 2011]. For example, Fig. 2-2 compares the reconfiguration predicted from the

Luhar model for two blades (B = 0 and 10) across a range of Ca. If Ca = 1, the

blade is nearly vertical in posture; if Ca = 1000, then 90% of the blade is pronated,

resembling a flat plate parallel to flow. At these values of Ca (= 1 and 1000), the

value of B (= 0 and 10) has little influence on the blade posture, and the curves

for B = 0 and B = 10 overlap. For Ca = 32, there is a small influence from B,

as the curve B = 0 is slightly more pronated than B = 10. Considering the range

of postures shown in Fig. 2-2, I expect that the flat plate model may apply for the

pronated blades (Ca >> 1), but not for upright blades (Ca < 1). In this study, I

directly measure mass accumulation in model flexible blades at different values of Ca

and use a numerical model to convert the measured mass accumulation to a transfer
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A

velocity. The dependence of transfer velocity (K) on current speed (U) is compared

to the boundary layer models described by eqs. (2.6) and (2.7).

z z z
B=10

U B=0

Ca=1 X Ca=32 X Ca=1000 X

Figure 2-2: Blade posture predicted by Luhar model for different values of Cauchy

number (Ca = 1, 32 and 1000) and two values of Buoyancy parameter (B = 0 and

10). In each subplot, B = 0 and 10 shown by thicker and thinner curves, respectively,
as noted in the center subplot. For Ca = 1 and 1000, the two curves essentially

overlap.

2.2 Materials and Methods

The model seagrass blades were constructed from low-density polyethylene (LDPE)

film, which had a density of 0.925 g/cm 3 and a Young's modulus of 0.3 GPa (Ghisal-

berti and Nepf 2002). In order to cover a range of Ca experienced by real seagrass

blades, three different blades were cut from 100 pm and 250 pm thick LDPE films

(Table 2.1). All blades had a width of b = 1 cm. Using current speeds of U = 2.2 to

20.8 cm/s, I created experimental conditions with Ca from 0.14 to 5.3 x 103 , which

overlapped with a wide range of field conditions, as compared in Table 2.1 and 2.2.

The model blades had slightly higher values of Buoyancy parameter (B = 0.08 to 13)

compared to real blades (B = 10- 5 to 1, Tables 2.1 and 2.2). However, as shown in

Fig. 2-2, over this range of B, the value of B does not significantly impact the blade

posture, which is effectively controlled by the Cauchy number. As reported in Folkard

(2005), the coefficient of kinetic friction of this plastic sheeting (p = 0.47 0.03) is

comparable to real seagrass without epiphytes (p = 0.44 0.04, Posidonia oceanica).

Laboratory experiments were carried out in a flume with a width of 38 cm and a

length of 24 m. The flume was filled to 40 cm depth. Individual blades were inserted

into the top of wooden cylinders mounted in a plastic board, which was placed on
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an acrylic ramp (12 cm high, 1 m long at top and 2 m long at bottom) positioned

about 10 m downstream from the flume inlet (Fig. 2-3). Vertical profiles of stream-

wise velocity were measured above the ramp with a 3D Nortek Vectrino Acoustic

Doppler Velocimeter (ADV). Each measurement was made for a period of 2 min at

a sampling rate of 200 Hz. The time-mean velocity was calculated as the average of

all the samples. As shown in Fig. 2-4, the velocity was vertically uniform starting

3 cm above the ramp surface. The blades were mounted on a cylindrical wooden

post (length 8 cm; diameter 6 mm), and in flow the blades extended vertically at

most 23 cm above the ramp, so that the blades were positioned within the region of

near-uniform velocity.

Table 2.1: Model blade dimenesions, Ca and B values

Blade No. Length (cm) Thickness (um) Velocity (cm/s) Ca B
1 15 100 2.2 to 20.8 59 to 5300 13
2 10 100 2.2 to 20.8 17 to 1600 3.9
3 5 250 2.2 to 20.8 0.14 to 12 0.078

Table 2.2: Physical parameters of real seagrass blades

Physical Thalassi Zostera Posidonia Laboratory
parameters testudinumi marina2 oceanica experiments

Thickness, h (mm) 0.30 to 0.37 0.15 to 0.23 0.20 0.10, 0.25
Width, b(cm) 1 0.3 to 0.5 1 1
Length, 1(m) 0.10 to 0.25 0.15 to 0.60 0.15 to 0.50 0.05, 0.10, 0.15

Density p(kg/m3 ) 940 700 910 920
Modulus, E(GPa) 0.4 t 2.4 0.26 0.47 0.3

B 3 x 10-5 to 0.004 0.01 to 14 0.002 to 0.1 0.08 to 13
Ca 0.04 to 640 4 to 80000 4 to 14000 0.14 to 5300

Velocity, U(m/s) 0.02 to 0.2 0.02 to 0.2 0.02 to 0.2 0.02 to 0.2

1. [Bradley & Houser, 20091; 2. [Fonseca et al., 2007; Abdelrhman, 20071; 3.

[Folkard, 20051.

28

RMWI 1 1 1 1 __"TFI- __ - __ -



(a)

(b)

jculting Pump

(c)

40cm

12cm

Figure 2-3: Experiment setup (a) side view of entire flume; (b) close-up side view of

the ramp with a single blade on post; (c) top-view of the ramp showing the positions

of blades at the start of a flux measurement experiment. Individual blades were

removed from the flume after different duration of exposure.

25
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Flow velocity, cm/s

Figure 2-4: Velocity profile above the ramp surface. The horizontal error bars denote

the 95% confidence interval on the mean.
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To measure the rate of mass flux to the model blades, I adapted the passive

sampling method described in [Adams et al., 20071, which uses LDPE to measure

the concentration of organic chemicals in soil and water, taking advantage of the

fact that hydrophobic organic compounds preferentially partition into LDPE. In the

present experiments, the flume was dosed with 1, 2-dichlorobenzene and using the

methods described below I determined the mass accumulated in the model blades after

different exposure times, from which I inferred the transfer velocity, K, associated

with different current speeds.

The partition coefficient, PPEW, describes the ratio of 1, 2-dichlorobenzene con-

centration in the LDPE and in the water at equilibrium. I determined PPEW from

the following experiment. Six glass amber vials (V, = 40 mL) were filled with milliQ

water (18 MQ) with an initial concentration of 1, 2-dichlorobenzene (C",j) of 40 ppb.

To five of the vials I added 0.05 cm3 , 0.1 cm 3, 0.2 cm3, 0.3 cm 3 and 0.5 cm3 of LDPE

(VPE), respectively. The sixth vial was the control and did not contain LDPE. I as-

sumed that the volume of the solution V, was the same as the volume of the vial V,

which was reasonable given that the volume of LDPE was two orders of magnitude

smaller than the vial volume. The vials were put in the refrigerator (40 C) for 7 days,

after which 5 mL of the solution was withdrawn from each vial. The concentration of

1, 2-dichlorobenzene in the vial water (C,) was measured using using gas chromatog-

raphyy (GC) with an electron capture detector (Perkin Elmer Autosystem XL) in

combination o f apurge and trap system (Tekmar LSC 2000). The ratio between the

initial concentration in the vial water, Ce,, and the final concentration in the water,

C, satisfies the following equation,

C_ = 1+ PPEWVPE (2.9)
Cw V

The partition coefficient PPEW = 380 40(SD) was determined based on the arith-

metic mean and standard deviation (SD) of all PPEW values calculated using eq. (2.9).

After 14 days, I conducted the same CC measurements using 5 mL of the remaining

solution in each vial. The concentration measurements done after 7 days and 14 days
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differed by an average of 5%, which demonstrated that 7 days was sufficient to reach

equilibrium (Table 2.3).

Table 2.3: Data for determining PPEW

Vial No. VPE VPE 6Aj'i (7 days) U" (14 days) Relative difference

1 No blade 1 59 to 5300 13
2 0.05 cm3 1 1.2 0.1 1.2 0.1 1.7%
3 0.1 cm 3  1 2.1 0.2 2.3 t 0.1 9.5%
4 0.2 cmF 4 3.0 0.3 2.9 0.3 1.0%
5 0.3 cm3 3 3.4 0.3 3.1 0.3 6.8%

___._cm__ 5.4 0.5 5.3 0.5 2.6%

Before beginning an experimental run in the water channel, I covered the whole

channel with aluminum foil to reduce volatilization of the tracer chemical and to

prevent dust from falling into the flume. At the start of a set of experiments, 250

pL of 1, 2-dichlorobenzene was injected into the flume over a time period equal to

the recirculation time of the flume, so that the mixing over the flume volume could

be accelerated. The channel was run at 20 cm/s for 30 minutes to ensure that the

concentration was uniform throughout the flume, producing an initial concentration

of 90 ppb. The time required to achieve a uniform concentration at 20 cm/s was

determined by a tracer test with Rhodamine WT (Appendix C in [Rominger, 20141).

After this the channel velocity was changed to one of the test velocities U = 0, 2.2

cm/s, 4.3 cm/s, 8.6 cm/s, 13.3 cm/s and 20.8 cm/s. Six of the same blade as well as

three back-up blades were placed in the channel (Fig. 2-3(c)) and left in for 20 min,

60 min and 90 min. After each designated exposure time, two replicate blades were

taken out of the flume, dried with kimwipes, and placed in individual clean 40 mL

glass amber vials filled with milliQ water. Right after each blade was removed, an

additional vial was filled with flume water to record the bulk fluid concentration (Co).

All blade and flume water samples were placed in the refrigerator for 9 days, which

was sufficient to equlibrate LDPE from flume with 40 mL water (see the previous sec-

tion and Table 3.3). The concentration of 1, 2-dichlorobenzene in the water of each
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equilibrated sample vial (C,) was measured using GC, and the associated concentra-

tion in the equilibrated blade was CWPPEW. From these equilibrated concentrations

the original mass of 1, 2-dichlorobenzene in the blade when it was removed from the

water channel can be calculated as MPE Cw (V PPEW Vb), with V and Vb the vol-

ume of vial water and blade, respectively. The saturated uptake,Mst = CoPPEWVb,

is defined as the maximum mass of 1, 2-dichlorobenzene that the blade would take

up from the flume water, if the exposure time was unlimited. The ratio of measured

mass uptake (MPE) to the saturated mass uptake (Msat) by the blade is

MPE _ Cw(v PPEWVb) (2.10)
Mat COPPEWVb

The uncertainty in this ratio, A2 , was calculated by propagating the uncertaintyMsat

in C., Co, V,, Vb and PPEW, following [Taylor, 1997]. The largest uncertainty was

contributed by C, which reflected both the instrument uncertainty and the repli-

cate uncertainty. The total uncertainty in C. (15%) was larger than the replicate

uncertainty (5%), so that two replicates was determined to be sufficient.

The transfer velocity, K, was determined by fitting the measured mass uptake to

that predicted by a one-dimensional diffusion model in the direction z perpendicular

to the blade surface (Fig. 2-5). The concentration within the model blade (CPE)

evolved with time (t) following a one-dimensional diffusion equation

0 CPE a2 CPE (2.11)
= DPE 0z-11at az2

with DPE the diffusion coefficient within the LDPE blade. I neglected lateral and

longitudinal diffusion because the blade width b and length L were much greater than

the blade thickness, such that lateral and longitudinal diffusion timescales were long

compared with the vertical (z) diffusion timescale. 1, 2-dichlorobenzene has molar

volume V, = 113, from which I used [Lohmann, 2011 to estimate - log DPE =

0.0145Vm+6.1, which gives DPE = 1.8 x 10-8 cm2 /S. I assumed that the flux to both

sides of the blade was the same, so that from symmetry the concentration gradient

at the blade centerline (z = 0) would be zero,
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Z Z=h/2
............p r(Z ) --------- h-------2--

Figure 2-5: A schematic of the diffusion model. With the same flux (J) to both sides

of the blade, the concentration distribution within the blade (CPE(Z)) is symmetric

about the blade centerline, z = 0. Eqs. (2.11) to (2.13) were solved numerically

between z = 0 and z = h/2.

&z |Z=0 = 0  (2.12)

Flow visualization was used to examine when flow symmetry (and thus flux symmetry)

was a good assumption. The flux into the blade at the blade surface (z = h/2) was

set equal to the flux delivered to the blade (J), as described by eq. (2.1).

DPE 9CPE Iz=h/2= J = ACK =(C - CPE z=h/2 )K (2.13)
az PPEW

Eqs. (2.11) to (2.13) were solved using finite difference to find CPE(z) between the

blade centerline, z = 0, and the top surface z = h/2. The vertical grid size was 1.0

pm and 2.5 pm for the 100 pm and 250 pm thick blades, respectively. The time

step was reduced until the solution converged (became independent of the time step),

which occurred for a time step of 0.01 seconds. After finding CPE(Z) numerically,

MPE was calculated as
Msat

MPE h/ 2 pE(z)dz h/2
S(.CPE(z)d 14)

Msat 2blC- Co Cp fo

For each channel velocity, U, the mass uptake measurements provided values for MPE

and the uncertainty A MPE at t = 20 min, 60 min and 90 min. Using the numerical
A/"sat

solution to eqs. (2.11)(2.12)(2.13), the lower bound of K was determined by fitting

(MPE -A 1), and the upper bound of K was determined by fitting ( + A M ).

Finally, the blade posture at each flow velocity was captured using a Canon Rebel
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T5i DSLR camera, which was mounted on a SIRUI tripod looking through the side of

the flume. To better understand the flow near the blade boundary, a green fluorescent

dye was injected close to the blade surface and excited by a UV light placed above

the channel. Videos were taken using a Canon 5d Mark III DSLR camera. All the

videos were analyzed using MATLAB image processing toolbox.

1

0.8

CU) 0.61

0
2000 4000

Time, s
6000 8000

Figure 2-6: Symbols show the measured mass accumulation (MPE) normalized by
the saturated mass accumulation (Msat) for Blade 1 (1 cm x 15 cm x 100 pm) at

flow velocity U = 8.6 cm/s. The best fit model prediction, with K = 5.5 x 10-6

m/s, is shown with solid line. The dashed curves indicate the fits corresponding to

Kmi, = 3.9 x 10-6 M/s (lower curve) and Krax = 7.6 x 10-6 rn/s (upper curve).
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2.3 Results

As expected, the mass accumulated in the blades (MpE) increased with increasing ex-

posure time (t = 20, 60, 90 min), as shown in Appendix A (Table A.1). The measured

mass accumulation was fit to the mass accumulation model (eqs. (2.11)(2.12)(2.13)),

using the transfer velocity (K) as the fitting parameter. In this way, a best-fit K was

estimated for each experimental blade and flow condition. An example is shown in

Fig. 2-6 for Blade 1 (1 cm x 15 cm x 100 pm) at 8.6 cm/s, for which the best-fit K

was 5.5 x 10-6 rn/s (with Kma = 7.6 x 10-6 m/s and Kmn = 3.9 x 10-6 m/s).

For each blade, the transfer velocity increased with flow speed (Fig. 2-7). For

comparison, Fig. 2-7 also includes the theoretical transfer velocity for a turbulent

boundary layer (dashed lines, eq. (2.6) using v = - and v = 10), and for a laminar

boundary layer (solid line, eq. (2.7)). The diffusivity of 1, 2 dichlorobenzene in water

is Dw = 0.79 x 10-9 M 2 /s, and v = 1 x 10-6 m2 /s. For the turbulent boundary layer

model, I used the typical value u* = 1, which is consistent with a range of values

suggested by measurements over other macrophytes. For example, measurements re-

ported in Nishihara and Ackerman suggest that u, ~ for the freshwater macrophyte5

Vallisneria americana (2006). Similarly, from measurements reported in Table 1 in

[Hansen et al., 20111, u, ~ 0.07U for the kelp Macrocystis pyrifera. For nearly all

conditions the turbulent boundary layer model over-predicted the measured K, and

it failed to capture the trend at the higher velocity range (Fig. 2-7). For Blade 1 and

Blade 2 (Fig. 2-7 (a) and (b)) the laminar boundary layer model agreed with the

measured K within uncertainty over most of the velocity range. For Blade 3, both

boundary layer models over-predicted the measured K, suggesting that there might

exist a different mechanism of mass transfer.
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Figure 2-7: Transfer velocity, K, versus channel velocity, U, for (a) Blade 1, 1 cm x

15 cm x 100 pm; (b) Blade 2, 1 cm x 10 cm x 100 pm; (c) Blade 3, 1 cm x 5 cm x
250 pm. The laminar boundary layer model (eq. (2.7)) is shown with a solid curve in

each plot. The turbulent boundary layer model (eq. (2.6)) is shown by dashed lines.

For the upper dashed line, 6 V = L , and for the lower dashed line, 6 V = - . The

dotted curve in (c) denotes the prediction using K = ED.D-1 Re' Sc1 / 3 for flow past
a circular cylinder. (eq. (7.55b) in [Incropera & DeWitt, 1999]).

The blade postures at a range of flow velocities (2.2 cm/s to 20.8 cm/s) for all three

blades are shown in Fig. 2-8. Blade 1 was associated with the highest Cauchy numbers

(59 to 5300) and, consistent with this, exhibited the greatest pronation. Blade 2 was

associated with a mid-range of Ca (17 to 1600). Blade 3 was associated with the

lowest Ca (0.14 to 12) and exhibited the least pronation. The observed pronation

was consistent with that predicted by the Luhar model (Fig. 2-9). Specifically, the

deflected height predicted by eq. (4) in [Luhar et al., 2013], was close to the observed

deflected height.
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(a)

U = 13.3cm/s

(b)

Figure 2-8: Images of blade posture at U = 2.2, 4.3, 6.5, 8.6, 10.8, 13.3, 15.6, 17.8 and
20.8 cm/s starting from the blade image at the top left and moving to the blade image
at the bottom right, respectively. (a) Blade 1, 1 cm x 15 cm x 100 pm, Ca = 59 to
5300; (b) Blade 2, 1 cm x 10 cm x 100 pm, Ca = 17 to 1600; (c) Blade 3, 1 cm x 5
cm x 250 pm, Ca = 0.14 to 12. In Fig. 2-8(a), the postures at U = 17.8 cm/s and
20.8 cm/s overlap one another. In Fig. 2-8(c), the posture at U = 4.3 cm/s and 6.5
cm/s overlap.
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Figure 2-9: Deflected height versus channel velocity for (a) Blade 1, 1 cm x 15 cm

x 100 /Lm, Ca = 59 to 5300; (b) Blade 2, 1 cm x 10 cm x 100 ptm, Ca = 17 to
1600; (c) Blade 3, 1 cm x 5 cm x 250 pam, Ca = 0.14 to 12. The measurements are
shown with dots. The solid curve is the predicted by eq. (4) in [Luhar et al., 20131.
The uncertainty in measured deflected height was due to the fluctuations in the blade

posture. The deflected height, h, was measured vertically from the top of the wooden

cylinder to maximum height of the blade, and 1 denotes the blade length.
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In a separate experiment, dye (fluorescein) was injected at the top and bottom

blade surfaces (Fig. 2-10). For the highest Ca numbers (620 and 2200 in Fig. 2-

10), the blade was strongly pronated, and, dye injected on both the top and bottom

surfaces flowed along the surface, indicating flow parallel to the blade surface, as

assumed in the flat-plate boundary layer models (e.g. eq. (2.7)). At lower Ca (= 59,

Fig. 2-10 (e) and (f)) the dye flowed along the top surface, but separated from the

bottom surface. Finally, when the blade was close to vertical (Ca = 0.53, Fig. 2-10

(g) and (h)), dye injected on the front face quickly wrapped around the blade, similar

to the flow pattern observed near a vertical bluff body. This flow pattern would not

produce a evolving boundary layer along the blade length, as assumed in eq. (2.7).

To summarize, flow visualization suggested that a flux model based on a boundary

layer developing over a flat plate would be appropriate at higher Ca, for which the

blade is sufficiently pronated. In these cases, the assumption that the flux to both

sides of the blade was the same (see eq. (2.12)) would be reasonable, as both sides

exhibit flow parallel to the blade over most of the blade length. However for lower

Ca, the blade was only weakly pronated or close to vertical, and eq. (2.7) would

not be appropriate. The tracer study and blade postures suggest that this transition

occurs at Ca 60.
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Figure 2-10: Images extracted from dye test videos for all three blades at different

postures. In the left-hand column (a, c, e, g) the dye was injected on the top/front

surface; while in the right-hand column (b, d, f, h), the dye was injected on the

bottom/back surface. (a) and (b) Blade 1, 1 cm x 15 cm x 100 pm, U = 13.3 cm/s

and Ca = 2200; (c) and (d) Blade 2, 1 cm x 10 cm x 100 pm, U = 13.3 cm/s and

Ca = 620; (e) and (f) Blade 1, 1 cm x 15 cm x 100 pm, U = 2.2 cm/s and Ca = 59;

(g) and (h) Blade 3, 1 cm x 5 cm x 250 pm, U = 4.3 cm/s and Ca = 0.53.
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2.4 Discussion

Blade 1, which covered the highest range of Ca (= 59 to 5300), was strongly pronated

over the entire velocity range, such that most of the blade length was parallel with

the flow (Fig. 2-8(a)). In addition, even at the highest velocity (U = 20.8 cm/s),

the boundary layer along the entire blade length (L = 15 cm) was laminar based on

the blade-scale Reynolds number, specifically ReL e 3 x 10' < 5 x 105. Therefore,

the flow along the blade matched the model assumption of a laminar boundary layer

developing over a flat plate. Consistent with this, the measured transfer velocity

agreed within uncertainty with the theoretical prediction provided by eq. (2.7) (Fig.

2-7(a)). In particular, the transfer velocity, K, followed the trend of U1_ 5. The

power-law fit of all data points was K oc U0.4 10.1. Blade 2, which covered the medium

range of Ca (= 17 to 1600), was slightly less pronated than Blade 1 (Fig. 2-8(b)).

Nevertheless, except for the lowest flow velocity (U = 2.2 cm/s), most of the blade

length was nearly parallel with the flow. The blade-scale Reynolds number at the

highest velocity was ReL ~ 2 x 104 < 5 x 105, such that the boundary layer remained

laminar over the whole blade length. The transfer velocity measured for Blade 2

(Ca = 20 to 1700), also agreed with the theoretical model within uncertainty (Fig. 2-

7(b)), and the power-law fit K oc UO.4O.1. In contrast, the transfer velocity measured

for Blade 3 (Ca = 0.14 to 12) did not agree with the flat-plate laminar boundary

layer theory (Fig. 2-7(c)). At all current speeds, the flat-plate boundary layer model

overestimated the transfer velocity. These observations suggested that the flat-plate

boundary layer model was appropriate only when the blade was sufficiently pronated,

corresponding to Ca > 60. At lower Ca the blade was close to vertical and water

went around the blade rather than flowing along it. In this case, the flow near the

blade does not approximate a boundary layer developed by flow parallel to a flat

plate. More research is needed to characterize the flow near nearly vertical inclined

plate.

I also compared the measured transfer velocity to other theoretical models. First,

the turbulent boundary layer model is included as a dashed line in Fig. 2-7(a)(b)(c).
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This model did not agree with the measured values. Specifically, a linear relationship

between transfer velocity and current speed was not observed for any of the blades,

and the turbulent boundary layer model consistently over-predicted the transfer ve-

locity. Second, for Blade 3, which was nearly vertical (Fig. 2-8), I considered the

possible analogy to flow past a circular cylinder, for which the theoretical transfer ve-

locity is K = EDD-Re'Sc1/ 3, with cylinder diameter D replaced by blade width

(D = b), and empirical coefficients E = 0.683 and m = 0.46, as reported in [Incropera

& DeWitt, 1999]. In our experiment, ReD = ranges from 220 to 2080, which falls

into the Reynolds number range ReD = 40 to 4000 in Table 7.2 in [Incropera & De-

Witt, 1999]. However, this prediction, shown by the dotted curve in Fig. 2-7(c), also

overestimated the measured transfer velocity. The reduced mass flux observed for

the nearly vertical blades might be caused by a reduction in relative velocity. Flow

stagnates on the front surface of a vertical blade, so that the relative velocity between

the water and the blade surface is lower than the condition with flow parallel to the

blade surface.

Next, I consider the flux at the meadow scale. To describe the uptake by a meadow

based on the bulk concentration in the water outside the meadow, one must consider a

two-step flux model, which includes the mass flux across the meadow interface as well

as the mass flux at the blade surface [Lowe, Koseff, & Monismith, 2005; H. M. Nepf,

2012]. For simplicity, I consider an infinite submerged meadow, for which flux into the

meadow from the surrounding open water occurs only through the vertical turbulent

transport at the top of the canopy (Fig. 2-11). Consider a portion of the meadow

with bed area A = AxAy. The total two-sided blade area within bed area A is

Ab = 2ahcAxAy. Here a is the meadow frontal area per volume, and h, is the canopy

height. The mass flux across the interface at the top of the meadow (nih) is

rnh = KhAxAy(Co - Cc) (2.15)

in which Kh is the transfer velocity between the overflow and the canopy, Co is

the concentration of the chemical in the overflow, C, is the concentration inside the
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canopy. The cumulative mass flux occurring over all blade surfaces within A is

z

H -----------

U C=Co

hc- -

=c

K

Ax UO Uh UG

Figure 2-11: Schematics of the two-step flux model and corresponding velocity profile.

Here, U is the flow velocity, Ax is the length meadow section, Ay is the width of

meadow section, h, is the canopy height, Co is the concentration in the bulk fluid, C,

is the concentration in the canopy, Kh is the transfer velocity between the overflow

and the meadow, K is the transfer velocity at the blade surface, Uo is the velocity

in the lower canopy, Uh is the velocity at the top of the meadow, U is the velocity

above the meadow and AU = U, - Uo.

rmb = KAbCe (2.16)

in which K is the transfer velocity at the blade surface, and I have assumed that

C = 0 at the blade surface, similar to [Bilger & Atkinson, 1992] and [Atkinson &

Bilger, 1992]. Specifically, I only consider mass-transfer limited conditions for which

the biological uptake keeps up with the physical rate of mass transfer to the surface.

At steady state, rAh rnb, which gives the expression for the net flux rh

2Kah
mh= mA b =r1 = AxAy( 2KAhc 4 )CO (2.17)

When 2Kahc < K, rh = 2KahcAxAyCo, indicating that the transfer velocity at the
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blade surface, K, controls the net flux to the meadow; however, when 2Kahe < Kh,

rh = KhAxAyCo, indicating that the transfer velocity between the overflow and the

meadow controls the net flux to the canopy. Below, I use existing studies to compare

2Kahc and Kh for nutrient flux in seagrass meadows.

First, from [Ghisalberti & Nepf, 2005], K = A , in which AU is the velocity dif-

ference between the meadow and the overflow above the meadow. Using velocity pro-

files measured in real seagrass meadows [Weitzman et al., 2013] and in a dynamically-

scale meadow model [Ghisalberti & Nepf, 2005], the ratio between AU and the flow

velocity at the top of the meadow (Uh) is A = 1.1 to 1.8. For coastal currents,Uh

a typical depth-averaged velocity might be U, = 0.1 to 0.5 m/s [e.g. H. M. Nepf,

20121. Assuming Uh has the same order of magnitude of Um, K = 0(10-2 to 10-3)

m/s. Second, for nutrient flux (D, ~ 2 x 10- 9, Sc = 500) the laminar boundary layer

model gives K = 0.664Dw JSc1/3 = 0(10-') m/s, using a blade length range of

1 = 0.2 to 0.6 m. Note that Uh overestimates the mean velocity within the canopy,

such that K is an overestimate. Finally, for typically seagrass meadows, the order of

magnitude of ahc is between 0(10-1) and 0(10). For Posidonia oceanica, field mea-

surements by [Infantes et al., 2012] report the leaf surface area per plant A, = 211 23

cm 2 and the shoot density N = 615 34 m-2, so ahc = NA, = 13 2; for Zostera

marina, ahc = 0.4 to 2 (Fig. 4 in [Moore, 20041; Table 2.1 in [McKone, 2009]); for

Thalassia testudinum, field measurements by Weitzman et al. (page 71, 2013) give

ahc = 5 2. Even with K slightly overestimated I find, 2Kahe = O(104 to 10-6)

m/s < K = 0(10-2 to 10-3) m/s. This suggest that under most field conditions

the nutrient uptake by a meadow is controlled by the flux at the blade surfaces, i.e.

eq. (2.17) reduces to rh = AxAy(2Kahc)Co, which in turn suggests that meadow-

scale uptake should vary with U"5 , following the dependence of K. This result is

consistent with field measurements of uptake at the meadow scale. Specifically, un-

der unidirectional current, both [Thomas et al., 2000] and [Weitzman et al., 20131

observed uptake rates to a seagrass meadow proportional to UO.4 0 2 , consistent with

uptake controlled at the blade scale by a laminar boundary layer. One might expect

that the highly turbulent conditions found in the field, and in particular the strong
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turbulence generated at the top of the meadow [e.g. Ghisalberti & Nepf, 2002], might

trigger a transition from laminar to turbulent boundary layers (e.g. as discussed in

[Kosorygin & Polyakov, 1990]). However, the observation that K - U0 41 0 .2 suggests

that the boundary layers remain laminar.

[Thomas et al., 20001 measured the uptake rate of ammonium (D" = 9.8 x

10- 9 m 2/s 2) by Thalassia testudinum. They recorded the transfer rate per bed area

(S), which can be converted to transfer velocity per blade area (K) assuming that the

average blade length was 0.19 m and the average blade width was 0.9 cm (given in

[Weitzman et al., 2013] for the same species), and using the mean density of 10, 200

blade/m 2 , given in [Thomas et al., 20001. With this conversion, the measured trans-

fer velocity (K) is smaller than the laminar boundary layer prediction, shown by the

solid line in Fig. 2-12. However, eq. (2.7) can be fit to the data with a scale factor

y = 0.45. This fit is shown with a dashed line in Fig. 2-12. Two effects might explain

this scale factor. First, within a meadow the individual blades may overlap, shelter-

ing some blade area from flow, which would locally reduce the flux and appear as

a reduced transfer velocity. Second, the velocity reported by Thomas was measured

at mid-depth, which would be higher than the velocity within the meadow, which is

diminished due to the drag provided by the meadow. Thus, the scale factor fitted

above in part reflects an overestimation of in-canopy velocity by the depth-averaged

velocity.

The extension of eq. (2.7) to the field depends on the estimate of an appropriate

velocity scale. First, as discussed in the previous paragraph, submerged macrophytes

usually grow in meadows, which will reduce the flow velocity around the individual

blades, relative to the depth-averaged velocity, so that the definition of reference

velocity U in eq. (2.7) needs more careful consideration. U should be scaled as

the mean velocity within the meadow (see Fig. 2-12). Second, flow is not evenly

distributed over the length of a meadow, such that the location of a blade within the

meadow can affect the flux. Specifically, blades near the leading edge of the meadow

are exposed to higher velocity, and this condition persists over an adjustment length

scale proportional to the meadow density and height [Chen et al., 20131. Consistent
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with this, Figure 6 in [Morris et al., 2008] observed 20% higher uptake rates at the

leading edge of a Cymodocea nodosa canopy. Third, for oscillatory flow (waves) the

in-canopy velocity attenuation is weaker than for unidirectional flows, such that a

higher in-canopy velocity occurs for oscillatory flows, compared to a unidirectional

flow with the same depth-averaged current magnitude [Lowe, Koseff, & Monismith,

2005; Luhar & Nepf, 20111. Higher in-canopy velocity would enhance canopy-scale

mass transfer rates for oscillatory flows, relative to unidirectional flow of the same

magnitude. This has indeed been observed for both rigid canopies [Lowe, Koseff, &

Monismith, 20051 and for seagrass meadows [Weitzman et al., 2013]. It is interesting

to note that for purely oscillatory flows with wave velocity Uw [Weitzman et al., 2013]

measured K oc UO.0-2, suggesting that a laminar boundary layer model might apply

to wave conditions.
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Figure 2-12: Transfer velocities (K) calculated from the uptake rate per bed area

reported for Thalassia testudinum in Table 2 in Thomas et al. (2000). Conversion
to flux per blade area used a typical Thalassia blade length of L = 0.19 m, a blade

width of b = 0.9 cm (from [Weitzman et al., 2013]), and the density 10, 200 blade/m 2

reported in [Thomas et al., 2000]. The laminar boundary layer model (eq. (2.7))
is plotted as a solid line. The dashed curve is the laminar boundary layer model

adjusted by a fitting constant, -y, with y = 0.45 producing the best fit.
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The model blades used in the experiments were smooth. However, in the field

seagrass blades are often colonized by epiphytes, which may alter the boundary layer.

The impact of roughness on boundary layer flow is described in terms of the roughness

Reynolds number, ReR = , with e the roughness height. A laminar boundary layer

is maintained for ReR < 5 and transition to a fully turbulent boundary layer occurs

at ReR > 100 (Fig. 11, [Nikuradse, 19501). [E. Koch, 19941 measured epiphytic cover

on real seagrass blades and showed that in many cases, in particular for younger

blades, a laminar boundary layer could be maintained even with epiphytic cover,

such that eq. (2.7) would apply. For ReR < 5, the epiphytes reside within a laminar

boundary layer, so that their uptake, if mass-transfer limited, should also follow a

U05 dependence. For older blades, with larger epiphytes, Koch (1994) showed that

the boundary layer might be fully turbulent, such that eq. (2.6) would apply, leading

to a linear dependence on U. For 5 < ReR < 100, the boundary layer is in transition,

i.e. intermittently laminar and turbulent, such that I might expect mass-transfer

limited uptake to follow Um with m between 0.5 and 1. [Cornelisen & Thomas, 2006]

measured the uptake of ammonium and nitrate to epiphytes of size < 35pm living

on Thalassi testudinum. Even for the maximum velocity in the study (20 cm/s),

35 pm epiphytes produce ReR ~~ 1 < 5, suggesting that these epiphytes resided

within a laminar boundary layer. Consistent with this, the uptake rates measured

for ammonium and nitrate increased as Um , with m = (0.41 to 0.85) and (0.51 to

0.57), respectively (95% CI in Table 2, [Cornelisen & Thomas, 2006]). The observed

velocity dependence is consistent with mass-transfer limited conditions controlled by

a laminar boundary layer (m = 0.5).
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2.5 Conclusion

Flow over sufficiently pronated, hydraulically-smooth blades resembles flow over a

hydraulically-smooth flat plate, for which a laminar boundary layer develops, pro-

ducing mass-flux that can be represented by a transfer velocity K that increases in

proportion to the square root of the current speed (U 0-5 ). The laminar boundary layer

model, which held when the Cauchy number satisfied Ca > 60, predicted K to model

blades within uncertainty without any fitting parameters. However, for Ca < 60, the

blades remained nearly upright and the laminar boundary layer model overestimated

the measured K. In the field, epiphytes produce physical roughness on real seagrass

blades, however, for some flow and epiphyte conditions, the boundary layer may re-

main laminar. In these cases, if the uptake is mass-transfer limited, the uptake to

both the blade and to the epiphytes should have dependence on U'-5 , which is con-

sistent with available field measurements. Finally, a two-layer flux model evaluated

for meadow conditions suggests that the uptake at the meadow scale is controlled by

the flux at the blade-scale, which would imply that uptake at the meadow scale also

increases as U0 ., which is consistent with the results of multiple field experiments.

2.6 Acknowledgments

This material is based upon work supported by the National Science Foundation

under Grant No. EAR 1140970. Any opinions, findings, and conclusions or recom-

mendations expressed in this material are those of the author(s) and do not necessarily

reflect the views of the National Science Foundation. The authors thank John Mac-

Farlane for assistance with the chemical flux measurements. All data is provided in

the tables and figures, or properly cited and referred to in the reference list.

47



48



Chapter 3

Wave damping by flexible vegetation:

scaling up individual blade dynamics

to meadow scale

'Abstract

Aquatic vegetation provides ecosystem services of great value, including the damping

of waves, which protects shorelines and reduces resuspension. This study proposes

a physically-based model to predict the wave decay associated with a submerged

meadow as a function of plant morphology, flexibility, and shoot density. In particular,

the study considers both the rigid (sheath) and flexible (blade) segments of the plant.

Flexible plants reconfigure in response to wave orbital velocity, which diminishes wave

decay relative to a rigid plant of the same morphology. The impact of reconfiguration

on wave decay can be characterized using an effective blade length, 1e, which represents

the length of a rigid blade that generates the same drag as the flexible blade of length

1. The effective blade length depends on the Cauchy number, which defines the

ratio of hydrodynamic drag to blade stiffness, and the ratio of blade length to wave

orbital excursion. This laboratory study considered how the scaling laws determined

for individual blades can be used to predict the wave decay over a meadow of plants,

each consisting of six blades attached at a rigid stem (sheath). First, the drag force on

'This chapter has been pubisihed as [Lei & Nepf, 2019b]
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and motion of individual model blades (made of low-density polyethylene) was studied

for a range of wave conditions to provide empirical coefficients for the theoretically

determined scaling laws for effective length, le. Second, the effective length predicted

for individual blades was incorporated into meadow-scale model to predict wave decay

over a meadow. The meadow-scale models accounts for the contribution from both

the rigid and flexible parts of individual plants. Finally, wave decay was measured

over meadows of different plant density (shoots per bed area), and the measured decay

was used to validate the wave-decay model. Wave decay was shown to be similar over

meadows with regular and random arrangements of model plants.

3.1 Introduction

Submerged aquatic vegetation (SAV) provides a variety of ecosystem services with

an estimated annual global value of more than four trillion dollars [Costanza et al.,

1997]. It supports biodiversity by providing different habitats and shelter areas for

many fisheries [Costanza et al., 1997] and by supplying food for herbivorous animals

such as the dugong and green turtle [Waycott et al., 2005]. Vegetation attenuates

incoming waves and protects shorelines from erosion due to wave impact [e.g. Barbier

et al., 2011; Arkema et al., 2017]. As a carbon sink, seagrasses sequester a larger

amount of carbon per hectare per year than rainforests [Fourqurean et al., 2012].

In shallow marine and freshwater environments, wave-driven resuspension is a key

factor in nutrient and light levels, controlling water quality and creating a positive

feedback between vegetation and light-climate [e.g. Gacia & Duarte, 2001; Moore,

2004; Gruber & Kemp, 2010; Wang et al., 2015]. Because aquatic vegetation plays

such an important role through these processes, its protection and restoration have

become a major focus in coastal management [Greiner et al., 2013; Sutton-Grier et

al., 2015].

Many researchers have described the wave dissipation by submerged vegetation

using a fitted drag coefficient, CD, to characterize the drag force that the vegetation

imposes on the flow [e.g. Mendez & Losada, 2004; Stratigaki et al., 2011]. Previous
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studies have expressed CD as a function of the vegetation Reynolds number (Re -

Ub/v, with Um, the wave velocity, b the plant width, and v the kinematic viscosity)

and/or the Keulegan-Carpenter number (KC = UT/b, with T the wave period) [e.g.

Mendez & Losada, 2004]. These models have been developed from both laboratory

[Houser et al., 2015; Stratigaki et al., 2011] and field studies [Bradley & Houser,

2009]. Models using the maximum wave velocity in a quadratic drag law can work

well for rigid vegetation, but flexible vegetation moves with the water, so that the

relative velocity between the water and the vegetation is not the wave velocity. For

example, the tip of a flexible seagrass blade can move passively with a wave whose

wave excursion is comparable to or less than the blade length [Luhar & Nepf, 2016].

Under these conditions there is negligible relative velocity and thus negligible drag at

the blade tip. Because the relative motion is diminished from the wave velocity over

part of the flexible blade length, the blade experiences less drag than a geometrically

similar but rigid blade in the same wave conditions.

A number of studies have tried to account for relative motion in the drag formu-

lation. For example, in the theoretical analysis of [M6ndez et al., 1999] the blade

excursion was treated as a function linearly proportional to the distance along the

blade, and the drag was calculated using the relative velocity. In the field study by

[Bradley & Houser, 2009], blade tip excursion was recorded using a camera and used

to estimate blade motion along the blade length. In the numerical study of [Maza

et al., 2013], the relative velocity was obtained by considering a linear deformation

of the plant. In [Zeller et al., 2014], a single blade was numerically modeled as a

series of rigid elements linked together, and the blade motion was incorporated into

the calculation of the drag. Finally, in the laboratory study of [Luhar & Nepf, 2016],

the blade motion was digitally recorded, and the observed blade velocity was used to

calculate the relative velocity and drag. Despite all the existing studies, a predictive

model for wave decay over a meadow that incorporates the motion of blades has not

been developed.

The degree of plant flexibility plays an important role in determining the relative

velocity. A few studies have modeled vegetation blades as cantilever beams [e.g.
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Bradley & Houser, 2009; Mullarney & Henderson, 2010]. These models work well

for vegetation that undergoes mild deformation, e.g. displacements that are much

less than the plant length. However, more flexible vegetation, such as seagrass, can

experience significant deformation [Luhar & Nepf, 20161. The deformation in response

to flow is known as reconfiguration, and the degree of reconfiguration is described by

three dimensionless parameters, the wave Cauchy number Cam, which is the ratio of

the hydrodynamic drag to the restoring force due to blade stiffness, the Buoyancy

parameter B, which is the ratio between the restoring forces due to buoyancy and

stiffness [Luhar & Nepf, 20111, and the blade length ratio L, which compares the

blade length to the wave excursion [Luhar & Nepf, 2016],

pbU$,l3
Ca = (3.1)

EI

B = Apgbt (3.2)
EI

L = - = 2r(3.3)
Aw UwT

Here, p is the density of water, b is the blade width, 1 is the blade length, t is the

blade thickness, Ap is the difference in density between the water and the blade, E is

the Young's modulus, I = b is the second moment of inertia, and A, (= UT/27r)12

is the wave excursion (wave orbital radius). For common seagrass species, such as

Thalassia testudinum, Posidonia oceanica and Zostera marina, B is small because

blades are close to neutrally buoyant, in which case B does not provide an important

control on blade motion [Luhar & Nepf, 20161.

To describe the impact of reconfiguration on the drag of an individual blade,

[Luhar & Nepf, 2011, 20161 proposed the effective blade length, le, defined as the

length of a rigid, vertical blade that generates the same drag as the flexible blade

of length 1. The ratio le/l is a function of Caw and L. For a small wave excursion,

L >> 1 or A, < 1, the blade bending-angle (0) can be approximated as the ratio of

blade tip excursion to blade length. Further, the blade tip excursion scales on the
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wave excursion, so that 6 - A./l. Balancing the drag force and the elastic restoring

force of the blade, this scaling implies: A,/l' ~ pbleUS,, from which

-e ~ (CawL) -1/4 (3.4)

[Luhar & Nepf, 2016] validated this scaling for individual blades with L as small as

1.5. The same scaling was also verified for individual blades within a meadow ILuhar

et al., 20171. The present study uses this scaling law to construct a predictive model

for wave decay over a meadow.

3.1.1 Wave decay over a meadow of submerged plants

[Dalrymple et al., 1984] described wave decay over a meadow of submerged plants (see

also [M6ndez et al., 1999; Bradley & Houser, 20091). Assuming linear wave theory

and that energy dissipation is caused only by the meadow, the steady wave energy

balance is

-Ev= ( pga2C9) (3.5)

in which E, is the rate of wave energy dissipation due to the vegetation, g is acceler-

ation due to gravity, aw is wave amplitude, and cg is wave group velocity. Assuming

rigid, vertical blades of length 1 and using a quadratic drag law, the rate of energy

dissipation by the vegetation can be expressed as

11
Ev = -]-CDa]UR URudzdt (3.6)

T ft o - 2

The parameter av is the vegetation frontal area per unit meadow volume, which is

defined as av = nob, with blade width, b, and blades per bed area, no. UR is the

relative velocity between the vegetation and the water, and u is the absolute water

velocity. The vertical coordinate, z, is zero at the bed and positive upward. Given

the slender morphology of a seagrass blade, the vertical drag force has been assumed

to be negligible compared to the horizontal drag force.

For rigid vegetation, the relative velocity between the vegetation and the water is
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the absolute fluid velocity,

cosh kz
u = aa o . sin wt (3.7)

sUa h kh

in which w = 27r/T is the radian frequency, k = 27r/A is the wave number for wave-

length A, and h is the water depth. Note that (3.7) includes the reduction in orbital

velocity due to drag and inertial forces exerted by the canopy elements, which is rep-

resented by factor a (= ratio of in-canopy velocity to free-stream velocity), as defined

in [Lowe, Koseff, & Monismith, 2005]. Assuming CD and a, are constant, equations

(3.5), (3.6) and (3.7) can be combined to yield

& 1 2 aamw 9 sinh kl +sinh 3kl
-(-pgac) = -pCDao( )3 ( (3.8)
Ox 2 37r sinh kh 12k

which has a solution of the form

am(x) _ 1aw W (3.9)
awo 1 + KDawOx

Here, awo is the wave amplitude at the beginning of the meadow, x = 0 cm, and KD

is the wave decay coefficient, defined as

KD 2 CDaka3 9 sinh kl + sinh 3kl
97r sinh kh(sinh 2kh + 2kh)

Equation (3.10) assumes rigid vegetation and adjustments are needed for application

to flexible vegetation. In particular, for Caw > 1, the blade moves in response to the

wave, so that the assumption UR u is no longer reasonable. As noted above, several

studies have incorporated the impact of blade motion into a fitted drag coefficient

[e.g. Mendez & Losada, 2004; Stratigaki et al., 2011; Manca et al., 2012; Maza et al.,

2013; Houser et al., 2015]. Alternatively, [Luhar et al., 20171 suggested the use of a

constant drag coefficient, assigned based on the rigid plant geometry, and incorporated

the impact of blade motion through an effective length, le. Following this framework,

eq. (3.10) can be adjusted by replacing 1 with le. In [Luhar et al., 20171, le was
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inferred from observed blade motion. Similarly, (Losada et al., 20161 observed wave

damping by flexible vegetation in both pure waves and combined wave-current flows,

and they used a measured deflected plant height to improve the description of wave

damping.

The present study advances the concept of effective blade length by considering

whether the scaling laws for individual blades (eq. (3.4)) can be used to predict the

blade effective length used in the prediction of KD, eliminating the need for blade

motion observations, as used in [Losada et al., 2016; Luhar et al., 2017]. First, the drag

force on and motion of individual blades were studied for a range of wave conditions

to provide the empirical scale coefficient in the blade scaling law (eq. (3.4)). Second,

a model was constructed to predict wave decay over a meadow of plants consisting

of multiple blades attached at a rigid stem, representing the sheath. Third, the wave

decay was measured over meadows of different meadow density (stems per bed area)

and used to validate the model. Finally, the present study used a regular array of

model plants, providing a point of comparison with previous studies using random

configurations of model plants.
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3.2 Materials and Methods

The laboratory experiments were conducted in a 24 m long water channel with a width

of 38 cm. For experiments on individual blades, the water depth was h = 40 cm. For

experiments with a model meadow, the water depth was varied between h = 18 cm

and 45 cm. Monochromatic waves were generated with a piston-type wave maker.

Wave reflection was reduced using a beach with a 1 : 5 slope that was covered with 9

cm of rubberized coconut fiber. Following the method from [Goda & Suzuki, 1976], I

measured the wave reflection using two wave gages, which took measurements at two

locations with a distance of 1/5 the wave length. The assessment of reflection was

made at mid-channel, where the meadow was positioned, but without the meadow.

For various wave amplitudes (0.8 to 5 cm) and periods (1 to 2 s), the measured wave

reflection was 7 3 %.

3.2.1 Model Seagrass Blades and Meadow

Experiments were conducted using both individual blades and meadows of different

shoot density. Individual blades were constructed from LDPE (low-density polyethy-

lene) film, with a material density of 0.925 g/cm 3 and a Young's modulus of 0.3 GPa

[Ghisalberti & Nepf, 2002]. To cover a wide range of Ca, and L, four different blade

lengths (3 cm, 5 cm, 10 cm and 15 cm) and two blade thicknesses (100 Am and

250 pm) were used. The meadow of model seagrass was constructed with individual

plants consisting of six LDPE blades and a cylindrical wooden stem. The stems were

inserted into a plastic baseboard in a staggered array of holes (Figure 3-1). Once

inserted, the stem extended 1 cm above the bed. The blades were cut 14 cm long,

b = 3 mm wide, and t = 100 pm thick. Six blades were attached to each stem with 1

cm overlap using a 1 cm wide strip of waterproof tape that covered the entire expose

cylinder. The end of the blades attached to the rigid stem mimicked the sheath of

real seagrasses. The diameter of the stem with attached blades (sheath) was mea-

sured with micrometer to be d = 0.69 t 0.02 cm. Because the stem and blades had

1 cm overlap, the fully erect plant was 1P = 14 cm tall. The model meadow extended
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over the channel width and 5 m along the channel. The plant densities considered

included 280, 600, 850, 1050 and 1370 plants/M2. The stem configuration for three

of the meadow densities is shown in Figure 3-1(a)(b)(c).

For both the individual blades and the meadow, wave amplitude, aw, was varied

between 0.8 and 5 cm. Three wave periods were considered: T = 2.0, 1.4 and

1.0 s. The wave velocity ranged from 4 to 21 cm/s. During individual blade drag

measurements, velocity was measured 6.5 cm above the ramp using a Nortek Vectrino

at a sampling rate of 200 Hz for 3 minutes. During wave damping measurements,

velocity was measured at the top of the meadow at a sampling rate of 200 Hz for

3 minutes. For most wave conditions k x 1 < 0.32, for which linear wave theory

indicates that the difference in velocity over the height of the blade was less than 5%,

indicating that a velocity record at a single vertical position was sufficient. With 200

samples per second, the velocity record uw(t) could be binned into y = 200 x T phase

bin per wave to find the phase-averaged velocity (fi(#)). The phase-average velocity

in the n'h phase bin (n = 1 to 200T), which has wave phase # = 27rn/y is

im(#(n)) = .( )2N7rn E u(t(n + ym)) (3.11)
SN t

in which (fiw) denotes the phase-averaged velocity, N is the number of wave periods

in the record, and uw(t(n+ym)) is the (n +-/m)th velocity sample. The wave velocity

Uw was calculated as V 2 times the rms of the phase-averaged velocity, and varied

from 4 cm/s to 20 cm/s, such that the experimental conditions included Caw from

0.1 to 5000, and L from 0.5 to 12.4 for individual blades. For the meadow cases,

Caw ranged from 90 to 3800, and L ranged from 2 to 26. These values of Caw and

L overlapped with a wide range of field condition with wind waves (T = 1 to 2 s), as

shown in Table 3.1.

The movement of individual blades in isolation and individual blades within

the meadow was recorded with a Canon 5D Mark III DSLR camera (serial No.

358023001794). Video was recorded at 50 frames per second for 1 min, and the video

was processed using the image processing toolbox in MATLAB (version R2014b). To
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facilitate the tracking of individual blades within the meadow, blades were marked

with four black dots at 4, 7, 10 and 13 cm along the blade, which were tracked through

digital processing.

(a)

0ooooo0oooo0o00oo00oo0oo0000 ooo

(b)0000000000000

0ooooo0oooo0o
0ooooooo0ooo

0oooooooooo
WOOOOOOOO@~

(b) OOOOOOOOOOOO 00OOoo~ooooo~oooo~ooooooooooooooo0oo0o
ooooooooooooooo0o1

(d)

Figure 3-1: Section of baseboard showing staggered holes (circles) and stem pattern
(filled circles) at stem density (a) 280, (b) 600, and (c) 1370 plants/m 2 . Adjacent
holes were 0.95 cm apart measured center to center. (d) Model seagrass meadow with
600 plants/M 2. To visualize an individual plant within the meadow, one plant was
colored black. This image was taken without waves, so blades are stationary.

Table 3.1: Physical parameters of real seagrass blades

Physical 2 Thalassi 3Zostera 4Posidonia Laboratory
parameters testudinum marina oceanica experiments

Thickness, h (mm) 0.30 to 0.37 0.15 to 0.23 0.20 0.10, 0.25
Width, b(cm) 1 0.3 to 0.5 1 1
Length, 1(m) 0.10 to 0.25 0.15 to 0.60 0.15 to 0.50 0.05, 0.10, 0.15

Density p(kg/m3 ) 940 700 910 920
Modulus, E(GPa) 0.4 t 2.4 0.3 0.5 0.3

L 0.5 to 2.5 0.7 to 6.0 0.7 to 5.0 0.5 to 12.4
Ca, 0.16 to 640 16 to 80000 16 to 14000 0.1 to 5300

Velocity, U,(m/s) 0.3 to 1.3 0.3 to 1.3 0.3 to 1.3 0.04 to 0.2
al 3 to 7 0.3 to 2 11 to 15 N/A
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3.2.2 Drag Measurements on Individual Blades

Drag measurements were made on individual blades. A single blade was inserted

into a 4 cm tall stainless steel post (2 mm diameter) attached to a submersible force

transducer (Futek LSB210). The accuracy of the force transducer was 10%, and the

resolution was 0.001 N (based on instrument specifications). The force transducer

was mounted in a 12 cm high acrylic ramp that spanned the channel width. The ramp

was 1 m long on the top and 2 m at the bed (Figure 3.2). For each wave condition, the

drag force on the blade and post (Ft(t)) was measured for 3 minutes at a sampling rate

of 2000 Hz, capturing between 90 and 180 individual waves, depending on the wave

period. A separate experiment was conducted to measure the force on the post alone

(F(t)), i.e. without blade, for the same wave conditions. Using the phase-averaging

method introduced above, the drag force record was binned into -y = 2000 x T phase

groups to find the phase-averaged force.

1 ~N 1(F(#(n)) = NEmt F(t(n + yim)) (3.12)
N

with phase, O(n) = 27n/-y, associated with the nh bin and N the number of wave

periods in the record. F(t(n + 7m)) is the (n + -ym)th force sample. The maximum

force on the blade within one wave cycle, F,max, was estimated as the maximum

phase-averaged force on the blade and post together (Ft,ma,) minus that maximum

phase-averaged force on the post alone (F,maa2). Specifically, Fb,max =Ft,max - F,max.

The measured effective length ratio, le/l, was defined as the ratio of measured

maximum force to the expected maximum force for a rigid blade of the same geometry.

le measured maximum force Fbmax

1 expected maximum force for rigid blade Frigid,,(ax

2 [Bradley & Houser, 2009; Weitzman et al., 20131
3 [Fonseca et al., 2007; Abdelrhman, 2007; Moore, 2004; McKone, 20091
4 [Folkard, 2005; Infantes et al., 2012]
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The time-varying force on a rigid blade can be described as

1 1 1 2u
F(t) = -pCDb uIuw + p(-b C + bd) wdz (3.14)

W 0 2 4 at

The first term inside the integral is the drag, and the second term is the added mass

and buoyancy. The drag (CD) and added mass (Cm) coefficients depend on the

Keulegan-Carpenter number (KC), as described in [Sarpkaya & O'Keefe, 1996]. Eq.

(3.14) has been validated using the measured time dependent force on an individual

blade, as described in [Luhar & Nepf, 20161. Since the maximum force occurs at the

maximum velocity, at which time the added mass term is negligible, the maximum

force on a rigid blade is

Frigid,max = pCDbUw,max IUw,maxdz (3.15)

with uw,max the measured maximum phase-averaged velocity. The drag coefficient,

CD, was estimated from KC and Figure 13 in [Keulegan, 19581. The range of KC

was 8 to 40, yielding CD from 3.1 to 5.3.

Wave paddle Vectrino

UW60Cm

/Model blade

1Post
Force transduer- - z = 0

2 m

24 m

Figure 3-2: Experimental setup for measuring force on a single blade. Mean water

depth h = 40 cm. Figure is not to scale. The velocity measurement was taken without
the model blade with the Vectrino placed directly above the blade post.
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Vectrino
Reference Moving

Wave paddle wave gage wave gage

-1.i5. m1 =0 5m

24 m

Figure 3-3: Experimental setup for wave damping measurements (not to scale). The

Vectrino was placed at mid-meadow position and measured the velocity at the top of

the meadow.

3.2.3 Measured wave damping coefficient, KD

The wave amplitude was measured using two wave gages (Figure 3-3). A reference

wave gage was permanently mounted upstream of the meadow (x = 125 cm) to verify

that the wave conditions were constant. The variation in wave amplitude over the

duration of each experimental run (about one hour) was under 3%. A second wave

gage was mounted on a trolley that moved along the flume on precision rails. The

moving gage collected data at 10 or 20 cm intervals (depending on the wave length)

starting 40 cm upstream of the meadow and continuing along the entire length of the

meadow. At each x position, the instantaneous position of the water surface, 77(t),

was measured at 1 kHz for 1 min (30 to 60 waves, depending on wave period). The

variation of wave amplitude of each wave was negligible (less than 2%), such that 30 or

60 waves were sufficient. The wave amplitude a, was calculated from the root-mean-

square surface displacement, a, =, f= [ 2 (t)dt. The wave decay coefficient, KD,

was found by fitting equation (3.9). An example of a-() versus is shown in Figure 4.awo

awo
Specifically, KDaOA is the slope of (( - 1) versus 1. Due to wave reflection, the

amplitude contained beats at intervals of !A. A new fitting method was developed to

minimize the influence of these beats on the linear fit (see Appendix B). The method

requires measurements over a minimum length of 3/4A. In the example shown (Fig.

3-4), the fit was applied to all measured data between the points marked 1 and 2.

The first fitted point (1) was selected as the closest point to the first node of the beat
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pattern. The last fitting point was selected to be the node spaced 5/4A from the first.

This selection satisfied the requirement to use points spanning a phase difference of

(n + 1/2)7r, with integer n (see Appendix B). Uncertainty was introduced from the

choice of fitting domain, which was assessed by considering different start and end

points adjacent to the nodes. For the example, in the case shown a.o = 2.96 0.04 cm

and the fitted slope was KDaWOA = 0.061 0.004. Because wave energy can also be

reduced by viscous boundary layers on the sidewalls and flume bed, the experiment

was repeated without the meadow for each wave period. The viscous damping does

not depend on wave amplitude [Hunt, 1964]. For the bare channel case, the slope

of a-O - 1 versus (= KDawO) was 0.010 0.001, across all wave periods. The
aw..(x)A

bare-channel wave decay slope was subtracted from each meadow condition to isolate

the wave damping due only to the meadow. For example, in the case shown in Figure

3-4, the meadow decay was KDaWO = 0.051 0.004. The uncertainty in the fitted

slope (Aslope) and fitted ao (Aamo) was propagated to find the uncertainty in fitted

KD. The uncertainty in the measured wavelength was negligible.

AKD Aslope(meadow) 2 2(Aaw(0)2
(3.16)

KD slope(meadow)) a, (0)

For the case shown in Figure 3-4, KD= (0.67 0.05) m-2
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Figure 3-4: An example of versus A.The wave conditions for this Figure were
awoA

ao = 2.96 0.04 cm and T = 2 s, and the wave length was 3.7 m. The stem

density was 600 /m 2 . The dashed line indicates the best fit of all data between point

1 and 2, located at nodes in the wave beat pattern. The beat pattern results from

the constructive interference of the wavemaker wave train with its reflection off the

beach.

3.3 Results

3.3.1 Individual blades and effective blade length

For individual blades in waves, the measured effective blade length followed the scaling

law - - (CawL)-1/4 across several decades of Ca.L (Figure 3-5). The lower panel in

Figure 3-5 shows images extracted from the digital videos of individual blades. Each

image was a stack of 10 black and white images, with time step = 0.2 s (10 frames).

For all images shown in the lower panel of Figure 3-5, the wave period was 2 s. These

images qualitatively illustrated the range of blade motion in a wide range of CawL.
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The blade dimensions and wave conditions are summarized in Table B. 1 in Appendix

B. Specifically, for 1 < CawL < 10, 000 the fitted line with 95% C.I. was

-= (0.94 0.06)(CawL)- 0 .2 5+.0 2  (3.17)

For CawL < 1, ) was equal to 1 within uncertainty, indicating that the flexible model

blade behaved like a rigid blade, le = I (blade image 1 in Figure 3-5). Indeed, when

Ca - 0(1), some measured values of 1e were greater than 1, indicating that the force

was slightly enhanced. Previous studies have shown that the effective length can be

larger than the rigid element length [e.g. Mullarney & Henderson, 2010; Luhar &

Nepf, 20161. When Ca ~ 1, the vegetation motion is 90 degrees out of phase with

the water motion. This phase difference generates higher relative velocity between

vegetation and water than occurs for a completely rigid blade, which then yields a

greater measured force than a completely rigid blade, i.e. le/l > 1. As CawL increased

there was a shift in blade motion from cantilever-like motion (blade images 2 and 3) to

higher modes of motion (blade images 4 and 5). A similar transition in plant motion

with decreasing non-dimensional stiffness (analogous to increasing CaL) was noted

in [Mullarney & Henderson, 2010; Luhar & Nepf, 20161. Note that for cases 3 to 5

the horizontal excursion of the blade tip through the wave cycle was comparable to

the wave orbital diameter (2Aw, shown with horizontal blue line in Figure 3-5). In

addition, for cases 4 and 5 the blade motion was asymmetric. This asymmetry arose

from the contribution of the vertical velocity component. Specifically, the progression

of linear wave orbital velocity acting on the blade (i.e. forward velocity, downward

velocity, backward velocity, upward velocity) produced asymmetric blade motion (see

Fig 5.6 in [D6bken, 20151, and [Gij6n, 20161). The effective length described the

length of blade over which there was significant relative motion between the blade

and the water, and only this region of the blade (z < le) contributed significant drag.

The upper part of the blade (z > le) moved nearly passively with the water, imparting

very little drag. This behavior was also noted in [Mullarney & Henderson, 20101, who

used an analytical model of flexible, single-stemmed vegetation, to show that wave
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energy dissipation is concentrated in a near-bed layer within which the motion of

the plant reduces smoothly to zero. This region is called the elastic boundary layer,

because it defines the length of stem over which elastic bending forces contributed

significantly to stem deformation. The height of the elastic boundary layer scales

with (CaL)-1 1, consistent with eq. (3.17).

3.3.2 Prediction of wave damping coefficient (KD) using blade

reconfiguration scaling-laws

Building on the scaling law for individual blades (section 3.1), a prediction of the wave

decay coefficient, KD, for a meadow was developed. Specifically, an effective meadow

length-scale, 1e,m, was defined to account for plant height and blade reconfiguration.

Replacing the total plant height (1) in eq. (3.10) by the effective meadow height (le,m),

the wave decay coefficient, KD, can be estimated as

2 C k39 sinh kle m + sinh 3kle,
97r sinh kh(sinh 2kh + 2kh)

[Losada et al., 2016} proposed a similar adaptation to eq. (3.10), replacing the full

blade length, 1, with the measured mean deflected height, hD. The current project

advances this concept by providing a method to predict the effective blade length that

reflects both the mean and time-varying reconfiguration and without requiring an a

priori measurement. As shown in Figures 3-1 and 3-6, individual model plants were

constructed from six blades taped around a 1-cm tall rigid stem. This construction

was intended to mimic the sheath of a real seagrass. Digital imaging revealed that

blade motion was restricted near the sheath, due to the bundling of the blades within

the sheath. To account for this, a section of the blade was assumed to be rigid. The

length of the rigid segment, ir, was estimated as the part of the blade whose motion

was restricted to the vertical axis defined by the stem, which is marked with grey

shading in Figure 3-6. For each black blade, 1. was estimated using the images as

the distance above the bed within which the blade remained within the grey shaded

area, i.e. aligned with the rigid sheath, for the entire wave cycle. The estimated 1r of
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all six painted (black) blades on the stem in multiple wave and meadow conditions

were used to evaluate the average 1,. To illustrate the range of blade motion, Figure

3-6 (b) and (d) show blades at their maximum forward excursion, and Figure 3-6 (a)

and (c) show blades at the maximum backward excursion. The rigid length differed

between the six blades, based on their position around the sheath. Averaging the

behavior of six marked blades within each of four different meadow densities (600,

830, 1050, 1370 stems m-2 ) and at two wave periods (T = 1.4 and 2 s), the rigid

blade length was estimated to be i, = 2.5 0.5 cm.
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Figure 3-5: Effective blade length, le, normalized by total blade length, 1, as a function

of wave Cauchy number, Cam, and non-dimensional wave excursion, L. The dashed

line indicates the fitted equation, 7 = (0.94 0.06)(Ca.L)-0 .2 5+0. 02 , with 95% CI.

Bold numbers correspond to images at the bottom of figure, which show blade position

through a wave cycle. Each image represents a stack of 20 black and white images,
with time step = 0.1 s (5 frames). For all images the wave period was 2 s. The

blue horizontal bars denote the wave orbital diameter (2A,). Image 1: Ca, = 0.1,
L = 2.5; image 2: Ca, = 3.8, L = 8.3; image 3: Ca, = 80, L = 5.0; image 4:

Ca, = 1250, L = 5.0; image 5: Ca. = 4800,L = 2.5.
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lot

(c) (d)

Figure 3-6: Examples of the blade images used to define the section of blade near the
bed with restricted motion, Ir. (a)(b) Stem density n = 850 /m 2, wave period T = 1.4
s, and wave amplitude a, = 3.5 cm, Ca, = 6.0 x 103; (c)(d) Stem density n = 1370
/M2, wave period T = 2 s and wave amplitude a, = 3.9 cm, Ca, = 5.6 x 103. In (b)
and (d) blades are at their maximum forward excursion; in (a) and (c), blades are at
the maximum backward excursion. The light grey shading is the vertical projection
of the rigid stem. The vertical extent over which the blades were restricted to this
grey zone defined 1r, the rigid blade length. For reference, 1 cm distance is marked
with red dashed line.

Recognizing that the individual plants consist of both rigid and freely moving

(flexible) segments, the total shoot height (1., 14 cm) was broken into a rigid (1,) and

flexible segment. The flexible segment was assumed to behave like an isolated blade

of length lb = 1 - 1,, and its effective length (lb,e) was determined from eq. (3.17),

using the flexible blade length, 1b. to define CaL, denoted as (Ca.L)b. The effective

meadow height was then defined as the sum of the rigid segment and the effective

length of the flexible segment

le,m = 0.94(CawL)- 0 2 5 lb + 1, (3.19)

The wave dissipation coefficient, KD, was predicted by combining eqs. (3.18) and

(3.19). The prediction for KD was compared to measured wave decay for several dif-
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ferent meadow and wave conditions, which are summarized in Table B.2 in Appendix

B. Recall that eq. (3.18) is defined using CD for a rigid blade under the same wave

(line condition. For each specific condition, I estimated CD based on the equation

CD = max (10KC- 1/ 3 , 1.95), yielding CD from 1.95 to 4.0. The reduction of in-canopy

wave velocity, relative to linear theory, was computed using the numerical model de-

scribed in [Lowe, Koseff, Monismith, & Falter, 2005]. For the meadows considered

here, a ranged from 0.85 to 0.98. Figure 3-7 compares the predicted and measured

wave decay coefficients in natural and log scales. Generally, the predicted KD agreed

with the measured within uncertainty. For the six data points on the upper right

in Figure 3-7(a), KD was overpredicted by 25%. These cases were corresponding to

the two highest stem densities (1050 /m 2 , 1370 /m 2 ) and the lowest water depth (18

cm), which led to high wave decay. The overprediction might be due to sheltering

effect, i.e., the impact of neighboring blades. Excluding the six cases, a correlation

coefficient of r2 = 0.95, which indicates that the proposed equation can predict wave

damping accurately. However, including the six data points significantly altered the

fit, yielding 1.32 t 0.07(95% CI) and a correlation coefficient of r2 = 0.95. Note that,

(a) (b)

1-
100

26 - 10

4-C

0

2 101[- +

2 4 6 8 10 12 100

KD(measured), /m2  K 0(measured), 1m2

Figure 3-7: Wave decay coefficient predicted from eqs. (3.18) and (3.19), KD (pre-
dicted), versus the measured decay coefficient, KD (measured). The dashed line
denotes perfect agreement. The uncertainty in the measured KD (horizontal error
bars) came from fitting the amplitude decay along the meadow (see Methods). The
uncertainty in the predicted KD (vertical error bars) was due to predominantly to
the uncertainty in 1,. The data points with significantly higher measured KD error
(large horizontal error bars) were cases with very small waves, which resulted in larger
uncertainty in the wave decay fitting. (a) in natural scale (b) in log scale
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as a simplification the predictive model assumed that the rigid segment, 1, = 2.5 0.5

cm, incorporated both the circular stem and the constrained portion of blades taped

to the stem. This simplification did not consider the fact that the drag coefficient and

frontal area of the circular stem and the six attached blades were not the same, i.e.

CDa, in eq. (3.16) is different for the circular stem and the six blades. Specifically,

the width of the stem, d = 6.9 mm, was less than the width of six blades, 6b = 18

mm. Further, the drag coefficient for the cylindrical stem was CD,stem 1.8 0.2

(based on KC for a cylinder, [Keulegan, 19581 ). To account for these differences,

the stem length was adjusted to represent an equivalent CDaV as 6 blades. This was

called the effective stem-length, lstem,e. Specifically, CD,stemdstem = CD6 b stem ,e- With

this definition, lstem,e = 0.3 cm. Making this adjustment, 1, was reduced to 1.8 0.5

cm. Using this value in eq. (3.17) shifts the agreement between predicted and mea-

sured KD to KD(predicted) = (0.88 + 0.04)KD(measured). Note that the rigid (l,)

and effective blade lengths (lb,e) make comparable contributions to effective meadow

height, le,m = 1b,e + 1,, with lr/le = 0.86 0.07, indicating that the 1 cm rigid stem

was as important to drag as the effective blade length of one blade. Further, if the

rigid segment was neglected, 1, = 0, KD(predicted) = (0.42 0.06)KD(measured).

These two points demonstrated that the inclusion of the rigid segment of the plant

was necessary for good prediction.

3.3.3 Comparison of blade motion in isolation and within a

meadow

At the smallest wave (amplitude) condition, the blade movement in the meadow (Fig-

ure 3-8e) matched the blade movement of the isolated blade (Figure 3-8a). In contrast,

at the largest wave condition, the blade in the meadow was nearly horizontal (Figure

3-8h), significantly more pronated than the isolated blade at the same wave condi-

tion (Figure 3-8d). Further, for the isolated blades, the wave-cycle-average pronation

(white line in Figure 3-8 a, b, c, d) was similar for all wave conditions. In contrast,

the wave-cycle-average pronation for the blades in a meadow (Figure 3-8 e, f, g, h)
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increased as the wave amplitude increased. Moreover, for the blade in the meadow,

the range of motion was reduced when the blade was significantly pronated. Specifi-

cally, the range of motion at the blade tip shown in (Figure 3-8d, isolated blade) was

comparable to the blade length; however, the range of motion at the blade tip shown

in (Figure 3-8h, blade in meadow) was only 25% of the blade length. The greater

pronation of a blade within a meadow may be due to the wave-induced shoreward

mean current generated in the meadow [e.g. Luhar et al., 2010, 2013; Abdolahpour

et al., 2017]. The current caused a mean blade pronation that did not exist for an

isolated blade. The measured wave-induced current within the meadow was U = 0.5,

1.0, 1.2 and 1.6 cm/s, for (Figure 3-8e) to (Figure 3-8h), respectively. The signif-

icant difference in mean pronation might call into question the application of the

scaling laws developed for individual blades (eq. (3.17)) for prediction in a meadow.

However, the good agreement between predicted and measured KD suggested that

the impact of mean pronation on the wave dissipation was not significant. This can

be explained by the fact that the upper part of the blade, where most of the mean

deflection was observed, did not contribute significantly to the wave drag, both be-

cause the upper part of the blade moves passively with the wave (as discussed here

below eq. (3.17), in [Luhar & Nepf, 2016], and in [Mullarney & Henderson, 2010]),

and because the skin friction associated with horizontal component of the blade is

negigible compared to the form drag imparted by the vertical component of the blade

(e.g. eq. (15) in [Luhar & Nepf, 20111). Further, for the blades shown in Figure 8d

and 8h, Ca.L = 4840, for which eq. (3.17) predicted le/l = 0.11. Therefore, for these

cases the effective blade length, which represents the near-bed blade length providing

the drag, was well below the region in which the blade motion differed significantly

between an isolated blade and a blade within a meadow, explaining why the visu-

ally different blade motion near the blade tip did not significantly impact the drag

imparted by the blade or the wave decay.

The interaction between blades seemed to have little impact on blade motion. This

was confirmed by comparing the movement of blade in isolation with blades within

a meadow. Figure 3-8(a)(b)(e)(f) suggest that under 9 cm/s wave velocity blade in
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isolation has similar range of motion to blade within a meadow. On one hand, the

sheltering effect was not likely to be significant for most of our experimental runs, as

blades were attached to the outside of stem such that there existed space between

blades on the same stem. On the other, Figure 3-7 does suggest that there might

exist blade sheltering at the highest stem densities (1050/m 2, 1370/M 2 ). Figure 3-9

shows KD against stem density. For our data (squares), when n = 280 to 1050/M 2 ,

KD approximately linearly increases with increasing n, indicating that the sheltering

effect is not significant for these cases. However, for the densest meadow (1370/m 2 )

KD has the tendency not to linearly increase with increasing n, which would lead to

overprediction of eq. (3.18), in which KD oc n.

Figure 3-8: Comparison of blade motion for a single, isolated blade attached to a stem
to the motion of a blade within a meadow. (a) (b) (c) (d) correspond to the isolated
blade, (e)(f)(g)(h) correspond to the blade within the meadow. Red lines trace the
blade motion at different positions along the blade length and over the wave cycle.
The thin white line indicates the wave-cycle-average blade position. Wave period was
T = 2 s. From left to right in each row wave amplitude increased from 1.0 cm to
3.3 cm; wave velocity increased from 6.5 cm/s to 13.5 cm/s; and Ca" increased from
1100 to 4800. For blades within a meadow, some parts of the blade were not visible
due to sheltering from surrounding blades. The camera and the marked blade were
located at mid-length of the meadow. The meadow covered the whole flume width,
such that there was no open space near the sidewalls.
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3.4 Discussion

3.4.1 Comparison of random and regular stem arrangements

The present study used a meadow with a regular staggered arrangement of plants

(Figure 3-1). [Luhar et al., 20171 made similar wave decay measurements using a

meadow with a random arrangement of plants. Figure 3-9 compares the measured

KD for random and regular arrays across a similar range of meadow density and at

the same range of CaL = 5100 to 6500. The wave decay for random and regular

configurations agreed within uncertainty, indicating that plant configuration did not

play a significant role in wave damping. Therefore, the model here suggests that the

model may apply for any arrangement of shoots. The fact that the wave decay was

not sensitive to shoot arrangement was consistent with force measurements made by

[Fonseca et al., 20071 on individual Zostera marina shoots within a meadow. [Fonseca

et al., 2007] reported that the difference in the mean force measured on individual

shoots in a regular row arrangement versus a random arrangement was less than 7%

(Table 10 in [Fonseca et al., 20071). One might expect that aligned shoots would

reduce the drag force on aligned neighbors, as has been observed in uni-directional

current (e.g. [Maza et al., 20131). The lack of arrangement dependence can be

explained by the short wave conditions considered (< 2.6 s in both the present study

and in [Fonseca et al., 2007]), for which there is little spatial variation in wave velocity.

This was demonstrated in Figure 2 of [Zhang et al., 2018], which shows lateral and

longitudinal transects measured in a similar model meadow. Specifically, the wave rms

velocity varied by less than 5% along both transects, that is, has little dependence on

proximity to a shoot. The lack of spatial dependence on wave velocity was attributed

to the small ratio of wave excursion to stem spacing. Similar behavior would not

be expected for longer waves, or specifically when the wave excursion becomes large

compared to stem spacing, because at this limit the impact of the meadow on the

flow approaches the beha~vior of a uni-directional current ([Lowe, Koseff, Monismith,

& Falter, 2005]). In unidirectional flow, aligned arrangements reduce the drag on

downstream plants, because the velocity is reduced within the wakes of plants. For
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example, Figure 10 in [Maza et al., 2017] showed that drag force decreases with

increasing distance from the leading edge of a model mangrove forest with aligned

tree rows, because the downstream trees are located in the wakes of upstream trees.

Similarly, [Fonseca et al., 2007] found that under unidirectional flow, drag forces on

individual plants within a meadow were lower in meadows with a row arrangement,

compared to random arrangements.
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Figure 3-9: Comparison of wave decay coefficient, KD, measured over meadows with

a regular staggered arrangement of shoots (squares, present student) and a random

arrangement of shoots (crosses, cases D1, D2, D3, D4, D5 and D6 in [Luhar et al.,
2017]). For all cases Ca.L = 5100 to 6500.
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3.4.2 Comparison with wave decay measured in a different

laboratory study

[Manca et al., 2012] studied wave decay over a full-scale model of Posidonia oceanica.

Each model plant consisted of four PVC blades inserted into a 10 cm rigid tube

(Figure 3 in [Stratigaki et al., 2011]). The rigid tube was partially buried, with an

exposed length of lstem = 6 cm (based on Fig. 3(b) in [Stratigaki et al., 2011]). The

PVC blades had width b = 1.2 cm and thickness t = 1 mm. The tube diameter

was not reported, and I assumed it was equal to the blade width, d = 1.2 cm. Each

plant included two 55 cm long blades and two 35 cm long blades. For simplicity,

I used the average length, lb = 45 cm. Wave properties were given in Table 2 in

[Manca et al., 2012], including stem density, water depth, wave period, wavenumber

and wave height, Ho. Over the entire range of KC (140 to 450), the drag coefficient

on the flexible blade was CD = max (10KC-1 3 , 1.95) = 1.95. The drag coefficient of

the tube stem CD,stem was equal to 1.2 (Figure 11 in [Keulegan, 1958]). Thus, the

effective stem length 1stem,e =stem CDstemd = 0.9 cm. Because the blades were not
CD4b

pinned within the tubes, I assume that the blade moved freely above the tube, so

that 1r = 1stem,e = 0.9 cm. The reduction of in-canopy wave velocity relative to linear

theory, a, ranged from 0.51 to 0.89. Finally, the measured decay coefficient, KD,

was equal to KjH0 , with Ki reported in Figure 5(b) in [Manca et al., 2012]. Figure

3-10 compares the predicted KD (eqs. (3-18) and (3.19)) with the measured KD. A

linear-fit of KD(predicted) (using our model) versus KD(measured) (using data in

[Manca et al., 20121) yielded a slope of 1.2 0.6 (95% CI), indicating a fairly good

agreement between the model and measurement. This suggests that our model could

be applied to greater length scales.
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Figure 3-10: Wave decay coefficient calculated from eqs. (3.18) and (3.19) versus

the measured value reported in Figure 5(b) in [Manca et al., 2012], for which the

error bars were not included. Dotted line denotes the linear-fit (i.e. KD(predicted) =

1.2KD (measured)).

3.4.3 Comparison with wave decay measured in the field

[Infantes et al., 20121 measured wave decay in the field over a Posidonia oceanica

meadow for waves with periods T = 4 - 10 s. Wave heights were measured at four

mooring locations across a depth gradient of 6.5 m to 16.5 m. The reported shoot

length was 1, = 0.8 0.1 m (mean SE). The mean surface area per shoot was

reported as A, = 211 23 cm2 (mean SE), and the shoot density was equal

to n, = 615 34 m- 2 (mean SE). The frontal area per bed area was therefore

A^n, =13 2, which translated to a, = An/l = 16 t 3m 1 for an erect plant

(no reconfiguration), as in eq. (3.18). Posidonia oceanica blades have a thickness

between 0.2 and 0.5 mm (Table 1 and [Marbd et al., 19961). I assumed an average

thickness of 0.35 mm. The sheath length of Posidonia oceanica, reported in [Pergent

& Pergent-Martini, 1991] and [Pergent et al., 1994] is 10% of the shoot length. Based

on this I assumed i, = 0.11,, and lb = 0.9l. From Figure 3 in [Infantes et al., 2012],
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the rms wave velocity ranged from 0.02 to 0.18 m/s, so that L = 2 - 47. Based on

[Folkard, 2005j, the blade modulus of elasticity was assumed to be 0.47 GPa. The

parameter (CaL)b was estimated using the wave height and the near-bottom orbital

velocity plotted in Figure 3 in [Infantes et al., 2012], from which the effective meadow

height, line, was estimated at each mooring station using eq. (3.19). I extracted the

velocity and wave height on July 13 18:00 h -20:00 h, during which the velocity was

approximately constant. For typical blade width b = 9 mm (suggested in [Luhar

et al., 2013]), KC was ranged from 50 to 190, with an average KC = 120, yielding

CD = 10KC-11 3 - 2.0. The mooring conditions are summarized in Table 2. Note that

the wave decay coefficient, KD, increased from mooring 1 (most offshore) to 4 (least

offshore), because of the change in water depth (h). Specifically, the denominator in

eq. (3.18), sin kh(sinh 2kh + 2kh), decreased with decreasing h.

[Infantes et al., 2012 concluded that the impact of shoaling was negligible com-

pared to the wave dissipation by the meadow (see Figure 4 in [Infantes et al., 20121),

so that I assume the observed change in wave height can be attributed solely to vege-

tation drag. The predicted vegetation wave decay coefficients (eqs. (3.18) and (3.19),

Table 3.2) were then used to predict the wave heights along the mooring transect

(Hrms). Specifically, the wave height at mooring 1 was taken to be HmsO) 1.2 m

and used to predict the wave height at moorings 2, 3 and 4. Considering that KD

is a function of kh, using a constant KD cannot accurately predict the wave decay.

Instead, I used numerical iterations to calculate the expected wave height with a step

size of Ax = 1 m. Specifically,

Hrms(i+l) 1 (3.20)
Hrms(i) 1 + KD(i)Hrms(i)AX

Here, Hrms(i) is the wave height at the ith step and KD(i) is the estimated wave decay

coefficient at the ith step. Besides the reported parameters at the four moorings, I

assumed that between two adjacent moorings water depth and wave velocity changes

linearly with the distance from each other. Through this, I estimated KD(i) using the

interpolated h and Ub,,ms.In turn, KD(i) was used to calculated Hrs at moorings 2,
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3 and 4. The measured wave height was extracted from Figure 4 in [Infantes et al.,

20121, and averaged using the subplot at 18:00 h and 20:00 h. As shown in Figure

3-11, the predicted wave height agrees with the measured value within uncertainty.

This suggests that the lab-based model can be used to estimate wave decay in the

field.
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Figure 3-11: Normalized root mean squared wave height, Hrms/Hms,o. White circles

denote the measured value, which represents the average wave height of 18:00 h and

20:00 h in Figure 4 in [Infantes et al., 2012J. Black circles denote the predicted value

using eq. (3.20), with error bars denoting the contribution from uncertainty in the

reported blade thickness, blade length, and frontal area.
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Table 3.2: Wave properties from lInfantes et al., 2012] and estimation of Hrms/Hrms,o

Mooring number 1 2 3 4
Distance (in) 0 337 664 942

h (m) 16.5 12.5 10 6.5

Ub,rms (m/s) 0.08 0.10 0.10 0.12

U. (m/s) 0.11 0.14 0.14 0.17
T (s) 5.5 5.5 5.5 5.5

k (1/m) 0.136 0.141 0.148 0.167
Ca.L 31000 39000 39000 47000

lem 0.17 0.16 0.16 0.16
a 0.87 0.84 0.84 0.82

KD (1/r 2 ) 0.0006 0.0013 0.0033 0.00068
Hrms/Hrms,o (predicted) 1 0.88 0.05 0.69 0.07 0.49 + 0.09
Hrms/Hrms,o (measured) 1 0.79 0.09 0.65 0.08 0.49 0.01

3.5 Summary

In this chapter, I described and validated a new model to predict the dissipation of

wave energy over a submerged meadow of model seagrass. Like many submerged

plants, seagrass is flexible and reconfigures in response to fluid motion induced by

waves. Because part of the plant moves passively with the wave, the vegetation drag

and thus wave decay are diminished relative to that for a fully rigid blade of the same

geometry. The impact of reconfiguration on wave decay can be characterized using an

effective blade length, l, which represents the length of a rigid blade that generates the

same drag as the flexible blade of length 1. Measurements of drag on individual blades

were used to validate the blade scaling law, ) = 0.94(CawL)-0 . Model seagrass

shoots were constructed with six blades attached to a cylindrical stem, representing

the sheath of a real seagrass shoot. To reflect that the individual shoots consisted of

both rigid and freely moving lengths, the total shoot height was broken into rigid (ir)

and freely moving (1b) segments. The freely moving segment was assumed to behave

like an isolated blade, and its effective length (lbe) was determined from the blade

scaling law. The wave decay over a meadow of shoots was then be predicted using the
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effective meadow height, 1
e,m = 1

be + 1r. The model predicted measured wave decay

to within 12% on average. The model also produced good predictions for a different

laboratory study (with a mean error of 20%) and a field study (with a mean error

of 24%). Finally, wave decay was similar over meadows with regular and random

arrangements of shoots, which was explained by the lack of spatial variation in wave

orbital velocity for conditions with orbital excursions less than or comparable to the

shoot spacing.
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Chapter 4

Blade dynamics in combined waves

and current

1Abstract

Submerged aquatic vegetation (SAV), such as seagrass, is flexible and reconfigures

(bends) in response to waves and currents. The blade motion and reconfiguration

modify the hydrodynamic drag. The modified drag can be described by an effective

blade length, le, which is defined as the length of rigid blade that results in the same

drag as a flexible blade of length 1. In many natural settings SAV is exposed to combi-

nations of waves and currents. This study derived and used laboratory measurements

to validate new predictions of effective blade length for combined waves and current

based on a Cauchy number, which describes the ratio of hydrodynamic drag to the

blade restoring force due to rigidity. Force measurements on blades exposed to waves

with a 2 s period and with a range of wave velocities (U,) and current speeds (Uc)

were used to estimate the effective blade length. The measurements were also used

to validate a numerical simulation of blade motion. Once validated, the simulation

was used to expand the investigated parameter space to a wider range of wave con-

ditions, and in particular longer wave periods. For U, < 1/4U., the blade motion

and hydrodynamic drag were wave-dominated. For U, > 2U., the blade motion and

hydrodynamic drag were current-dominated.

'This chapter has been published as [Lei & Nepf, 2019a]
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4.1 Introduction

Submerged aquatic vegetation (SAV) provides many ecosystem services [Barbier et al.,

20111. They are important habitats and shelter areas for fish and shellfish, and supply

food for herbivorous animals such as dugong, manatees and sea turtles [Costanza

et al., 1997; Waycott et al., 2005]. Seagrass, a common marine SAV, is a global

carbon sink, sequestering more carbon per hectare than rainforests [Fourqurean et

al., 2012]. Other studies have shown that SAV can protect shorelines from erosion by

attenuating wave energy [e.g. Bradley & Houser, 2009; Infantes et al., 2012; Arkema

et al., 2017]. Understanding wave attenuation by SAV would be useful in predicting

coastal protection provided by SAV and for understanding how SAV promotes particle

retention and carbon sequestration.

Many previous studies have characterized the damping of waves by vegetation,

both using model vegetation in the lab [e.g. Mendez & Losada, 2004; Augustin et al.,

2009; Stratigaki et al., 2011] and through field studies [e.g. Bradley & Houser, 2009;

Paul & Amos, 2011; Infantes et al., 2012]. Some of these studies have accounted for the

flexibility of the vegetation. For example, [Mullarney & Henderson, 2010] developed

an analytical model based on cantilever beam theory to simulate the movement of

single-stemmed vegetation, such as sedges. Their model predicted that wave damping

by flexible vegetation was just 30% of that for rigid vegetation. [Houser et al., 2015]

investigated the dependence of the drag coefficient on blade flexibility, and, similar

to [Mullarney & Henderson, 20101, they found that drag force was reduced with

increasing blade flexibility.

In many natural settings, SAV is exposed to waves and current together [e.g. Yse-

baert et al., 2011], but only a handful of studies have considered the impact of cur-

rents on wave damping by vegetation. [e.g. Li & Yan, 2007] used a three-dimensional

RANS (Reynolds Averaged Navier-Stokes) model and [Hu et al., 2014] used a labora-

tory study to show that current flowing in the direction of wave propagation enhances

wave dissipation. However, both studies only considered rigid vegetation. [Paul et

al., 2012] conducted flume experiments with flexible model vegetation and observed
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the opposite trend, i.e. the presence of current reduced the wave dissipation. [Losada

et al., 2016] performed laboratory experiments using real vegetation and found that

wave damping was enhanced by current flowing in the opposite direction, but was

reduced by current in the same direction as wave propagation. [Losada et al., 2016]

proposed a new description for wave damping that accounted for the blade deflection

by the current. Specifically, in the description of wave energy dissipation full blade

length, 1, was replaced by the measured deflected height, hD, defined as the vertical

distance between the time-mean position of the blade tip and the bed. In this chap-

ter, I build on the work of [Losada et al., 2016], by providing a way to predict the

deflected height, a priori, rather than relying on measured hD. Further, this paper

develops a model to predict the hydrodynamic drag on a single flexible blade inter-

acting with combined waves and current by considering how flexible blades move in

response to water motion. The new model can form the basis for predicting wave

energy dissipation.

[Luhar & Nepf, 2011, 20161 defined an effective blade length, le, to characterize the

impact of reconfiguration on the drag force on an individual blade in unidirectional

flow and in waves. The effective length is defined as the length of a rigid blade that

experiences the same drag as a flexible blade of length 1. Generally, reconfiguration

reduces drag, such that 1, < 1. The reduction in drag is associated with the reduction

in plant frontal area as well as the streamlining of the blade, and for wave conditions,

the motion of the blade reduces the relative velocity between the blade and the water.

The effective blade length provides a way to modify models that predict wave damping

for rigid stems to predict wave damping by flexible stems. [Dalrymple et al., 1984]

derived a wave decay coefficient, KD, for linear waves propagating through a meadow

of vegetation consisting of an array of rigid blades of length 1.

KD 2 CDak 9 sinh kl + sinh 3kl (4.1)
9w ( sinh kh(sinh 2kh + 2kh)

Here, a, is the plant frontal area per meadow volume, k is the wave number and h

is the water depth. [Lei & Nepf, 2019b] demonstrated that eq. (4.1) predicts wave
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decay over a flexible meadow, if 1 is replaced with le, with le described by scaling laws

developed for individual blades in pure waves [Luhar & Nepf, 2016]. The present paper

builds on this concept by developing scaling laws for 1, that apply to conditions with

combined waves and current. To facilitate the discussion, I review the scaling laws

previously developed for blades in pure current and in pure waves in section 4.2.

4.2 Scaling Laws for Blades in Combined Wave and

Current Conditions

The change in blade posture in response to water motion, called reconfiguration (Fig-

ure 4-1), can be described by the three dimensionless parameters [e.g. Luhar & Nepf,

2011, 20161. First, the Cauchy number, shown in eq. (4.2), is the ratio of hydrody-

namic drag to the restoring force due to blade stiffness. As shown in eq. (4.2), the

Cauchy number has a different definition in pure current (Uc), denoted Ca,, and in

pure wave (U), denoted Cam. Second, the buoyancy parameter, B, is the ratio of

restoring forces due to buoyancy and to blade stiffness. Third, the blade length ratio,

L, is the ratio of blade length, 1, to wave excursion, A, (= UwT/27r), which is the

radius of the wave orbital (Figure 1), with T the wave period.

C CDpbUl2 -1 CDpbUl(4.2)
Ca, = , CaI y w = E (4.2)

E I Ca ElI

B = Apgbdl (4.3)
EI

L = I- = (4.4)
Aw UwT

Here, CD is the drag coefficient for a vertical, rigid blade, which, as discussed below,

is a function of the velocity. Further, b and d are the blade width and thickness,

respectively, p is the density of water, Ap is the difference in density between the water

and the blade, E is the Young's modulus, and I = bd 3 /12 is the bending moment of

inertia. Note that previous papers excluded the term jCD in the definition of wave

Cauchy number, Caw [Luhar & Nepf, 2016; Luhar et al., 2017]. However, to facilitate
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the combination of waves and current, in this paper it is convenient to have identical

forms for Ca, and Ca, (as in eq. (4.2)).

(a) Uc (b) 2AW c Uc

2Aw

Figure 4-1: Blade reconfiguration in (a) pure current, (b) pure waves, and (c) com-
bined waves and current. Solid lines denote the maximum pronation. Dashed lines

indicate the range of blade position over the wave cycle. The wave orbital diameter,
which is equal to twice the wave excursion, 2A., is shown in (b)(c).

For unidirectional current, the balance of hydrodynamic drag (jCDpb1eU2) to

blade restoring force (-EI2 0 ~ -EA , with s the distance along the blade) yields

the following scaling law [e.g. Alben et al., 2002; Gosselin et al., 2010].

[Luhar & Nepf, 2011] additionally considered the role of buoyancy, described by the

buoyancy parameter, B, defined in eq. (4.3). A combination of physical experiment

and numerical modeling was used to develop the following predictor for effective blade

length with current only,

le I - 0.9Cac1/3
-3/2 (4.6)

1 1+ Ca;3/2(8 + B3/2)

As described in [Luhar & Nepf, 2011], eq. (4.6) captures two limits of reconfiguration.

First, if the drag force is too small to overcome blade buoyancy (a < 1) and blade

rigidity (Cac < 1), no reconfiguration occurs and eq. (4.6) reduces to 1. In this

case, the blade behaves as if it were rigid. Second, when the hydrodynamic drag force
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is larger than both buoyancy (Ca. >> B) and rigidity (Ca, >> 1), eq. (4.6) reduces to

= 0.9Ca-1 3  (4.7)

which is the same scaling law presented in eq. (4.5) and described in [Alben et al.,

20021. As shown in [Lei & Nepf, 2016], for many species of SAV, B is in the range

0 to 1.4. In addition, for a wide range of field conditions, Ca, > 1, such that the

blade buoyancy is not dynamically significant for most SAV, except at the limit of

quiescent conditions (no waves and no current), such that eq. (4.7) describes most

blade behavior. Based on this, and to simplify the study presented here, the impact

of B on blade motion and effective length is neglected, and eq. (4.7) is used as the

current-only scaling law.

For waves with no current there are three regimes of blade motion. If the wave

drag is insufficient to overcome the blade rigidity (Ca, < 1), the blade does not

reconfigure and behaves as a rigid blade, such that l = 1. If the wave drag is

sufficient to bend the blade, two regimes of behavior exist. First, if the blade length

(1) is comparable to or greater than the wave excursion (A, = UT/27r, with 2A, the

wave orbital diameter shown in Figure 4-1), i.e. L > 1, the upper part of the blade

can follow the fluid motion over the wave cycle. The blade tip excursion approximates

the wave excursion, such that the maximum blade bending angle 0 ~ Ajle (Luhar and

Nepf, 2016). In this case, the blade rigidity exerts a restoring force proportional to

EI ~ EIg,- which balances the drag force (~ CDpbleU.), yielding the following

theoretical scaling law.

~ (CawL)-1 4  (4.8)
1

Eq. (4.8) was confirmed for individual flexible blades. Specifically, using drag mea-

sured on individual model blades and the Cauchy number CawLN = pbUwl3EI, [Lei

& Nepf, 2019b] showed that L = (0.94 0.06)(CawLNL) 0.25 0.02 . Note that CawLN

differs from the definition used in eq. (4.2) by the factor !CD. Using the [Lei & Nepf,
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2019b] data set, but with the Cauchy number (Caw) defined in eq. (4.1),

1- = (1.09 .O7)(CaL)-0 25 0 .02 , (L;> 1, short waves) (4.9)

In the second wave regime the blade length is much less than the wave orbital excur-

sion (L < 1, and the blade will only move during part of a wave cycle and remain

essentially stationary at its maximum pronation during the rest of the cycle (Figure

4-1), as described in fZeller et al., 2014] and in the large amplitude regime of [Leclercq

& de Langre, 2018]. [Luhar & Nepf, 2016] hypothesized that if the blade is stationary

during the majority of the wave cycle, the effective length can be described by the

scaling for current (eq. (4.7)), but using the wave velocity as the relevant velocity

scale, i.e. replacing U, by Uw. This assumes that the scaling depends on the peak

drag. Alternatively, I suggest here that the scaling depends on the equivalent mean

drag over the wave period, which requires 1/2CDble(1/2Uw) = 1/2CDbleU2, suggest-

ing that the appropriate equivalence is Ca, = !Caw. Making this substitution in eq.

(4.7),

= 0.9( Caw)~1/3 = 1.lCa' /3, (L < 1, long waves) (4.10)

Finally, I consider conditions with a combined wave-current flow, with total flow ve-

locity U(t) = U, sin 2- + U. The drag force on an individual rigid blade of length 1 is

proportional to pblU 2 . Using the combined wave-current velocity, U, and integrating

the drag magnitude over the wave period, the mean drag magnitude on a vertical,

rigid blade is
11

Fmeanrigid =pCDbl(U2 + -U2) (4.11)
2 2

This suggests that the time-mean, absolute drag on a rigid blade in combined wave

and current is equivalent to the mean drag imposed by a unidirectional current of

magnitude (U + U)1/2 . Based on this, I hypothesized that the effective blade

length, specifically g, in combined wave-current (see eq. (4.13)) may be described

by a modified version of the unidirectional current model (eq. (4.7)), replacing the

current Cauchy number (Ca,) with a new Cauchy number defined for combined wave
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and current (Cac) that uses the equivalent current defined above, i.e.

1 CDpbl3 U U2
Canc 2 E Il (U + U2) (4.12)

and

= 0.9Ca-/3  (4.13)

When the wave velocity magnitude, U., is small compared to the current, Uc, eq.

(4.13) reverts back to eq. (4.7). However, when Uc < U., the effective length ratio is

expected to revert back to the wave-only scaling law, given in eq. (4.9). The transition

to the current-dominated (eq. (4.7)) and wave-dominated (eq. (4.9)) limits can be

predicted by considering the time-varying drag on a rigid blade,

1 21 2t 1 47t
Fcw,rigid(t) = -pCDbl((Uc+ U )+2UcU,,sin T 2U 4os T2 2 T 2w TO -

The first term on the RHS is the time-mean absolute drag force (as in eq. (4.10)),

and the next two terms are the oscillating components of drag force. The added

mass will be shown to be small (see discussion after eq. (4.27)), and is excluded here

for simplicity. The current contribution to drag will dominate, and eq. (4.7) should

predict l, when the oscillating component of drag is small compared to the mean.

The maximum of the oscillating component of drag is

2irt 1U 4irt 1
max(2UcUwsin( t U Cos T ) 2UcUw+ U (4.15)

so that the oscillating component of drag is small compared to the mean drag when

2UcUw + -U < (U2 + Uw) (4.16)
2 2

or

U, > 2Uw, current dominated drag (4.17)

Eq. (4.17) defines the limit for current-dominated drag. In contrast, the wave contri-
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bution to drag will dominate, and eq. (4.9) should predict l when both

Uj < U , and I2UcUsin( 2 tI IU2cos(( 4 t ) (4.18)

To satisfy both conditions,

1
Uc < IUW, wave dominated drag (4.19)

4

In between the limits defined by eqs. (4.17) and (4.19), i.e. < Uc/Uw < 2, both

waves and current contribute significantly to blade drag, and I propose that eq. (4.13)

will predict 9. These hypotheses will be tested using a combination of laboratory

experiment and numerical simulation.

4.3 Laboratory experiments

Laboratory experiments were carried out in a 24 m long and 38 cm wide water channel

(Figure 4-2). A single model blade was attached to a 4 cm long, 2 mm wide stainless

steel post, which was attached to a submersible force transducer (Futek LSB210).

The force transducer was mounted beneath a 12 cm high, 2 m long acrylic ramp

that spanned the channel width. The horizontal top of the ramp was 1 m long.

The ramp was placed 9 m downstream from the channel inlet. The force transducer

had a resolution of 0.0001 N and was calibrated by National Instrument (NI). The

channel was filled to 40 cm total depth, such that the water depth above the ramp

was 28 cm. A wave gage was mounted above the ramp at mid-length along the ramp

and 5 cm away from the sidewall (laterally 14 cm away from the blade post). The

horizontal force and the water surface displacement were synchronized and logged

using LabVIEW.

The model flexible blades were constructed from LDPE (low density polyethylene)

film, which had a density of 0.92 g/cm3 and a Young's modulus of 0.3 GPa. Three

blade lengths, 5 cm, 10 cm and 15 cm, were cut from LDPE of two thicknesses,

d = 100 pm and 250 pm. All blades had a width of b = 1 cm. The model rigid blades
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were constructed from 1.5 mm thick acrylic plates, to ensure sufficient rigidity. Blade

length and width were the same as the flexible blades. Since drag depends on blade

length and width but not thickness, and d < b, the greater thickness of the rigid

blades should not significantly alter the drag.

Wave pddle Vectrino Wave gage

60cm
Model blade

Flow inlet post
--- ' Frcetransdr _z= 0

x= 0 x=2mx=3m x = 12m
Recirculating pum

24 m

Figure 4-2: Experimental set up to measure drag on individual model blades (not

to scale). The force transducer was housed within an acrylic box with tapered ends.

Water depth over the ramp was 28 cm. The velocity was measured with a Nortek

Vectrino placed directly above the blade post, but without a model blade. The water

surface displacement was measured with a wave gage positioned laterally adjacent to

the Vectrino.

Current was generated by a variable speed pump. Waves were generated by a

programmable wavemaker. To reduce wave reflection, a 50 cm tall beach with 1:5

slope and covered with 4 inches of coconut fiber was placed at the end of the flume.

Using the method in [Goda & Suzuki, 1976], the wave reflection was evaluated as

the amplitude ratio of incident wave to reflected wave and found to be less than 6%

under pure waves and combined wave-current conditions. The beach toe was lifted 9

cm above the bed to allow the current to pass to the outlet. The current flowed in

the direction of wave propagation with magnitudes of U, = 0 to 12 cm/s. Two waves

were considered, with wave velocity U, = 7.8 cm/s and 11.0 cm/s, and both with

a 2 s wave period. By varying the wave and current velocity, a wide range of the

non-dimensional parameters was produced. Specifically, Ca, = 30 to 860, Ca, = 0

to 830, and L = 1.4 to 6.1. These values included reported field conditions. For

example, as reported in Table 2 of [Lei & Nepf, 20161, field conditions for several SAV

species correspond to Ca, = 0.04 to 80, 000. Similarly, under pure waves and for a
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typical range of U, = 0.05 to 1 m/s and wave periods of T = 1 to 8 s [Bradley &

Houser, 2009; Luhar et al., 2013], the wave Cauchy number and the blade length ratio

range between Ca, = 25 to 2 x 106 and L = 0.1 to 75.

A 3-D Nortek Vectrino Acoustic Doppler Velocimeter (ADV) was used to measure

velocity at individual points. To generate a verticat profile, the Vectrino was traversed

vertically at 1 cm intervals from the ramp surface to 19 cm above the ramp. At

each vertical position the velocity was measured for 2 minutes at a sampling rate of

200 Hz. The following procedure was used to find the time-mean (Uc) and phase-

average wave velocity. Each velocity record was separated into 200 T phase bins. To

obtain accurate phase-averaged forces, the exact wave period was calculated using

the MATLAB cross-correlation function xcorr. By calculating the cross-correlation

of the velocity to itself, xcorr(U, U), the number of data points (none cycle) in each

wave period was precisely defined. Specifically, none cycle = 403, which indicated the

exact wave period to be T = 403/200 = 2.015 s, and the number of bins within one

wave cycle was chosen to be -y = 403. The phase-average velocity in the nth phase

bin (n = 1 to 403), which has wave phase S = 27rn/- is

-n -1n
U(N(n)) = U(2 ) = N U((n + -m)) (4.20)

in which U denotes the phase-averaged velocity, N is the number of wave periods in

the record, and U((n + -ym)) is the (n + _ym)th velocity sample. The current (Uc) and

wave velocity magnitude (U,) were calculated from the phase average velocity as,

Uc = -- 7 U(#)d# (4.21)
27r 0

and

Uw= VRMS((0) - Uc) = V2 J(O) - Uc) 2 do (4.22)

Over the ramp, where the blades were deployed, the current velocity was close to

uniform over depth, with a narrow boundary layer (e.g. Figure 4-3a). Similarly, the

wave velocity was also nearly uniform over depth (e.g. Figure 4-3b). The measured
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wave velocity agreed with linear wave theory with a maximum difference of 7% (Figure

4-3b). With the blade mounted on the post, the blade position in the water column

varied with the wave and current conditions, but was always between 4 and 19 cm

above the ramp, a region within which the time-mean and wave velocity were close

to uniform. The measured surface displacement, 71(t), was used to estimate the wave

amplitude a, as the root-mean-square surface displacement, a, = vr2RMS(ri(t)).

20 -20

E 0E
00

o
0015- 0 15Oo

o Longest O Longest
0 10 - blade 1 010 blade

( (5cm) (15cm)

5: 5
U))

OPost Post

01 (4cm 0 9 (4cm)
0 0

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
U M/s U M/s

Figure 4-3: Vertical profiles of (a) current velocity, Uc, and (b) wave velocity, U.,
measured above the ramp under a combined wave-current flow. The ramp surface is

at z = 0. In (b), the solid line shows the wave velocity based on linear wave theory

using the measured period (T = 2.0 s) and measured wave amplitude (a. = 2.0 cm).
The data points at 10 cm above the ramp are not shown, because this is the weak spot

of the Vectrino. The uncertainty in the velocity measurements is smaller than the

symbol. Cartoons of the post and blade are shown within each subplot to illustrate the

maximum possible vertical extent within which the blade was located while moving

and reconfiguring under the waves and current. To see real blade motion, refer to

Figure 4-6. The degree of vertical uniformity in U, and U, was similar across the

entire range of flow conditions (data not shown).

For each wave-current combination, the drag force was measured at 1200 Hz for

3 minutes, which represented about 90 waves. A FFT (fast Fourier transform) in

MATLAB was used to filter out high-frequency noise. The filtered force record, F(t),

was separated into 1200 T phase bins to find the phase-averaged force. The number

of force measurements per wave cycle was -y = 2418. Using a phase-averaging method

similar to that applied to the velocity record, the phase-average drag force on the
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blade and post together, referred to as the total force, was calculated as,

Ftotal(#(n)) = -E F(n + m) (4.23)
N

The force on the post alone was also measured at each flow condition to define the

phase-average force on the post Fp,,t(#). Figure 4-4(a) shows an example of the phase-

average drag forces on the post alone (red curve) and for the post and blade together

(black curve). The surface displacement was measured synchronously with the force,

and the phase-average surface displacement was similarly calculated (Figure 4-4b).

The standard deviation in the phase-average surface displacement was negligible (< 2

%), indicating that the individual waves were consistent through the time period. For

convenience, zero phase was assigned at the crest.

(a) (b)
0.015 3

E
0 2-

0.01 .
C

E
z- 0)0.005-a

0 -.

-1

-0.005 -2

-0.01 -3
0 2 4 6 0 1 2 3 4 5 6

Phase(#), rad Phase(#), rad

Figure 4-4: (a) Phase-average force on a blade and post together, Ptotai, shown with

black curve, and on the post alone, F 8o,, shown with red curve, plotted against

wave phase # = 21rn/-y. The shaded grey and red regions denote the uncertainty in

Ftotai and Fpost, respectively, which was estimated as the standard deviation of all

measurements within the phase bin. (b) Phase-average wave amplitude. The thin

shaded grey region denotes the uncertainty in q, which was negligible. In this case,
U, = 11.0 cm/s and U, = 4.0 cm/s. The blade was 10 cm long, 1 cm wide and 250

pm thick.
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The effective blade length ratio, y, was estimated as the ratio of measured time-

mean absolute force on a flexible blade of length 1 (Fmean) to the measured time-mean

absolute force on a rigid blade of length 1 (Fmean,rigid). For both rigid and flexible

blades, the mean measured drag was estimated as the phase-average of the difference

between the total force (post + blade) and the force on the post alone. For example,

for flexible blades,
1 f*

Fmean = |Ftotal - FpostdO (4.24)

and similarly for rigid blades. In Figure 4-4 Fmean = 0.0047+0.0006 N. The measured

effective length ratio was defined as the ratio of Fmean and Fmean,rigid.

Fma
T (measured) = Fmean (4.25)

1 Fmean,rigid

The uncertainty in measured force Fmean and Fmean,rigid (shown in Figure 4-4a) was

propagated using standard methods to find the uncertainty in L [Taylor, 1997].

It is important to note that the estimation of the measured effective length, i.e.

'p(measured), was based only on measured forces and did not require an estimation

of the drag coefficient, CD. However, values of CD for rigid blades were needed

to estimate the Cauchy numbers and test the predictive scale equations. The drag

coefficient in pure waves, CD,,, depends on the Keulegan-Carpenter number, KC =

UT. Based on measurements in [Keulegan, 1958], [Luhar & Nepf, 2016] suggested a

wave drag coefficient for a rigid, flat plate,

CD,W = max (10KC-1/3 , 1.95) (4.26)

In steady flow, the flat plate drag coefficient is CD,c = 1.95+i, with Reynolds number

Re = Ucb [Ellington, 1991]. To be consistent with the modified Cauchy number (eq.
V

(4.12)), in combined wave-current conditions I assumed a modified Reynolds number

Re = (U2 + (U3) 1/ 2b/v. Then, for all conditions considered in this study, Re > 550,

and CD,, = 1.95 + - ~ 2. However, [Chandler & Hinwood, 1982] shows that when

0 < U/Uw 1.2, the ratio of drag coefficient in combined wave-current to pure waves
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CDjw~ was in the range of 0.7 to 1.1. Following this, I assumed that the drag coefficient

in combined wave-current flows was similar to that in pure waves, CD,wc = CD,w = 4-0

and 3.6 for Uw = 11.0 cm/s and 7.8 cm/s, respectively, based on eq. (4.26).

The assumption that CD,wc = CD,w was confirmed using force measurements on

the rigid model blades. The drag coefficients were estimated in the following way.

The drag force on a rigid blade can be described by the Morison equation [e.g. Luhar

& Nepf, 2016], which results in the following time-average of absolute drag

Fmean,rigid =- 1 pCDweb\UIU + p( b2Cm + bd))Idzdt (4.27)

Recall, U(t) is the horizontal velocity in a combined wave-current flow. The drag

coefficient in eq. (4.27) corresponds to CD,wc. For each wave-current condition, the

velocity measured 6.5 cm above the ramp was used to represent the velocity over

depth. As shown in Figure 4-3, the wave and current velocity were uniform over

the region occupied by the blades. Further, since the horizontal extent of the rigid

vertical blade (i.e. the blade thickness) was much smaller than the wavelength (3.1

im), the streamwise variation in wave velocity can be neglected. The first term in

eq. (4.27) is the drag force and the second term is the added mass and the blade

inertia, with CM the added-mass coefficient. Since d < b, the blade inertia term was

negligible relative to the added mass term. To compare drag and added mass I use

representative values of CD = CD,V = 4, CM = 1 and U = Uc2 + U2 based on

values reported in [Keulegan, 1958]. Using these values, the ratio of drag to added

mass is 2cU ranged from 90 to 200, and clearly >> 1, showing that the added mass

term can be neglected. With these simplifications (both added mass and blade inertia

are negligible), eq. (4.27) becomes

1 j27 1CD
Fmean,rigid = 1- 7 ICDwcbI()IUJ(O)IldO (4.28)

Using the measured force on rigid blades, Fmean,rigid, and the phase-average veloc-

ity, U(), I obtained estimated values of drag coefficient in combined wave-current

conditions, CD,wc-
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Finally, the blade motion was captured using a Canon 5D Mark III camera, which

was mounted on a tripod looking through the side of the flume. Video was taken for

1 min (30 wave periods). The frame was 1280 x 720 pixels with an approximate field

of view equal to 40 cm x 23 cm, and the frame rate was 50 fps. Using MATLAB,

each video frame was converted to a black and white image, and edge detection was

used to isolate the blade from the background. Finally, the images were stacked to

show the range of motion during one wave period. The images were used to validate

the numerical model described in the next section.

4.4 Numerical Simulation

[Luhar & Nepf, 20161 developed a numerical model to simulate blade motion in waves.

The MATLAB code can be found in Appendix C in [Luhar, 20121. The following

balance of forces describes the blade motion. A schematic is shown in Figure 4-5

to describe the force balance. Note that x and z are the streamwise and vertical

coordinate directions; s is the distance along the blade from the bed; and 0 is the

angle between the blade and the vertical direction.

((S + iJ)e ) + ifB + (fD + ifF + fAM)e iz + fVB = pbd (4.29)as (S+')e&

Here, S = - (EIL) is the restoring force due to blade rigidity; J is the tension in

the blade; fB = Apgbd is the buoyancy force; fD =pCDbjuRjuR is the drag force,

with aR the relative velocity between the fluid and the blade; fF = 'pCfbJuRIuR is

the skin friction, with Cf the skin friction coefficient; fAM = !pCmb 2(I je-iO) is

the force due to added mass; fVB = pbd& is the virtural buoyancy force; and finally

pobd2 is the blade inertia.

Linear wave theory was used to create the velocity field within the simulation,

because experimental measurements confirmed that this was a good representation of

the conditions in the water channel (Figure 4-3b). Because the blade length (5 cm,

10 cm or 15 cm) was much smaller than the wavelength (3.1 m), horizontal variation
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in velocity was neglected, and the simulation was set-up using the following velocity

field.
wa~

U = Uc + .nk cosh k(h + z) sin wt (4.30)
snh kh

wa~
V s i sinh k(h + z) cos wt (4.31)

sinh kh

Here, w = ! is the radian wave frequency, and k is the wavenumber. The simulation
T

was validaed by comparison to measured conditions using measured am, T and U, in

eq. (4.30) and (4.31). After validation, the simulation was run to explore a wider

range of cases by choosing different values of a, and Uc.

The simulation used [Fornberg, 19981 algorithm to determine the weights in the

finite difference formula. Eq. (4.29) is discretized in space with a central finite dif-

ference scheme with second-order accuracy. A forward Euler method with first-order

accuracy was used in time. The boundary conditions were a fixed end at the blade

base and a free end at the blade tip. Initially, the blade was upright. The simulation

was run for 10 wave periods, within which the blade motion reached a quasi-steady

state, i.e. with a repeatable sequence of posture and drag over the wave period. The

simulation was used to estimate Fmean(simulated), the mean absolute horizontal drag

force on both flexible and rigid blades. The simulated effective length ratio was cal-

culated based on eq. (4.25), simulated) = Fm (simulated). Additional details

and the validation of the numerical model is described in the supporting information.
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Figure 4-5: Schematic of the force balance in eq. (4.28)

4.5 Results

4.5.1 Blade imaging

Figure 4-6 shows the motion of an individual blade over one wave period, comparing

digital images and simulated motion. The wave condition was held constant across

scenarios (T = 2 s, U, = 7.8 cm/s), and the current increased in six increments

between U, = 0 and 10 cm/s (left to right in figure). Blade motion in the zero-

current case was similar to that in the convective regime defined in [Leclercq & de

Langre, 2018]. In this regime, the blade moved completely passively with the fluid

particles over most of the blade length and most of the wave cycle. As the current

increased, the mean pronation of the blade increased and the range of blade motion

decreased. The simulated blade motion was qualitatively similar to the observed

motion (Fig. 4-6).

The mean deflected height, hd, was defined as the vertical distance between the

time-mean position of the blade tip and the bottom of blade. The mean deflected

height decreased with increasing current magnitude (Figure 7). [Luhar et al., 20131

provide an empirical equation for deflected height in unidirectional currents without
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waves (eq. (4) in [Luhar et al., 20131, but repeated here).

hd 1 - C-/h= I1 I - a / 28+B)(4.32)
l 1 + Ca- 3/5 (4 + B 3/5) + Ca 2 (8 + B2 )

This equation is plotted as a solid curve in Figure 4-7 using the current-only Cauchy

number i.e. Ca = Cac (eq. (4.1)). The deflected height predicted from eq. (4.32)

agreed with measured values within uncertainty. This indicated that the time-mean

pronation was dependent only on the time-mean velocity (current), even when the

wave velocity (U, = 7.8 cm/s) was greater than the current velocity (Uc = 2 to 10

cm/s). Finally, the simulated values of hd (squares in Figure 4-7) had reasonable

agreement with the measured values (circles in Figure 4-7), except for Ca,, = 380

and 540, for which the simulation under-predicted the measured hd by 21% and 24%,

respectively (Figure 4-7).

Uc =0U, 10 cm/s

Figure 4-6: Blade motion over one wave cycle based on digital images of real blades

(top row) and numerical simulation (bottom row). For all images, 1 = 10 cm, d = 100

pm, T = 2 s, U, = 7.8, cm/s, Ca, = 252 and L = 4.0. Current increased from left

to right (0, 2.0, 4.0, 6.0, 8.0, 10.0 cm/s), with 0 < Ca, < 800
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Figure 4-7: Mean deflected height, hd, from digital images (circles) and numerical

simulation (squares). Black solid line denotes eq. (4.32) evaluated using the current-

only Cauchy number, Ca,. Error bars indicate the 95% confidence interval for mean

deflected height estimated from five individual wave cycles from the digital imaging.

4.5.2 Measured forces on model rigid and flexible blades

The assumption that CD,wc = CD,, was confirmed using measured forces on rigid

blades to estimate the drag coefficient in combined wave-current conditions. For

U = 7.8 cm/s, and across all current values, the measured CD,wc = 3.7 0.7, which

agreed with the waves only value predicted from eq. (4.26), CD, = 4.0. Similarly, for

U, = 11.0 cm/s, the measured value CD,wc = 3.1 0.6, agreed with the predicted value

CD,w = 3.6. Further, the ratio of drag coefficient in combined wave-current to pure

waves = 0.93 0.18 and 0.86 0.17, for U = 7.8 and 11 cm/s, respectively,
areeCD,w for 0.

agreed with [Chandler & Hinwood, 19821 observation that for 0 < -!c < 1.2, the
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ratio CQWc is in the range 0.7 to 1.1. In conclusion, for rigid blades, the assumption
CD,.

CD,WC = CD,w was reasonable.

Based only on the measured forces on flexible and rigid blades, I calculated the

measured effective length ratio using eq. (4.25), L (measured) = FEm ean Experi-I F .mean rigid

mental results are shown in Table 4.1. In Appendix C (Figure C-3), I also compare

the measured l with the simulated L, which confirmed that the simulation recreated

the measured values.

Table 4.1. Experimental values of L in combined wave-current conditions

1 =5cm, 1 =10cm, 1 =10 cm, 1 =15cm,
Blade dimension d=100tm d=100pm d =250pm d =250pm

Markers A ( A A O
Uc, Uc' Effective length ratio from force measurements, l,/1

cm/s cm/s
0 0.29 0.04 0.16 0.03 0.34 0.05 0.28 0.04

2.0 0.27 0.04 0.15 0.02 0.33 0.04 0.26 0.03
4.0 0.26 0.04 0.12 0.02 0.30 0.04 0.22 0.03

7.8 6.0 0.19 0.03 0.10 0.01 0.24 0.03 0.19 0.02
8.0 0.16 0.02 0.08 0.01 0.20 0.03 0.18 0.02

10.0 0.14 0.02 0.07 0.01 0.19 0.03 0.15 0.02

0 0.26 0.03 0.11 0.02 0.32 0.04 0.20 0.02

2.0 0.24 0.03 0.13 0.02 0.30 0.04 0.19 0.02

4.0 0.24 0.03 0.13 0.02 0.28 0.04 0.18 0.02
11.0 6.0 0.20 0.02 0.11 0.01 0.24 0.03 0.13 0.02

8.0 0.14 0.02 0.10 0.01 0.19 0.03 0.12 0.01

10.0 0.12 0.02 0.08 0.01 0.17 0.02 0.12 0.01

101

_4

hI



4.5.3 Effective blade length behavior for combined wave and

current

Measured and simulated values of effective length were used together to test the pro-

posed wave-current model for effective blade length (eq. (4.13)), as well as the hypoth-

esized thresholds for current-dominated (U, > 2U,) and wave-dominated (U, < 1U,)

drag conditions. In Figure 4-8, I compare the measured (circles) and simulated

(crosses) effective blade lengths with the scaling equations shown with solid curves.

The four sub-plots represent different combinations of blade geometry (see figure

caption) and wave velocity (U, = 11 cm/s and 7.8 cm/s). For each blade-wave com-

bination, the current velocity was varied from U, = 0 to 30 cm/s. Importantly, these

conditions all fall in the range of short waves, specifically, L > 1. For reference, the

proposed limits of U, = U, and U, = 2U, are indicated in Figure 4-8. For U, < U,

the measured and simulated effective lengths converged with the wave-only scaling

(eq. (4.9), shown with thin horizontal line in Figure 4-8), with deviations of less than

15%. For U, > 2U, e converged with the current-only scaling (eq. (4.6), shown with

thin black curve in Figure 4-8), with deviations less than 5%. These two observations

supported the limits defined in section 4.2 for wave-dominated and current-dominated

behavior. In between these limits, L had good agreement with the new wave-current

formula, eq. (4.13), shown with heavy black curve in Figure 4-8, with deviations of

less than 16%. Note, the current-dominated and combined wave-current models con-

verged when -L- > 2. Finally, the new, wave-current formula (eq. (4.13), heavy blackU.n

curve in Figure 4-8) provided a consistent prediction for all - - values within error,U.n

with a maximum deviation 20%, showing that the new predictor smoothly captures

the full range of current to wave ratios.
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Figure 4-8: Effective blade length normalized by full blade length, I&, versus velocity
ratio, -. Circles (o) denote measured values, and crosses (x) denote simulated

values. The proposed wave-current model described by eq. (4.13) is shown with

a heavy black curve and labeled in sub-plot (a). The thin horizontal line denotes
the wave-only scaling law, eq. (4.9). The thin black curve denotes the current-only
scaling law, eq. (4.6). The vertical red lines denote the expected thresholds for wave-
dominated (3' < 1), and current-dominated (uc > 2) conditions. Blade geometry
and wave conditions in each subplot: (a) I = 10 cm, d = 250 pm, b = 1 cm, U, = 11

cm/s (b) I = 10 cm, d = 250 pm, b = 1 cm, U,, = 7.8 cm/s (c) 1 = 10 cm, d = 100

pm, b = 1 cm, U,, = 11 cm/s (d) I = 10 cm, d = 100 pm, b = 1 cm, U, = 7.8 cm/s.
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4.5.4 Long waves without current, L < 1

For long waves (large wave excursion A,) or short blades (small 1), the ratio of blade

length to wave excursion is small (L = -- < 1), and the blade cannot follow the

fluid motion during the entire wave cycle. Instead, the blade remains pronated but

nearly stationary during a large fraction of the wave period. For simplicity, these

were called long-wave conditions. For long-wave conditions, I hypothesized that the

effective blade length could be described by the unidirectional current model (eq.

(4.6)), using the equivalent mean velocity U.. Specifically, I hypothesized that

for L < 1, = .1Ca/113 (eq. (4.10)). Because this wave condition was outside the

operating capabilities of the water channel, the proposed model was evaluated using

numerical simulation. The simulated blade length and thickness were 1 = 10 cm and

d = 100 pm, respectively. The wave amplitude was a, = 1.5 cm, and the wave period

was varied from T = 1 to 100 s, yielding L from 0.071 to 12, which spanned the long-

and short-wave regimes, L < and > 1, respectively. The simulated effective blade

lengths were compared to the predicted effective blade length by considering the ratio

of predicted le to simulated l. The predicted le calculated from the hypothesized long-

wave equation (eq. (4.10)) and predicted using the short-wave equation (eq. (4.9))

are shown in Figure 4-9. Figure 4-9 shows that for L < 1 (long waves, or short

blades), the long-wave equation (eq. (4.10)) gave a more accurate prediction of 1e, i.e.

the ratio was close to 1 with a maximum deviation of 7%. For L > 1 (short waves or

long blades), the short-wave equation (eq. (4.9)) gave a more accurate prediction of

1e, i.e. the ratio was close to 1 with a maximum deviation of 15%. This comparison

supported the hypothesized long-wave equation (eq. (4.10)) for L < 1. Between

L = 1 and 5, both equations did well, and for L > 5 only the short-wave equation

(eq. (4.9)) provided a good prediction.
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Figure 4-9: Ratio of the effective blade length predicted from the two pure-wave

scaling laws to the simulated effective blade length versus the blade length ratio

L = -. For triangle (A) symbols the long-wave equation (eq. (4.10)) was used to

predict the effective blade length. For cross (x) the short-wave equation (eq. (4.9))

was used to predict the effective blade length. The vertical dotted line denotes the

threshold L = 1.

4.6 Summary

[Luhar & Nepf, 2011, 2016] previously defined the effective blade length, le, to char-

acterize the impact of reconfiguration on the drag force experienced by an individual

blade in unidirectional flow and in waves. The effective length is defined as the length

of a rigid blade that experiences the same drag as a flexible blade of length 1. This

study proposed a new equation to predict the effective blade length in combined wave-

current conditions. The new equation was confirmed using forces measured on flexible

and rigid blades. In addition, a numerical model that simulated blade motion and

forces on a flexible blade was validated using digital images of blade motion and the

measured forces. Once validated, the numerical model was used to explore a wider
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parameter space than was available with the experimental facility. For a fixed wave

condition, increasing current magnitude decreased both the mean deflected height

and the range of blade motion. The mean deflected height had good agreement with

the empirical equation for uni-directional current without waves [Luhar et al., 2013],

indicating that the presence of waves did not significantly impact the mean deflected

height. The effective blade length was shown to be a function of both current and

wave magnitude, and three regimes were identified for conditions with short waves

(L > 1). For U, < 0.25U,, the blade motion was wave-dominated and the effective

blade length was predicted by wave-only scaling (eq. (4.9)). For U, > 2U, the blade

motion was current dominated, and the effective blade length was predicted from the

current-only scaling (eq. (4.6)). In between these limits, 0.25Uw < U, < 2Uw, the

effective blade length was predicted by the new wave-current equation (eq. (4.13)).

Finally, the effective blade length for long waves, L = i < 1, was shown to follow

the scaling for pure current, but using the equivalent mean velocity 6 UW.
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Chapter 5

Predicting the evolution of the mean

and turbulent velocity field from the

leading edge of a submerged model

canopy

Abstract

In this chapter, a model was developed to predict the mean and turbulent velocity

distribution within a submerged meadow. Under uni-directional current, the evolution

of the velocity field from the leading edge of a submerged model meadow was measured

for two different canopy densities and two different mean current speeds. The model

meadow consisted of rigid cylinders or flexible model plants arranged in a staggered

array. The turbulence length scales depended on the diameter of cylinders and the

shear-layer vortices. For canopies used in this study, drag leads to velocity reduction

within canopy. The velocity gradient at the top of the canopy generated a shear

layer which resulted in coherent vortices traveling downstream. The proposed model

represented the change in mean flow and the production of turbulence within the

wakes of individual canopy elements and also the production of turbulence in the

shear-layer generated at the top of the model canopy. The measured canopy-averaged
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turbulent kinetic energy (TKE) agreed with the prediction within uncertainty.

5.1 Introduction

Submerged aquatic vegetation (SAV) plays an important role in many ecosystems

[e.g. Costanza et al., 1997; Barbier et al., 2008]. By filtering nutrients, producing

oxygen [Wilcock et al., 1999], and capturing suspended sediment [Palmer et al., 2004;

Harvey et al., 2011], SAV can improve water quality. In addition, the SAV commu-

nities protect shorelines from erosion by damping waves and storm surge [Barbier

et al., 2011]. They also support biodiversity by providing habitat for commercially

important marine species, promoting food security [Cullen-Unsworth & Unsworth,

2013]. Finally, the carbon sequestration rate of SAV (gCm-2yr 1 ) is more than ten

times greater than that in terrestrial ecosystems [Fourqurean et al., 2012]. Because

SAV benefits the environment in so many ways, its protection and restoration is of

vital importance to the coastal ecosystems.

Many previous studies have described the canopy flow distribution in the fully

developed region (reviewed in [H. M. Nepf, 2012]), for both flexible [e.g. H. Nepf &

Vivoni, 2000; Ghisalberti & Nepf, 2002; Wong et al., 2019] and rigid canopies [e.g.

Ghisalberti & Nepf, 2005; Zampogna & Bottaro, 2016]. However, not all seagrass

grows in meadows that are long enough to develop fully-developed flow. For ex-

ample, the natural expansion of seagrass could result in seagrass patches [Mills &

Berkenbusch, 2009]. Also, human impact may cause habitat fragmentation, reducing

seagrass meadow to isolated patches IMontefalcone et al., 2010]. For example, the

length scale of individual patches of Cymodocea nodosa typically ranges from 1 m to

10 m [e.g. Duarte & Sand-Jensen, 1990]. Researchers have observed that flow over a

patchy canopy may not be accurately characterized by the fully developed conditions

[Sukhodolova & Sukhodolov, 2012]. It is important to understand the flow evolution

from the leading edge of a canopy.

Flow adjustment at the leading edge has been studied over both aquatic vegeta-

tion [e.g. Rominger & Nepf, 2011] and terrestrial vegetation [e.g. S. Belcher et al.,
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20031. Although terrestrial vegetation has been studied extensively and the evolution

of flow and turbulence has been revealed in [S. E. Belcher et al., 20121, the turbu-

lence evolution over aquatic vegetation canopies is different, because of the limited

depth of flow above submerged aquatic canopies. For aquatic vegetation, turbulence

plays an important role in sediment resuspension. Resuspension [Moore, 20041 and

erosion [Lawson et al., 20121 within seagrass meadow can be altered by the vegeta-

tion, such that understanding the flow pattern and the turbulence level within the

vegetation is of great importance. [Zong & Nepf, 20101 presented the flow pattern

along model emergent vegetation located at the wall of a laboratory flume. They

found that at the leading edge of vegetation flow is diverted towards the open wa-

ter, however, in the fully developed region flow is uniform along the length of the

vegetation. [Chen et al., 2013] developed a two-layer model to predict the vertically

averaged velocity within and above a submerged rigid canopy. The impact of tur-

bulence on sediment depositions has been studied at multiple scales. [Liu & Nepf,

2016] found the Reynolds number threshold (Re = 120) for stem-scale turbulence

generation. The deposition within a vegetation patch is enhanced when the Reynolds

number is below the threshold. [Zong & Nepf, 2010] showed that net deposition in-

creases with longitudinal position in the leading edge of vegetation, because the local

velocity decreases. However, at the fully developed region the deposition pattern was

nearly uniform across the width of vegetation.

To extend the existing studies on the flow pattern and the turbulence intensity

as well as their impacts on sediment deposition, I seek to develop a model to predict

the turbulence evolution along the length of a model vegetation canopy based on the

characteristic of the vegetation and the flow, including stem density, canopy height,

flexibility and flow velocity. The predicative model will contribute fundamental un-

derstanding to turbulence within SAV canopies.
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5.2 Theoretical Modeling

5.2.1 Velocity evolution from the leading edge

When uni-directional flow encounters a submerged canopy, velocity evolves with dis-

tance from the leading edge. A schematic of flow evolution and the two-layer model

is depicted in Figure 5-1. Note that x and z are the streamwise and vertical coordi-

nate directions, respectively. Flow velocity decreases within the canopy (0 < z < h,

with h the canopy height) while increasing above canopy (h < z < H, with H the

water depth). Previous studies have suggested using a two-layer model to charac-

terize the flow over a submerged canopy [e.g. Konings et al., 2012; Luhar et al.,

2013; Chen et al., 2013j. For the two-layer model, the velocities within (Li(x))

and above the canopy (U2 (x)) are vertically uniform. To satisfy continuity, I have

Ui(x)h + U2(x)(H - h) = U.H with U, the depth-averaged velocity upstream the

canopy.

Flow within the canopy decelerates until distance XD from the leading edge, which

is called the initial adjustment length. [S. Belcher et al., 20031 suggested that XD is

a function of canopy drag length scale, Lc, defined as

LC 2( ) (5.1)

where a is the frontal area per canopy volume. Equation (10) in [Chen et al., 20131

presented an empirically fitted relationship for the ratio of XD to L, as a function of

the dimensionless canopy density, ah.

XD ______#= 1.5(1 + 2.3CDah), such that XD = + 6.9(1 - q)h (5.2)
Lc CDa

with the initial adjustment length XD defined at the point of 95% decay in the within-

canopy velocity, UI(x). Chen et al. (2013) described the evolution of vertically-
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H

h SJilliSef

(b) XD

Figure 5-1: Schematics of (a) Flow adjustment along the canopy, from the open
channel flow to fully developed flow over submerged vegetation. Vertical grey bars
denote the vegetation. Dashed lines display the development of vortices generated
by shear. &f is the penetration length at the fully developed region, defined as the
distance of coherent vortices penetrate into the canopy. XD is the initial adjustment
length. (b) Two-layer model with vertically uniform velocities. Ulf and U2f denote
the vertically averaged velocity within and above the canopy at the fully developed
region, respectively.

averaged velocity within and above a submerged canopy (Ui(x), U2 (x)) as

U1(x) = Ulf + (U. - Ulf)e D

U()=U 'H - Ui(x)h 
(5.3)

H-h

where Ulf is the velocity within the lower layer at the fully developed region. An

analytical model was derived to solve for Ulf (see equation (21) in Chen et al. (2013)).

Ulf _ l (5.4)
U0 is a i c ( ht)3

Here, C (= (0.07 0.02)( a)1/3) is a coefficient with Jef the penetration length scale,
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defined as the distance of coherent vortices penetrate into the canopy (see Figure 5-

la). [H. M. Nepf, 20121 provided the expressions for Jef, i.e. Je5 = 0.23 0.06. However

for a small submergence ratio, specifically E < 2, the interference from water surface

diminishes the size of the vortices [H. Nepf & Vivoni, 2000; Okamoto & Nezu, 20091.

[Chen et al., 2013] assumed that 6
ef decreases to zero linearly at = 1, which is the

emergent condition. Hence, Jef can be written as eq. (5.5).

0.23 0.06
Jef =

CD 
(5.5)

6ef = 0.23 0.06 (H
CDa h

5.2.2 Turbulence budget

Several previous findings were used to parametrize how much turbulence is generated

by model plants (stem/wake production) and by shear at the top of canopy (shear

production). Kaimal and Finnigan (1994) gave the expression for turbulence budget

over a terrestrial canopy,

Dkt
Dt =Psear+T+T+P -eTd +Pae+Paving (5.6)

where kt is the turbulent kinetic energy (TKE), T is the turbulent transport, Tp is

the pressure transport, P is the buoyant production, Td is the dispersive transport,

Pwake is the wake production, and Pwaving is the waving production. For a submerged

rigid canopy, buoyant production and waving production are negligible, Pb = 0 and

Pwaving = 0. Figure 2(a)(b) in [Poggi, Porporato, et al., 2004] plotted the ratio

of the dispersive flux to the spatial average of the time-mean turbulent momentum

flux, 1 W, which represents the ratio of Td to Phar. ( r) decreases as canopy

density increases, and was 0.02 for solid volume fraction 1.3 %. In our study the solid

volume fraction is 1.7 % and 4.4 %, indicating that dispersive transport is negligible

compared to shear production, Td < Pshar. Additionally, [Finnigan, 2000] suggested

that the distribution of pressure transport is almost the mirror image of turbulent

transport with slight difference in the peak values (see Figure 17a in [Finnigan, 2000]).
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[Brunet et al., 19941 and [Finnigan, 2000] obtained similar results that the pattern

of pressure transport opposing and being slightly smaller than turbulent transport is

seen in mixing layers. Also, considering that the magnitude of pressure and turbulent

transport is smaller than that of shear/wake production and viscous dissipation, it is

reasonable to assume that TP + T~ 0. Hence, eq. (5.6) can be simplified.

Dk= Pshear + Pstem - (5.7)
Dt

5.2.3 Stem production

Given the velocity evolution, the evolution of stem-generated turbulence production

(Pstem) can be described as

Pstem(X) = 1 m U(X)3 (5.8)
d 2(1 - #)

In this study, I use eq. (5.6) to calculate Ptem(x), which is one of the two dominating

components of turbulence production. The other component is shear production at

the canopy top, Phear. [Tanino & Nepf, 2008] studied vegetation-generated turbu-

lence, kt, under uni-directional flows within an emergent model canopy, constructed

from circular cylinders. For fully developed flow with negligible shear production,

they proposed that eq. (5.7) reduces to stem production (Ptem) balanced by viscous
k
3

/
2

dissipation (E). The dissipation is scales as ( kt ). Further, the rate of turbulence

generation in the stem wakes is equal to the work done by the form drag acting on

the mean flow. The predictive model for kt within a canopy of rigid cylinders of

diameter d is

ks/2 1 md2( 3/) = C1[CD1 n2 U3 (5.9)
it d 2(1 - #

Here, it is the integral length scale, C1 is a scaling factor, CD is the drag coefficient,

m is the stem density (/m 2 ), q = 1/4mrd2 is the solid volume fraction, E7 is the time

averaged horizontal velocity and angle brackets denote depth-averaged within canopy.

Figure 12 in Tanino and Nepf (2008) shows that it ~~ d when - < 1 with sn the stem
Sn
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spacing. Equation (3.33) in [Tanino, 20081 gives an empirical estimate of C1

/3= 1.07 0.09, when d < 0.56
Sn (5.10)

C 1/3 = 0.88 k 0.02, when d > 0.56C Sn

For seagrass, the solid volume fraction is on the order of 0.01 to 0.1. Seagrass tends

to have a geometry that the thickness (0.2 to 1 mm) is smaller than the width (0.2

to 1.5 cm). In this case, d is the blade width and d is on the order of 0.1. For this
Sn

study, I focus on the cases with -4- < 0.56 such that YC/1 = 1.07 0.09, yielding
Sn

C1 = 1.23 0.27. The drag coefficient, CDI, of an individual emergent dowel is well

known and is a function of the stem Reynolds number, Red (= ) with U the flow

velocity [White & Corfield, 2006].

CD,W74 = 1 + 10Re 2 3 , 1 <Red<2x 10 5  (5.11)

Equation (2.10) in Tanino and Nepf (2008) suggested an empirical expression of

the drag coefficient for a random array of emergent rigid cylinders (with d = 0.64

cm).

CD,TN08 = 2[(0.46 0.11) + (3.8 0.5)<] (5.12)

Here, CD,TN08 only represents the form drag component, and it is not equivalent to

CD,W74, which was defined as the total drag, including form and viscous drag. CD,TNO8

is the drag coefficient relevant to predicting turbulence using Tanino's turbulence

model (eq. (5.8)). In this study, eq. (5.12) is used to calculate the depth-average

drag coefficient on an individual plant (rigid cylinder). Since no previous studies

suggest accurate prediction of the impact of free-end effect on drag coefficient within

an array of rigid cylinders, I assumed that CD,TN08) represents the drag coefficient in

a submerged canopy of rigid cylinders. Additionally, for flat plate with width b in

steady flow the drag coefficient is

50
CD,plate = 1.95 + (5.13)

Reb
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with the blade Reynolds number Re = LJcb [Ellington, 1991]. Eq. (5.13) is used to

calculate the drag coefficient of a flexible canopy, which was constructed from flexible

flat-plate like blades.

5.2.4 Shear production

Shear production is

Pea -(u'w' ) (5.14)

in which u'w' is the Reynolds stress ([e.g. Finnigan, 2000]). The Reynolds stress at

the top of canopy u'w' will be used to scale the shear production within the canopy.

For fully developed flow, with the two-layer model [Chen et al., 2013] predicts (similar

expression used in [Huthoff et al., 2007; Konings et al., 2012])

' = -C(Uf - U f) 2 = U2 (5.15)

where the friction velocity u, is defined as the square root of the interfacial stress

and C = (0.07 + 0.02)(6)1/3, which is an empirically fitted coefficient using previous

data [Chen et al., 2013; Murphy et al., 2007; Ghisalberti & Nepf, 2004; Poggi, Katul,

& Albertson, 2004; H. Nepf & Vivoni, 2000; Dunn et al., 1996]. Using eq. (5.15), I

get u, = v'C(U2f - Ulf). [Ghisalberti & Nepf, 2009] gave the empirical fit of velocity

gradient at the top of canopy,
&U 2.6u(

O~h 3(5.16)OZ h 6e

Using the flow properties at the top of canopy (u'w' and ah) to parameterize the

shear production. Combining eq. (5.15) and (5.16) provides a prediction of shear

production at the top of the canopy. I will assume that this can represent the average

shear production over the entire canopy by incorporating the scale coefficient y.

_OU 2.6
Pea 'W = C3/2(U2f - Ulf) 3  (5.17)

w O e 
h 6e

with -y a scale coefficient to be determined by experiment.
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5.2.5 Turbulence in developing/fully-developed regions of sub-

merged canopy

In this study, I consider the steady state when the flow pattern does not change

with time such that 1 = 0. In the fully developed region, the turbulent advection isdt

negligible because d = d= = 0. In this case, eq. (5.8) can be further simplified.dx dy dz

Pshear + Pstem - C = 0 (5.18)

In the developing region where velocities vary as a function of (x, y, z), ), it was also

confirmed through experiments that turbulent advection is negligible such that eq.

(5.18) is valid at the leading edge as well..

I further assume that the balance of production and dissipation holds along the

canopy.

Pstem(X) + Pshear(X) = 6(x) (5.19)

where all three terms in eq. (5.19) represent the vertical average within canopy, i.e.

0 kdz.

Pstem(X) = C1[CD IU1(X)3
d2(1 -)

aU
Pshear(X) = -yU'w(x) (x) (5.20)

h a X

c(x) = K(x)
lk(x)

Here, the angle brackets denote canopy-average.

To determine the integral length scale it, I adopt the methodology from [Poggi,

Katul, & Albertson, 20041 and [Nezu & Sanjou, 2008]. Within the canopy, the fully

developed flow can be divided into two regions with the transition defined by the

penetration length 6ef.

1) Emergent zone, 0 < y < h - 6,

2) Mixing layer zone, h - J, < y < h

In the emergent zone the flow velocity is almost constant, so that the flow is
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Figure 5-2: Schematized flow model at the fully developed region. The emergent zone

and the mixing layer zone are shown in the figure.

analogous to the emergent canopy studied in [Tanino & Nepf, 2008], such that

(5.21)

For all our experimental runs, d < sn such that within the emergent zone lit = d.

Within the mixing layer zone, [Poggi, Katul, & Albertson, 2004] suggested an effective

length scale, leff(z), that is a superposition of the boundary layer (lBL(z)) and the

mixing layer length scale (lML(z)) such that

(5.22)

in which a ranges from 0 to 1, representing the relative contribution of boundary layer

and mixing layer eddies. [Poggi, Porporato, et al., 2004] evaluated a through linear

regression of the experimental data in their study. They showed that a increased as

the frontal area per canopy volume (a) increased with an apparent asymptotic value

of about 0.5 as a becomes greater than 4. For all our cases, a ranged from 3.3 to 9.4.

Based on Figure 8b in [Poggi, Porporato, et al., 2004], it was assumed that a ranges
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from 0.4 to 0.5 with a = 0.45 0.05. The expression of lBL(Z) is

lBL (Z) = K(z - (h - J)), z > (h - Jc) (5.23)

where K is the von Karman constant. The expression of 1ML (equation (10) in [Poggi,

Porporato, et al., 2004]) is
2.6 /, 2

1ML = (Uh) (5.24)
CD a Uh

with Uh the velocity at the top of the submerged meadow. Figure 4(b) in [Ghisalberti

& Nepf, 2009] reveals a linear relationship between u, and Uh, Uh - Ulf = 2.6u, such

that

1ML = 2. u* ) (5.25)
Coa 2.6u, + Ulf

As shown above, u,v = /(U 2f - Ulf) with C = (0.07 0.02)( I)1/ 3, indicating

eq. (5.25) also depends on Jef. In the fully developed region, Jef can be estimated

using eq. (5.5). In the developing region, considering that strength of the shear-

generated vortices scales with the velocity difference between the canopy, U(x), and

the overflow, U2 (x), I assumed that the penetration length &c(x) is also proportional

to the velocity difference between the two layers, (U2 (x) - U1 (x)). Then, based on

eq. (5.3), an expression of &e(x) can be assumed,

6e(x) =ef(1 - exD) (5.26)

Although previous studies [e.g. Morse et al., 2002; S. Belcher et al., 2003] noted that

vertical velocity at the leading edge might interfere with the development of shear

layer, an increasing trend of Je(x) was still observed at the leading edge. Eq. (5.26)

will be tested using experimental data.

Combing eq. (5.21)(5.22)(5.23)(5.25)(5.26), the depth averaged integral length

scale as a function of x can be calculated,

(l(x)) = j[d(h - 6e(x)) + leff(x, z)6e(x)]dz (5.27)
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Given (lt(x)), I are able to predict the depth average TKE within canopy using eq.

(5.19)(5.20)(5.27). Similar to eq. (5.3), with the scaling coefficients Ci and 'y I replace

the proportional symbol oc with the equate symbol = in the energy dissipation term.

As a result, the predicted TKE is calculated by

1 md2  89U
(kt(x)) = ([C1[CD I(3 + (-YU'w () W)I(lt(x)))2/3 (5.28)

d2(1 - h) Z h

in which all the terms can be predicted using the equations above.

In the Results section, I first present the development of streamwise velocity and

the estimated depth-averaged velocity within canopy using the two-layer model in

Chen et al. (2013). Second, the development of Reynolds stress is compared to the

measured shear production, uiw hPW , with the prediction, 26 C3/2(U2f - Ulf) 3 . Third,

I will investigate whether the integral length scale can be represented by the model

(i.e., eq. (5.27)) extracted from Poggi et al. (2004) and Nezu and Sanjou (2008).

Finally, and most importantly, the development of turbulent kinetic energy will be

analyzed. The equation of predicting TKE, eq. (5.28), will be evaluated.

5.3 Experimental Methods

Experiments were conducted in a 24 m long, 38 cm wide and 60 cm deep recirculating

flume. Water depth was 36 cm. The model canopies are 8 meters in length, with the

leading edge located 6 meters from the flume inlet. Model canopies were constructed

from model plants placed into perforated baseboards in a staggered manner. For

rigid canopies, the plants are 6.4 mm circular wooden dowels. The flexible canopy

is geometrically and dynamically similar to seagrass Zostera marina. Each model

plant consists of six LDPE (low-density polyethylene) blades (density = 920 kg/m- 3

; elastic modulus = 3 x 108 Pa) of 13 cm length, 3 mm width, and 0.1 mm thickness

attached to a wooden stem. The wooden stem protrudes 1 cm above the baseboards.

The model plants were inserted into perforated PVC (polyvinyl chloride) baseboards

in a staggered arrangement. To examine the impact of stem density, canopy height,
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and flow velocity, experiments were conducted under various flow/canopy conditions.

A schematic of the flume is shown in Figure 5-3 and the parameters are shown in

Table 5.1.

Vectrino

36 cm

Meadow

24 m

Figure 5-3: Schematic of the recirculating flume. Figure was not to scale. The velocity

probe was traverse in x direction.

Table 5.1: Parameters of velocity profile measurements

Stem density (/m2 ) Canopy height (cm) U.. (cm/s)
1 520 7 6.5
2 520 7 16.6
3 1370 10 6.5
3 520 (flexible) 14 (fully erect height) 6.5

To characterize the flow field, vertical profiles of velocity was measured at several

locations along the meadow using a Vectrino acoustic Doppler velocimeter. The

Vectrino was placed at mid-width of the flume. Vertical profiles were recorded at

x = -3, 0, 3, 6, 9, 12, 18 , 24, 30, 36, 42, 48, 60 and 84h. The vertical profiles were

also measured at 1 cm intervals from bed to 23 cm above bed. At each height, velocity

was recorded for 6 minutes at a sampling rate of 200 Hz. The depth-averaged velocity

upstream of the canopy, U,,, was determined by a profile measured 1 m upstream of

the leading edge. Two current speeds were used in this study, U,, = 6.5 cm/s and

16.0 cm/s.

120
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The three components of velocity (u, v, w) associated with the streamwise, lateral

and vertical (x, y, z) directions, respectively, were decomposed into a time-mean ve-

locity, e.g. Umean(x, z) and a temporal fluctuation, e.g. u'(x, z, t). The depth-average

velocity within canopy U1 (x) was calculated using

Ui(x) jh Umean(X, z)dz (5.29)

For the turbulent kinetic energy,

1
kt(x, z) = -[u'2 (x, h, t) + V' 2 (x, h, t) + w'2 (x, ht)] (5.30)

2

in which the overbar denotes time-average.

The integral length scale, lt(x, z), was calculated following the method in IEl-

Gabry et al., 20141.

t(x, z) = [E(f)Umean(X, Z)~ (5.31)

where E(f) is the energy spectrum derived from fast Fourier transform (FFT) and o-

is the standard deviation of horizontal velocity. E(f) at low frequency corresponds

to velocity fluctuation caused by largest eddies. To estimate the energy spectrum

density as frequency approaches zero, E(f)fo, I took the average of the first 20

data points (except for the first one because the first data point of FFT is associated

with the mean velocity instead of velocity fluctuation), where E(f) asymptotes to a

constant value. A example of the energy spectrum is shown in Appendix D.

From equations (5.30) (5.31), canopy average energy dissipation rate was estimated

as
1 h kt(x, Z) 3 / 2

E(x) = J ( dz (5.32)
h JO l (x, Z)
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5.4 Results and Discussion

5.4.1 Development of time-mean velocity

Contour plots of streamwise velocity for all the four cases are shown in Figure 5-4.

In this figure and thereinafter, cases 1, 2, 3 and 4 are associated with subplot (a),

(b), (c) and (d), respectively. Across all cases, flow adjusts as it approaches the

leading edge (x/h = 0), decelerating within the canopy and accelerating above it.

Beyond some distance, XD, from the leading edge, the streamwise velocity within the

canopy approaches a constant. Using eq. (5.6) to calculate the drag coefficient for

cases 1, 2 and 3 with rigid model vegetation, CD = 1.1 0.2, 1.1 0.2, 1.3 0.3,

yielding XD(1,2,3) = 18 2h, 18 2h and 9 1h, respectively, based on eq. (5.2).

For case 4 with flexible model vegetation, the drag coefficient was given by eq. (5.7),

CD = 1.95 + - 2.8 with Reb calculated using the canopy-average velocity within

vegetation at the fully developed region. The deflected height was calculated based on

[Luhar et al., 2013]. Using the depth-average velocity at the fully developed region,

the estimated deflected height hd = 8.3 cm. This yields XD(4) = 3(1-0) +6.9(1- q)h
CDa

4.8h. The calculated XD was plotted as vertical white lines on Figure 5-3. For all

cases, the transition from vertically uniform to fully developed flow is accurately

indicated by XD(1,2,3,4)-

The measured values of canopy-average streamwise velocity are compared to the

Chen model in Figure 5-5. The depth average velocity upstream the canopy, U,, was

calculated using the measured profile at x = -3h (i.e., the leftmost profiles in Figure

5-4). Overall the measured and the predicted U1 (x) agreed with each other within

uncertainty, with a maximum deviation of 17%, 13%, 15%, 30% for case 1, 2, 3 and 4,

respectively. Due to the limitation of instruments (Vectrino), velocity near the water

surface could not be measured such that the measured U2 (x) was not calculable.
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Figure 5-4: Pseudo color plots of streamwise velocity versus normalized distance ( )
(a) Case 1: n = 520 /m 2, h = 7 cm, U, = 6.5 cm/s (b) Case 2: n = 520 /m 2,
h = 7 cm, U, = 16 cm/s (c) Case 3: n = 1400 /m 2, h = 10 cm, U, = 6.5 cm/s (d)
Case 4: n = 520 /m 2 (flexible plants with blade density = 6n = 3120 /m 2 ), deflected
height hd = 8.3 cm, Uo,, = 6.5 cm/s. Horizontal white dashed line denotes the top
of canopy. Black dots show the position where the velocity measurement was taken
(6-min velocity record at each position). Black arrows and vertical white lines denote
the initial adjustment length, XD.

5.4.2 Development of Reynolds stress

Development of time-averaged Reynolds stress (-u'w') is shown in Figure 5. The

region of elevated Reynolds stress expands along the length of canopy with pronounced

peaks at the interface z P:- h. In case 3 and 4 (Figure 5-6c, d), it was also observed that

around the leading edge of canopy, the Reynolds stress over the whole water depth is

approximately zero. A comparison was made between the measured and the predicted

6ef (eq. (5.5)). Using the definition in [H. Nepf et al., 2007] that the penetration

extends to the point where the Reynolds stress is 10% of the interfacial value (-U'W'h),

I took the average of 6, obtained from the last five profiles, 6ef (measured) = 5.8 i 0.4

cm, 6.2 0.4 cm, 5.0 0.7 cm and 4.2 1.3 cm, respectively, where uncertainty

is the standard deviation. For the flexible canopy, 6ef was measured relative to the

deflected height. Using eq. (5.5), the predicted values are 6 ef (predicted) = 6.3 i 2.0

cm, 6.3 2.0 cm, 2.0 0.7 cm and 0.9 0.2 cm, respectively. For relatively sparse
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Figure 5-5: Canopy averaged velocity within canopy vs. distance from the leading
edge normalized by the canopy height. Deflected height ws used for flexible canopy.
Circle markers denote the measured value. Errorbars on the measured data are the
standard deviation of velocity. Red solid line denotes the predicted values from Chen"s
two-layer model. The main sources of uncertainty were C and Cd. Red dashed lines
represent the upper and lower bound of the prediction. Horizon black dashed line
shows the depth-average velocity upstream the canopy, U,,. Subplots (a)(b)(c)(d)
correspond to case 1, 2, 3 and 4, respectively.

cases (1 and 2), the measured values bf (1, 2) (measured) agree with the prediction

within uncertainty. However, for denser cases (3 and 4), the predicted value of 6 ef

is significantly smaller than the measured value. This may due to the fact that the

empirical equation, be = 0.23 0.06, cannot cover dense-canopy conditions. Indeed, in

Figure 3 in Nepf et al. (2007) no data was shown when 1 < 1.1. In our case 3CDah

and 4, 1 =0.9 and 0.4, respectively. Hence, in these cases the prediction is notCDah I

reliable anymore, and I will use the 6e(3, 4) (measured) for further analysis.
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Figure 5-6: Pseudo color plots of time-averaged Reynolds stress -u'w' versus nor-

malized distance (X/h) generated in MATLAB. (a) Case 1: CD =1.1 -02, a =3.3

/m (b) Case 2: CD = 1.1+0 .2, a = 3.3/rn (C) Case 3: CD= 1.3+0., a =8./r

(d) Case 4: CD = 2.8, a = 9.4 /rn. Horizontal white dashed line denotes the top of

canopy except for (d), in which the dashed line denotes the deflected height. Black

dots show the position where the velocity measurement was taken. Black arrows and

vertical white lines denote XD-

5.4.3 Scaling of shear production

Figure 5-7(a) compares the measured shear production (red markers) with the pre-

diction given in eq. (5.17) (black dashed line) assuming 6ef is a constant (same as

the measured values). In Figure 5-7(b), eq. (5.26) is used to calculate 6e(X). At the

fully developed region, x > XD, the measurements agree with the prediction within

uncertainty. However, in the developing region, x < XD, eq. (5.17) overpredicts the

shear production.

In Figure 5-8, I compared the measured and the predicted shear production for all

cases with LS(X) = Sefr (- e-3x/xD). As the black vertical lines indicate, when x > XD

the measurements agree with the prediction within uncertainty except for one data

point in subplot (c). However, when x < XD, the degree of agreement diminishes.

Nevertheless, the predicted shear production accurately presents the trend that as x

increases from 0 to XD the shear production increases and approaches to a constant.
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Figure 5-7: Shear production plotted versus normalized distance (X/h) of Case 1.
Red markers denote the measured shear production, i.e. u'' . The uncertainty
comes from the calculation of the velocity gradient. Black dashed line denotes the
predicted shear production 21 C3/2 (U 2 - U1)3 . Grey shade denotes the uncertainty
in the prediction. Following the propagation of uncertainty, it comes from the un-
certainty in 6ef and C. (a) Predicted shear production using a constant bej which is
defined at the fully developed region, 6ef = o23:0.06 (b) assuming 6e(x) increases with
increasing x, 6e(x) = ef (1 - e- 3x/XD). Black arrows and vertical lines denote XD.
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Figure 5-8: Shear production plotted versus normalized distance (X/h). Red markers
denote the measured shear production. Black dashed line denotes the predicted shear
production L C3/2 (U2 - U1 )3 with 6e(x) = 6ef (1 - e-3 x/XD). Grey shade denotes the
uncertainty in the prediction. Subplots (a)(b)(c)(d) correspond to case 1, 2, 3 and 4,
respectively.
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5.4.4 Development of TKE

Two distinct regimes of TKE evolution are illustrated in Figure 5-9. Near the leading

edge, x = 0, the turbulence below the top of canopy was significant, consistent with

the wake (stem) production. This was consistent with the finding in the previous

section that shear production development was reduced in the developing region rel-

ative to the fully-developed region.. Due to the deceleration of streamwise velocity

(U1 ) within canopy, TKE generated by stems should decrease as x increases. The

second regime occurs when x becomes larger, and the turbulent region has expanded

vertically along the length of canopy. With an increasing U2 and a decreasing U1 fur-

ther downstream, shear production increased while wake (stem) production decreased

along the length of canopy.

(a) 0

2.5 20

2 12

S 20 30 4 S 5 60 70 8 0 2 3 4 5 6 70 80

(c) ~ (d) X()il
05 15

0 15 20 40 0 40 45 0 0 10 15 20

X/h Xfll
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Figure 5-9: Pseudo color plots of TKE versus normalized distance (X/h) generated
in MATLAB. Horizontal white dashed line denotes the top of canopy. Black dots

show the position where the velocity measurement was taken. Black arrows and

vertical white lines denote XD. Subplots (a)(b)(c)(d) correspond to case 1, 2, 3 and

4, respectively.
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5.4.5 Development of integral length scale

Figure 5-10 presented the spatial variation in the integral length scale. Near the

leading edge, the average value of integral length scale within canopy (lt(x)) is ap-

proximately equal to the stem diameter (see Figure 5-10), indicating that the turbu-

lence within the canopy was mainly generated by the dowels. As x increased, lt(x)

increased throughout the whole water depth except for the near-bed region. In the

fully developed region where velocity approached a constant, it was observed that

lt(x) ~ 0.06 m above the canopy, which suggested that the largest eddy size was set

by J, or canopy height h. However, since the turbulence above canopy is not the main

focus of the paper, I did not further study the integral length scale above canopy. In-

stead, I investigated whether the model (eq. (5.27)) predicts the vertically-average

integral length scale within canopy.

(a) 01 (b)
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__ __ _ ___00__ _ __ _ 003

002 0 1002

o c 20 30 40 50 60 70 s0o 1 20 30 40 00 60 70 00

XD(1) XXh 4/li

RAI 5 .i

I ft j 0 0

0150 1 0 5 3 5 4 4 0 . 0.105 4

Figure 5-10: Pseudo color plots of integral length scale versus normalized distance
(X/h) generated in MATLAB. Black dots show the position where the velocity mea-
surement was taken. Black arrows and vertical white lines denote XD. Subplots
(a)(b)(c)(d) correspond to case 1, 2, 3 and 4, respectively.
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Figure 5-11 displays the measured and the predicted vertically-average integral

length scale within canopy, l4(x).
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Figure 5-11: Vertically-average integral length scale (l4(x)) within canopy versus nor-
malized distance (X/h). Red markers denote the measured (l4(x)). Black dashed line

denotes the predicted (lt(x)) with (14(X)) = fe[d(h - 66(x))+leff(X, z)6e(X)]dz (eq.
(5.27)). Grey shade denotes the uncertainty in the prediction. Subplots (a)(b)(c)(d)
correspond to case 1, 2, 3 and 4, respectively.
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5.4.6 Vertically-averaged TKE within canopy, (kt)
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Figure 5-12: Predicted TKE versus measurements. Red markers denote the measured
TKE. Black dashed line denotes the prediction. Grey shade denotes the uncertainty
in the prediction. Subplots (a)(b)(c)(d) correspond to case 1, 2, 3 and 4, respectively.
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5.5 Conclusion

Laboratory experiments were conducted under unidirectional current to measure tur-

bulence structure and intensity in arrays of wooden cylinders, a model for submerged

rigid aquatic vegetation. The development of streamwise flow velocity, Reynolds

stress, TKE (turbulent kinetic energy) and integral length scale was studies. Within

the canopy, TKE was elevated due to both stem and shear turbulence production. A

physically based model was developed to predict the development of depth-average

turbulence within canopy as a function of distance from the leading edge. In all the

flow conditions, the predicted TKE agreed with the measurements within uncertainty.
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Chapter 6

Ideas and suggestions for future work

In Chapter 2, I used the laminar boundary layer model to describe mass flux to flexible

model seagrass blades. It was shown that for sufficiently pronated blades, the laminar

boundary layer model correctly predicted the measured transfer velocity. However, I

did not investigate whether the turbulent boundary layer model predicts the transfer

velocity. To do this, a longer blade can be used. After each experimental run the blade

is cut into two pieces according to the transition from laminar to turbulent boundary

layer, Re ~ 5 x 105 (see Figure 2-1). The piece on which turbulent boundary layer

develops can be used to investigate whether the turbulent boundary layer model

predicts the transfer velocity.

In Chapter 3, I presented a physically-based model to predict the wave decay

associated with a submerged meadow as a function of plant morphology, flexibility,

and shoot density. To estimate the measured wave decay coefficient, I measured the

wave amplitude (am(x)) at 10 cm or 20 cm intervals starting 40 cm upstream of the

meadow. The wave decay coefficient, KD, was fitted based on eq. (3.9). Specifically,

a,(x) _ 1
aW 1 o (6.1)awo 1 + KD a,,O

in which awo is the wave amplitude measured at the leading edge and x is the distance

from the leading edge. Note that the right hand side of eq. (6.1) is a function of

awo. It is expected that the fitted KD will be affected if the wave amplitude decreases
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significantly over the meadow, although KD itself does not depend on wave amplitude.

For most of my experimental runs, the wave decay was less than 15 % over 5 meters,

i.e., awm < 15%. However, in the cases with the lowest water depth (18 cm) or the

highest stem density (1370/,M 2 ), a_5 m7) was as large as 30 %. This made our fitted

KD smaller than it should be. Indeed, for these cases, the model overpredicted KD

(e.g. see the six data points on the upper right in Figure 3-7a). One improvement

of the method could be achieved by incorporating the change in wave amplitude into

the equation. Similar to eq. (3.20), numerical iterations with a step size of Ax could

be used to estimate the expected wave decay coefficient

aw(Xi+1) -1(62
aw(xi) 1 + KDaw(xi)Ax(

in which a.(xi) is the wave amplitude at the ith step with xj+1 the distance from

leading edge at the ith step.

The reduction in wave orbital velocity due to drag and inertial forces exerted

by the canopy elements could be important in some cases (e.g. high stem density).

I used the method in [Lowe, Koseff, & Monismith, 2005] to estimate the ratio of

wave velocity within the meadow to wave velocity outside the meadow, a. For future

work, I recommend taking detailed measurements of wave velocity within the meadow

to investigate whether spatial variation in a is significant or not. Also, the wave-

induced shoreward mean current generated in the meadow might result in greater

pronation of a blade within a meadow compared to an isolated blade [e.g. Luhar et

al., 2013; Abdolahpour et al., 20171. In Chapter 4, I found it that when the current-

to-wave velocity ratio, -c, is smaller than 1, the drag on a blade is dominated by

the waves. < 1 holds for all my experimental runs, suggesting that wave-induced

current did not play an important role in wave damping. This is consistent with the

good agreement between predicted and measured KD. However, for more extreme

conditions (high stem density, high wave velocity), IL might be greater than . In

this case, the impact of wave-induced current on wave damping should be taken into

consideration.
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For field applications, instead of estimating the effective length le using the scaling

law (i.e. eq. (3.17), L = (0.94 0.06)(CawL) 0 2 5 .0 2 ), a simpler method might be

of more interest to researchers working in the field. A rough estimate of 1e of a blade

within meadow under current is the distance from the bottom of blade sheath to

the height where the blade becomes nearly horizontal. Further, the geometry of other

aquatic vegetation (e.g. salt marshes, mangroves) might be different from the seagrass

blades I modeled. To examine how well my model can describe the wave damping

over vegetation with more complex geometry, using the effective frontal area, FAe,

might be helpful. Similar to the definition of le, a plant of frontal area FA generates

the same drag as a rigid flat plate with frontal area FAe. A new scaling law needs to

be developed to estimate '.

In Chapter 4, I extended the scaling laws for effective length developed in Chapter

3 to combined waves and currents. I derived new predictions of effective blade length

for combined waves and current, and validated the models through a combination of

laboratory experiment and numerical simulation. The proposed model may also serve

as the basis of predicting wave damping in combined waves and currents. In pure

waves, the expression of KD was given in Chapter 3 (eq.(3.18)),

KD 2 CDaka3 9 sinh kle,m + sinh 3kle,m (6.3)
97F ksinh kh(sinh 2kh + 2kh)

in which 1e,m is the effective meadow height in pure waves. I propose a similar adaption

to eq. (6.3) for combined waves and currents, replacing the effective length, 1e,m, with

the effective blade length in combined waves and currents, 1e,m,c. e,m,wc can be

estimated using eq. (4.12) and (4.13).

In Chapter 5, I constructed a predictive model for turbulence intensity within a

submerged meadow under unidirectional currents. Turbulent kinetic energy (TKE)

is highly related to sediment deposition and resuspension [e.g. Yang et al., 2016;

Zhang et al., 2018]. The development of TKE might be used to infer the depo-

sition/resuspension mechanisms. Seagrass meadows are global hotspots for carbon

storage, understand the deposition/resuspension mechanisms can help us explain the
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link between seagrass carbon stock and hydrodynamic conditions. Specifically, when

TKE within canopy is lower than the TKE threshold for sediment resuspension, the

sediment depsotion should be uniform along the whole meadow. This is expected to

happen with low stem density and low flow velocity. However, if the TKE within

canopy is higher than the threshold for resuspension. I expect that the deposition at

the region with low TKE is greater than that with high TKE. Previous studies have

shown that high sediment deposition is associated with dense meadow [e.g. Suyker-

buyk et al., 2016]. In the future, researchers may focus on quantifying the connection

between hydrodynamic conditions (especially TKE) and the sediment position along

a seagrass meadow.
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Appendix A

Mass accumulated in blades (Chapter

2)

This supporting information provides the table of the mass accumulated in the blades

at different exposure times (20, 60 and 90 min). As expected, the mass accumu-

lated in the blades (MPE) increased with increasing exposure time (t = 20, 60, 90

min). The measured mass accumulation was fit to the mass accumulation model (eqs.

(2.11)(2.12)(2.13)), using the transfer velocity (K) as the fitting parameter. In this

way, a best-fit K was estimated for each experimental blade and flow condition. An

example is shown in Fig. 2-6 for Blade 1 (1 cm x 15 cm x 100 pm) at 8.6 cm/s,

for which the best-fit K was 5.5 x 10-6 M/s (with Knax = 7.6 x 10-6 m/s and

Kmin = 3.9 x 10-6 m/s).
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Table A.1: P based on eq. (2.10)
Msat

1 cm x 15 cm x 100 pm blade
U (cm/s) 0 2.2 4.3 8.6 13.3 20.8

t = 20 min 0.09 0.01 0.08 0.01 0.15 0.02 0.33 0.06 0.30 0.05 0.30 0.04
t 60 min 0.25 0.04 0.17 0.03 0.45 0.07 0.63 0.11 0.60 0.09 0.57 t 0.06
t = 90 min 0.34 0.05 0.50 0.08 0.54 0.08 0.77 0.14 0.59 0.08 0.72 0.08

1 cm x 10 cm x 100 pm blade

U (cm/s) 0 2.2 4.3 8.6 13.3 20.8
t = 20 min 0.10 i 0.02 0.16 0.03 0.35 0.06 0.46 0.08 0.29 0.05 0.34 0.04
t = 60 min 0.23 0.04 0.45 0.08 0.63 0.11 0.60 0.10 0.58 0.10 0.78 0.10
t = 90 min 0.32 0.06 0.57 0.10 0.73 0.13 0.75 0.13 0.70 0.12 0.84 0.11

1 cm x 5 cm x 250 Am blade
U (cm/s) 0 2.2 4.3 8.6 13.3 20.8
t = 20 min 0.03 0.01 0.05 0.01 0.08 0.01 0.17 0.03 0.21 0.03 0.21 0.03
t = 60 min 0.10 0.02 0.15 0.02 0.19 0.03 0.25 0.04 0.28 0.05 0.32 0.05
t = 90 min 0.13 0.02 0.21 0.03 0.18 i 0.03 0.28 0.06 0.35 0.06 0.42 0.08
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Appendix B

Method for fitting awO - 1 versus -
aw(x) A

(Chapter 3)

The surface displacement associated with the waves propagating in the positive di-

rection (incident wave) is described by ql (x, t) = a, cos (kxwt + EI). A fraction of the

incident wave energy is reflected by the beach. For the reflected waves propagating in

the negative direction, the surface displacement is 7R (X, t) = aR cos (kx + wt + ER).

Here, E, and ER are the phase angles of incident and reflected waves, respectively, k

is the wave number, w = ! is the angular frequency and T is the wave period. The

total surface displacement is the superposition of r7,(x, t) and 7R (x, t).

r7(x, t) = rj1(x, t) + R (X, t) = A1 cos (wt) + B1 cos (wt)

A1 = a, cos (kx +E) + a cos (kx + ER) (B.1)

B1 = a1 sin (kx + EI) - aR sin (kx + ER)
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I T

The rms surface displacement can be calculated using qirms = o j0 7(x, t)2dt, such

that

1 Isd /1 + 2 2
77rms = 0 (A, Cos (wt) + B1 sin (Wt))2 dt = 2 Ai + Bi

v/+2( d ) Vaj a2a~~~~~~~~ +n+aacskxe+n=1+- +R
2 2 a 2

aR
2-cos(2kx+ +ER)

a1

(B.2)

If the wave reflection is small (here less than 10%), eq. (B.2) can be simplified as

(B.3)r'rms ~ a1 + acO 5(2ks + EI+ ER))

Eq. (B.3) indicates that rrms changes with x periodically, with a period of Ax =

- }, with A the wave length. For simplification purpose, I let E = EI + ER.

If there is no

1+KDamox (see eq.

(B.3),

wave reflection (aR = 0), the wave amplitude satisfies a(x) =awo

(3.9)). Here, the wave amplitude a,,(x) = /2-7rms,(x). From eq.

aw(x)

axo

1 _rms(x) a,(x)

1 + KDawox 77rms (x0) aI(xo)
ai(xo) x

-1= KDawO-
a1(x) A

(B.4)

Accounting for wave reflection, aR = 0. From eq. (B.3) and (B.4),

aw(x) _frms(X)

awo Tjrms(x)

a,(x) + aR cos (2kx + c)

a,(xo) + aR cos (2kxo + E)

awo(

aw(x)
-1=

a,(xo) + aR(xO) cos (2kxo + E)
a,(x) + aR cos(2kx + E)

-1

a,(xo) + aR(xO) Cos (2kxo + E) - aI(x) - aR(x) cos (2kx + c)

a,(x) +aRcos(2kx+E)

(B.6)

For the denominator a,(x) + aR cos (2kxE, I assume aR(x) cos (2kx + E) is negligible
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compared to ai(x) (i.e. the measured wave reflection is less than 10%), such that

a!o a, (xo) 1)+f(x)

aw(x) 1+ ()
aR(xo) cos (2kxo + i) - aR(x) cos (2kx + E)

a)(x)

(B.7)

Combining eq. (B.4) and (B.7),

(B.8)amx - 1 = KDaWOA- + f(x)
aw W) A

For simplification, I assume that the ratio of aR to a, is approximately constant.

With this assumption, f(x) = C1 cos (2kx + E) + C2. Here, C1 is constant and C2 =

aR(xo) cos (2kx0+E). If I choose xO at a node (cos (2kxo + c) = 0), C2 = 0.
ai(x)

The following plot shows an example of a'x) - 1 versus 1. (Note: Because

~ 1, the plot of "'wO - 1 versus i makes the beat pattern look significant.
aw~x W Ih lto aw W)

Figure 3-4 in Chapter 3 shows aw(x) versus 1 and indicates the wave reflection was
awo -

not large). Due to wave reflection, aw -1I versus f exhibits a periodic variation

0.25

0.2

0.
X
CU

CU

15

0.1

01
0 0.5

x/A
1.5

Figure B-i: An example showing the plot of

2 2.5

1 versus
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U -~

which complicates the estimation of the linear slope KDaoA. In the following, I

present a method to extract an accurate linear fit by judiciously selecting the range

of data used in the fit. The starting data point will be at x 1, and the ending data

point at x2 , x 1 < x 2 . The wave amplitude at x1 is awo.

Let ' - 1 = g(x) and KDao = 3, eq. (B.8) is transformed to

g(x) = Ox + C1 cos (2ks + E) + C2  (B.9)

Assume the equation of the linear fit is g(x) = -ylx +y2. The sum of squared residuals

is

S = j (g(x) - 1X - 72 ) 2 dX (B.10)

Least squares regression requires S is the minimum with varying 'y 1 and -2.

S = (x + C cos (2kx +c) +C2 -Yx -Y2)2dx

= j 1 (( Vx - 'Y 1x) + C1 cos (2ks + E) + (C2 - _2))2dx

= (X2 - Y1x) 2 + C12 cos (2kx + E)2 + (C2 - Y2)2 + 2C cos (2kx + r)(Ox - 71 x)

+ 2(C2 -y2) - yix) + 2C1 cos (2ks + E)(C2 - 72))dx
(B.11)

Considering f cos (2ks + E)2d= f (1(1 - cos (4kx + 2c)))dx = - sin (4kx + 2E)

and that f x cos (2ks + c) = g cos (2kx + E) + -x sin (2ks + E), eq. (B.11) can be

further transformed.

1 2 1
S = [-(W - 'y1)2 x + C1( - 8 sin (4kx + 2E)) + (02 - -2 x

3 2 8
_ 1.

+ 2C( -y7) cos (2kx + E) + - x sin (2kx + c)) + (C2 - _2)(0 - YI)x 2

+ 01(2 - 72) sin (2kx + X)]|1

(B. 12)

As stated above, least-square regression requires S is the minimum with varying 'mi
and 72. Hence, I have s - a = 0 and - a- = 0. The partial'5- - Q-a-) a - 19-(C2-1y2 )
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derivatives as and '9S can be calculated using eq. (B.12).
aD,3--yi) aC-2

= [( - 1)x 3 + 2C1( I cos (2kx + c) +3 4k2
1
-x sin (2kx + c))

2k

as = [2(C2 - y2)x + (3-y1 )x2 + - sin (2ks + f)]X = 0
O(C2 - Y2) k

(B.13)

(B.14)

I choose the fitting domain [X1 , X2] to ensure the slope of the fitted linear equation, 71,

is equal to /3. Otherwise, the periodic behavior of " - 1 due to the wave reflection

will introduce error.

From eq. (B.14), I have

1 Cl
(02 - 72 )(x2 - xi) = 2-( )( -4) - -[sin (2kX 2 + ) - sin (2k, + E)] (B.15)

2 2k

Substituting (C2 - I 2 )(x 2 - X1 ) into eq. (B.13), I have

2 C12+ - 1 1
(/ p _Y 1)(X ) + 2C( cos (2kX 2 + E) 4 cos (2kx1 + E) + 2 k2 sin (2kX 2 + 6)-3 2 k24k 2 2

1 1 C[
2k x, sin (2kxi + c)) + (x 2 + X1 )(-(/ -2 1)(x - 1) 2k [sin (2kX 2 + E) - sin (2kxi + E)])

(B.16)

Then, I can simplify eq. (B.16).

2 1C
(2 - ,1)[5(x - _4) - (x + Xi)(X - X)] + 2k [cos (2kX 2 + E) - cos (2kx1 + c)]+

Cl
(X2 - xi)[sin (2kX 2 + 6) + sin (2kxi + e)] = 0

2k
(B.17)

In order to yield #y1 = /3, the following equations should be satisfied.

cos (2kX 2 + E) - cos (2kxi + 6) = 0

sin (2kX 2 + E) + sin (2kx 1 + E) = 0
(B.18)

This indicates that 2kX 2 + 6 = 1 + 2m (or = ! + 2m-r), with m an integer, and that

2kX 2 - 2kxi = (2n + 1)7r, with n an integer.
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Looking back at eq. (B.9), g(x) = &i + C1 cos (2kxE) + C2 . As shown above, to

eliminate the effect of C2 (= aR(XO) cos kO+e)) the fitting domain should start with

a node, such that cos (2kxl + e) = 0. The solution of x 1 and x 2 indicates that the

fitting domain should end with another node with C1 cos (2kX 2 + E) = 0. The phase

difference between the start and the end is thus (2n + 1)-r. It is not recommended to

use n = 1, because the data will be dominated by the wave beat in this case. Hence,

it is recommended that wave decay be measured over a minimum of } wavelengths.

B.1 Data for drag force measurements

For drag force measurements in Chapter 3, the blade dimensions and wave conditions

are summarized in Table B1. U, represented the measured velocity, which was used

to calculate the expected maximum force for a rigid blade. The measured effective

length ratio, f, was calculated using eq. (3.13). The expression of Ca, and L is (eq.

(3.1)(3.3) repeated here)

* Ca, = WEl

L 1 27rl
-w UwT

Here, p is the density of water, b is the blade width, 1 is the blade length, t is the

blade thickness, E is the Young's modulus, I = b is the second moment of inertia,12

and A,, (= U,,T/2wr) is the wave excursion (wave orbital radius).
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Table Bi. Blade dimensions and wave conditions for drag force measurements

Blade dimensions U. [msJ T [s] Ca, L CaL IJl

0.038 2 1.25E+01 12.4 1.55E+02 0.23
0.065 2 3.64E+01 7.2 2.62E+02 0.20
0.095 2 7.78E+01 5.0 3.89E+02 0.15

= 15 cm 0.137 2 1.62E+02 3.4 5.50E+02 0.13
b=1cm 0.186 2 2.98E+02 2.5 7.46E+02 0.14

t = 250 um 0.2 2 3.45E+02 2.4 8.28E+02 0.12
0.125 1.4 1.35E+02 5.3 7.15E+02 0.12

0.133 1.1 1.53E+02 6.4 9.77E+02 0.09

0.038 2 1.95E+02 12.4 2.41E+03 0.25
0.065 2 5.69E+02 7.2 4.10E+03 0.18
0.095 2 1.22E+03 5.0 6.08E+03 0.13

1=15cm
0.137 2 2.53E+03 3.4 8.60E+03 0.10

b =1cm
0.186 2 4.66E+03 2.5 1.17E+04 0.10

t=250 um
0.2 2 5.39E-03 2.4 1.29E+04 0.09

0.125 1.4 2.11E+03 5.3 1.12E+04 0.12

0.133 1.1 2.38E+03 6.4 1.53E+04 0.10

0.038 2 3.70E+00 8.3 3.12E+01 0.33
0.065 2 1.08E+01 4.8 5.16E+01 0.29
0.095 2 2.31E+01 3.3 7.59E+01 0.25

1=10cm 0.137 2 4.79E+01 2.3 1.10E+02 0.22
b=1cm 0.186 2 8.84E+01 1.7 1.50E+02 0.23

t =250 um 0.2 2 1.02E+02 1.6 1.64E+02 0.23
0.125 1.4 3.99E+01 3.5 1.40E+02 0.22

0.133 1.1 4.52E+01 4.3 1.95E+02 0.18

0.038 2 5.76E+01 8.3 4.78E+02 0.15
0.065 2 1.69E+02 4.8 8.09E+02 0.18
0.095 2 3.60E+02 3.3 1.19E+03 0.15

1=10cm
0.137 2 7.49E+02 2.3 1.72E+03 0.11

b =1cm
0.186 2 1.38E+03 1.7 2.35E+03 0.10

=100urn
0.2 2 1.60E+03 1.6 2.55E+03 0.11

0.125 1.4 6.24E+02 3.5 2.18E+03 0.13

0.133 1.1 7.06E+02 4.3 3.04E+03 0.12

0.038 2 4.87E-01 4.1 2.04E+00 1.32

0.065 2 1.36E+00 2.4 3.31E+00 1.09
0.095 2 2.92E+00 1.7 4.97E+00 0.83

= 5cm
0.137 2 6.04E+00 1.1 6.62E+00 0.68

b = 1cm
0.186 2 1.10E+01 0.8 8.76E+00 0.64

t=250um
0.2 2 1.28E+01 0.8 1.02E+01 0.61

0.125 1.4 4.97E+00 1.8 8.96E+00 0.63
0.133 1.1 5.65E400 2.1 1.19E+01 0.54
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0.038 2 7.21E+00 4.1 2.95E+01 0.41

0.065 2 2.11E+01 2.4 5.07E+01 0.47

1 =5cm 0.095 2 4.51E+01 1.7 7.66E+01 0.28

b=lcm 0.137 2 9.37E+01. 1.1 1.03E+02 0.17

t =100 um 0.186 2 1.73E+02 0.8 1.38E+02 0.19

0.2 2 2.OOE+02 0.8 1.60E+02 0.19

0.125 1.4 7.80E+01 1.8 1.40E+02 0.25

0.133 1.1 8.83E+01 2.1 1.85E+02 0.20

0.038 2 9.74E-02 2.5 2.92E-01 1.77

0.065 2 2.92E-01 1.4 3.89E-01 1.50

1=3cm 0.095 2 5.84E-01 1.0 5.84E-01 1.09

0.137 2 1.27E400 0.7 8.76E-01 0.95
b = 1 cm

0.185 2 2.43E+00 0.5 1.27E+00 0.91

0.2 2 2.73E+00 0.5 1.36E+FOO 0.94

0.125 1.4 1.07E+00 1.1 1.17E+00 0.95

0.133 1.1 1.27E+00 1.3 1.66E+00 0.75

0.038 2 1.56E+00 2.5 3.89E+00 0.62

0.065 2 4.58E+00 1.4 6.43E+00 0.62

3 cm 0.095 2 9.74E+00 1.0 9.74E+00 0.51

0.137 2 2.03E+01 0.7 1.42E+01 0.45
b =1cm

0.186 2 3.73E+01 0.5 1.87E+01 0.38
t=lO0um

0.2 2 4.31E+01 0.5 2.16E+01 0.36

0.125 1.4 1.68E+01 1.1 1.85E+01 0.44

0.133 1.1 1.91E+01 1.3 2.48E+01 0.38

0.038 2 4.62E+02 8.3 3.83E+03 0.15

1=10 cm 0.065 2 1.35E+03 4.8 6.48E+03 0.12

b=1 cm 0.095 2 2.88E+03 3.3 9.51E03 0.12

t =50 um 0.137 2 5.99E+03 :2.3 1.38E+04 0.11

0.186 2 1.11E+04 1.7 1.SSE+04 0.10

I =13 cm 0.038 2 1.27E+02 10.7 1.35E+03 0.16

0.065 2 3.71E+02 6.3 2.34E-+03 0.18
b = 1cm

0.095 2 7.92E+02 4.3 3.40E+03 0.16
t=100 um

0.137 2 1.65E+03 3.0 4.94E+03 0.14
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B.2 Data for wave decay measurements

Wave and meadow conditions for wave damping measurements are shown in Table

B2. The expression of each parameter is listed in the following.

* Ca~pbU,,1 3

El

SC.- = U.
* L = -- = w

av = nvb

Here, p is the density of water, b is the blade width, 1 is the blade length, t is the blade

thickness, E is the Young's modulus, I = is the second moment of inertia, and Aw

(= UT/27r) is the wave excursion (wave orbital radius), n is the stem density, k is

the wave number, h is the water depth, T is the wave amplitude and ao is the wave

amplitude at the leading edge.

The second last column denotes the wave length, and the last column denotes the

ratio of in-canopy velocity to free-stream velocity, oz, estimated using the method in

[Lowe, Koseff, & Monismith, 20051.
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Table B2. Wave and meadow conditions for wave damping measurements

Case Uw Caw L CawL av n k h kh T awO

m s cmd m- cmd cm s cm cm

n1370T2 0.057 285 7.2 2.OOE+03 0.247 1370 0.0162 45 0.73 2 1.4 388 0.89
n1370T2 0.085 633 4.8 3.OOE+03 0.247 1370 0.0162 45 0.73 2 2.1 388 0.88
n1370T2 0.086 651 4.7 3.10E+03 0.247 1370 0.0162 45 0.73 2 2.1 388 0.87
n1370T2 0.156 2140 2.6 5.60E+03 0.247 1370 0.0162 45 0.73 2 3.9 388 0.85
n1370T1.4 0.047 198 12.3 2.40E+03 0.247 1370 0.0245 45 1.1 1.4 1.4 256 0.90
n1370T1.4 0.066 382 8.8 3.40E+03 0.247 1370 0.0245 45 1.1 1.4 2.0 256 0.90
n1370T1.4 0.091 725 6.4 4.70E+03 0.247 1370 0.0245 45 1.1 1.4 2.7 256 0.89
n1370T1.4 0.118 1219 5 6.OOE-+03 0.247 1370 0.0245 45 1.1 1.4 3.5 256 0.89
n1370T1 0.031 87 26 2.30E+03 0.247 1370 0.0422 45 1.9 1 1.4 149 0.90
n1370T1 0.049 207 16.8 3.50E+03 0.247 1370 0.0422 45 1.9 1 2.2 149 0.90
n1370T1 0.068 405 12 4.90E+03 0.247 1370 0.0422 45 1.9 1 3.1 149 0.90
n1370T1 0.069 413 11.9 4.90E+03 0.247 1370 0.0422 45 1.9 1 3.1 149 0.90

n1050T2 0.061 323 6.7 2.20E+03 0.189 1050 0.0162 45 0.73 2 1.5 388 0.92
n1050T2 0.087 670 4.7 3.10E+03 0.189 1050 0.0162 45 0.73 2 2.2 388 0.91
n15OT2 0.123 1336 3.3 4.40E+03 0.189 1050 0.0162 45 0.73 2 3.1 388 0.90
n1050T2 0.156 2140 2.6 5.60E+03 0.189 1050 0.0162 45 0.73 2 3.9 388 0.89
nlO5OT1.4 0.047 198 12.3 2.40E+03 0.189 1050 0.0245 45 1.1 1.4 1.4 256 0.92
n1050T1.4 0.066 382 8.8 3.40E+03 0.189 1050 0.0245 45 1.1 1.4 2.0 256 0.92
n1050T1.4 0.091 725 6.4 4.70E+03 0.189 1050 0.0245 45 1.1 1.4 2.7 256 0.92
nlO5OT1.4 0.118 1219 5 6.00E+03 0.189 1050 0.0245 45 1.1 1.4 3.5 256 0.91
n1OSOTI 0.071 443 11.5 5.10E+03 0.189 1050 0.0422 45 1.9 1 3.2 149 0.92

n850T2 0.061 323 6.7 2.20E+03 0.153 850 0.0162 45 0.73 2 1.5 388 0.93
n850T2 0.087 670 4.7 3.10E+03 0.153 850 0.0162 45 0.73 2 2.2 388 0.93
nS5OT2 0.123 1336 3.3 4.40E+03 0.153 850 0.0162 45 0.73 2 3.1 388 0.92
n850T2 0.156 2140 2.6 5.60E+03 0.153 850 0.0162 45 0.73 2 3.9 388 0.91
n850T1.4 0.047 198 12.3 2.40E+03 0.153 850 0.0245 45 1.1 1.4 1.4 256 0.93
n85OTl.4 0.066 382 8.8 3.40E+03 0.153 850 0.0245 45 1.1 1.4 2.0 256 0.93
n85OTl.4 0.091 725 6.4 4.70E+03 0.153 850 0.0245 45 1.1 1.4 2.7 256 0.93
n850T1.4 0.118 1219 5 6.OOE+03 0.153 850 0.0245 45 1.1 1.4 3.5 256 0.93
n850T1 0.071 443 11.5 5.10E+03 0.153 850 0.0422 45 1.9 1 3.2 149 0.93

n1370T1.4 0.118 1219 5 6.OOE+03 0.247 1370 0.0255 40 1.02 1.4 3.2 246 0.89
n1050Tl.4 0.118 1219 5 6.OOE+03 0.189 1050 0.0255 40 1.02 1.4 3.2 246 0.92
n850T1.4 0.118 1219 5 6.OOE+03 0.153 850 0.0255 40 1.02 1.4 3.2 246 0.93
n600T1.4 0.118 1219 5 6.OOE+03 0.108 600 0.0255 40 1.02 1.4 3.2 246 0.95
n280T1.4 0.118 1219 5 6.00E+03 0.05 280 0.0255 40 1.02 1.4 3.2 246 0.98
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n600T2

n600T2

n600T2

n600T2

n600T2

n600T2

n600T2

n600T2

n600T2

n600T2

n600T1.4

n600Tl.4

n600Tl.4

n600Tl.4

n600T1

0.061

0.087

0.087

0.095

0.123

0.125

0.13

0.147

0.177

0.207

0.047

0.067

0.094

0.122

0.068

323

670

670

793

1336

1362

1480

1903

2755

3764

198

398

780

1318

402

6.7 2.20E+03

4.7 3.10E+03

4.7 3.10E+03

4.3 3.40E+03

3.3 4.40E+03

3.3 4.50E+03

3.1 4.70E+03

2.8 5.30E+03

2.3 6.40E+03

2 7.40E+03

12.3 2.40E+03

8.7 3.50E+03

6.2 4.80E+03

4.8 6.30E+03

12.1 4.90E+03

0.108

0.108

0.108

0.108

0.108

0.108

0.103

0.108

0.108

0.108

0.108

0.108

0.108

0.108

0.108

600 0.0162

600 0.0162

600 0.0162

600 0.0162

600 0.0162

600 0.0162

600 0.0162

600 0.0162

600 0.0162

600 0.0162

600 0.0245

600 0.0245

600 0.0245

600 0.0245

600 0.0422

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

6.5 2.30E+03

5 3.00E+03

3.7 3.90E+03

2.9 5.00E+03

5 6.00E+03

11.5 5.10E+03

0.05

0.05

0.05

0.05

0.05

0.05

280 0.0162

280 0.0162

280 0.0162

280 0.0162

280 0.0245

280 0.0422

45 0.73

45 0.73

45 0.73

45 0.73

45 1.1

45 1.9

2

2

2

2

1.4

1

1.6 388 0.98

2.0 388 0.98

2.7 388 0.98

3.5 388 0.98

3.5 256 0.98

3.2 149 0.98

n1370T2

n1370T2

n1370T1.4

n1370T1.4

n1370T2

n1370T1.4

n1370T1

0.077

0.11

0.072

0.094

0.069

0.065

0.044

nIO5OT2 0.077

nlO5OT2 0.11

n105OT1.4 0.072

nlO5OTl.4 0.094

n105OT1 0.054

n105OT2 0.069

nlO5OTT1.4 0.065

n105OT1 0.044

521

1063

456

777

418

371

170

521

1063

456

777

256

418

371

170

5.3 2.80E+03

3.7 3.90E+03

8.1 3.70E+03

6.2 4.80E403

8.5 3.50E+03

6.3 2.30E+03

13.3 2.30E+03

5.3 2.80E+03

3.7 3.90E+03

8.1 3.70E+03

6.2 4.80E+03

15.1 3.90E+03

5.9 2.50E+03

9 3.30E+03

18.6 3.20E+03

0.247

0.247

0.247

0.247

0.247

0.247

0.247

0.189

0.189

0.19

0.189

0.189

0.139

0.139

0.19

1370 0.0202

1370 0.0202

1370 0.0297

1370 0.0297

1370 0.0244

1370 0.0352

1370 0.0538

1050 0.0202

1050 0.0202

1050 0.0297

1050 0.0297

1050 0.0471

1050 0.0244

1050 0.0352

1050 0.0538

27 0.55

27 0.55

27 0.8

27 0.8

18 0.44

18 0.63

18 0.97

27 0.55

27 0.55

27 0.8

27 0.8

27 1.27

18 0.44

18 0.63

18 0.97

2

2

1.4

1.4

2

1.4

1

2

2

1.4

1.4

1

2

1.4

1

1.4 311 0.88

2.1 311 0.88

1.5 212 0.90

2.2 212 0.90

1.0 257 0.89

1.0 178 0.90

0.8 117 0.90

1.4 311 0.91

2.0 311 0.91

1.4 212 0.92

1.9 212 0.92

1.4 133 0.92

1.0 257 0.92

1.0 178 0.92

0.8 117 0.92

149

0.73

0.73

0.73

0.73

0.73

0.73

0.73

0.73

0.73

0.73

1.1

1.1

1.1

1.1

1.9

2

2

2

2

2

2

2

2

2

2

1.4

1.4

1.4

1.4

1

1.5 388 0.95

2.2 388 0.95

2.2 388 0.95

2.4 388 0.95

3.1 388 0.95

3.1 388 0.95

3.2 388 0.95

3.6 388 0.94

4.4 388 0.94

5.1 388 0.94

1.4 256 0.95

2.0 256 0.95

2.8 256 0.95

3.6 256 0.95

3.0 149 0.95

n280T2

n280T2

n280T2

n280T2

n280T1.4

n280T1

0.063

0.082

0.109

0.14

0.118

0.071

349

598

1047

1719

1219

443



150



Appendix C

Validation of numerical simulation

(Chapter 4)

The validation of the numerical model described in section 4.4 is shown in the fol-

lowing. I validated the numerical model in pure current, pure waves and combined

wave-current conditions.

For validation in pure current, CD = CD,C = 1.95 + $ ~ 2 and the added mass

term was negligible, because '-' = 0. For validation in pure wave and in combined

wave-current, CD = CD,, = max (10KC- 1 / 3 , 1.95), with KC the Keulegan-Carpenter

number (Luhar and Nepf 2016), and CM was estimated from KC using Figure 12 in

Keulegan and Carpenter (1958). Following Luhar (2012), I used a constant skin

friction coefficient, Cf = 0.01, but the specific value of Cf had negligible impact.

To validate the blade simulation under current only, the simulated effective blade

length was compared with eq. (4.6). The simulated blade was 13 cm long, 1 cm

wide and 100 pm thick, and it was exposed to the current speeds U, = 0.01 to 0.3

m/s, yielding 9 < Ca, < 3.5 X 3, and B = 6.5. To examine the contribution of skin

friction, simulations were run with Cf = 0 and 0.01. The magnitude of le/lsimulated

using the two skin friction values were nearly identical, with an average difference

of 1% (Figure C-1), which indicated that the skin friction did not play a significant

role in blade reconfiguration or blade drag, consistent with the conclusion drawn in

Luhar (2011) that the skin friction is not important for le/l > 0.05. In addition, both
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simulations agreed with eq. (4.6), with a maximum deviation of 2%, validating the

simulation for conditions with pure current. For Ca, > 100, the simulated values

exhibited a slope of log le/l against log (Ca,) of approximately -1/3, consistent with

Alben et al. (2002).

0
10

10 0 0 0

'C:

le- -1/3

-2 1001 1

CaC
Figure C-1: Simulated effective length, L, using Cf = 0 (triangles) and Cf = 0.01
(circles) compared with eq. (4.6), shown with dashed line. The solid line denotes

~ Cac-1 3 , suggested by Alben et al. (2002) for large of Cac.

For pure waves, the simulated values of effective blade length were compared to eq.

(4.9), an empirical relation based on measured forces. The simulation was run with a

wave of period T = 2 s and amplitude a, = 1.5 cm and a range of blade geometry to

produce a range of CaL. Specifically, eleven values of blade length between 5 and

15 cm were considered, and two values of blade thickness, d = 100 and 250 pm. The

simulated values of ll had good agreement with eq. (4.9), with an average difference

of 8% (Figure C-2), which was comparable to the 95% CI for the data fit represented

by eq. (4.9). This comparison validated the numerical simulation for waves only.
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Figure C-2: Validation of simulated effective blade length 'j in pure wave conditions
using two blade thicknesses d = 250 Mm (plus signs) and 100 pm (stars). Eq. (4.9)
shown with dashed line.

To validate the combined waves and current conditions, the measured values of l

(Table 4.1) were compared to simulated values (Figure C-3). A linear fit of simulated

and measured values with 95 % confidence intervals is

le(simulated) = (0.97 0.08) l(measured) (C.1)

This confirmed that the simulation could recreate the measured values of effective

blade length in combined wave-current conditions.
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Figure C-3: A comparison of measured and simulated values of the ratio of effective
blade length to full blade length, -a. The dashed line denotes a 1:1 agreement. Symbol
color indicates blade dimensions as described in Table 4.1. Circles denote cases with
U = 11.0 cm/s, and triangles denote cases with U, = 7.8 cm/s. U, varied from 0 to
10 cm/s. The measurement uncertainty was dominated by uncertainty in the phase-
averaged forces measured for the rigid and flexible blades, which was propagated using
the sum or square methods described in [Taylor, 1997].
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Appendix D

MATLAB code

D.1 Velocity data processing

To despike a velocity record, I followed the method in [Goring & Nikora, 2002]. For

the first method (called RC filters method in [Goring & Nikora, 2002]). The inputs

and outputs are

" Inputs: horizontal, lateral and vertical velocities

" Output: despiked horizontal, lateral and vertical velocities

For the second method (called acceleration thresholding method in [Goring & Nikora,

2002]). The inputs and outputs are the same as the first method.

" Inputs: horizontal, lateral and vertical velocities

" Output: despiked horizontal, lateral and vertical velocities
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Ifunction [u, v, w, spikes_index_u, spikes index v, spikesindexw] - treatspike_Lei(u, v, w)

spikes_indexu - ;
spikes indexv - [I;
spikesindexw U[
std_3_u - 3*std(u); t despiking if U > U+3sigma or U < U - 3sigma
std_3_v = 3Astd(v); % despiking if V > V+3sigma or V < V - 3sigma
std_3_w - 3std(w); I despiking if W > W+3sigma or W < W - 3sigma
Ifor j-2:length(u)

if u(j) > (mean(u)+ std_3_u) 11 u(j) < (mean(u) - std_3_u)
u(j) - u(j-1);
spikes index u

end
if v(j) > (mean(v) +

v(j) - v(j-1);
spikes index v -

end
if w(j) > (mean(w) +

w(j) - w(j-1);
spikes index w -

end

[spikesindexu ii;

std_3_v) 11 v(j) < (mean(v) - std_3_v)

[spikes_indexv j];

std_3_w) 11 w(j) < (mean(w) - std_3_w)

[spikes index w j];

end
end

Figure D-1: RC filters method of de-spiking a velocity record

function [u, v, w, spikesindexu, spikesindexv, spikesindexv] - treatspikeaccLei(u, v, w)
u(1) - mean(u); v(l) - 0; Is or mean (v)
w(1) - mean(w);
spikes_index u - []; spikesindexv - []; spikesindex_w ;

% Set the max acceleration;
% If a(x) > 20 or a(y) -> 10 or a(z) > 5, the data point is replaced by the
% previous one

Traccu - 20; Traccv - 10; Traccw - 5;
for J-2:length(u)

dudt - (u(j) - u(J-1)) - 200:

dvdt - (v(j) - v(j-l)) * 200;

dwdt - (w(j) - w(J-1)) A 200;

if (dudt > Traccu) I I (dudt < -Traccu)
u(j) - u(J-1);
spikes ndexu - [spikesindexu J];

(dvdt > Traccv)

v() - v(O-1);
spikes index v

(dwdt > Traccw)

w() - w-1);
spiks~indiexyw

I I (dvdt < -Traccv)

-[spikesindex_v J;

I (dwdt < -Traccw)

- [spikes index w J];
end

end
end

Figure D-2: Acceleration thresholding method of de-spiking a velocity record
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A method of filtering out data with low correlation or SNR (signal-to-noise) ratio

is shown in the following. This is an indicator of how reliable the measurements are:

the higher the SNR and the correlation, the more reliable the velocity measurements.

In the laboratory, previous students suggested that the minimum SNR at which the

ADV should be operated is about 15.

function [datser, numdelete] - treatbasicl(datser, Tramp, Trampz, Tranr, Trsnrz, Trcorr, Trcorrz)

% basic treatment of data

t amplitude, SNR, correlation

% based on input of treshold values

[row,col)-size(datser); numdelete - 0;

for j-row:-i:1
4; amplitude

if (datser(J,7)< Tramp) 11 (datser(J,8)< Tramp) 11 (datser(j,9)< Trampz) 11 (datser(j,10)< Tramp)

datser (, :)-];
num delete - nu delete + 1;

continue;

% snr
elseif (datser(j,11)< Tronr) 11 (datser(j,12)< Tranr) 11 (datser(J,13)< Tranrz) if (datser(j,14)< Tranr)

datser (J,:) -[1
num delete - num_delete + 1;

continue;
S correlation

elseif (datser(jS)< Trcorr) 11 (datser(j,16)< Trcorr) 11 (datser(J,17)< Trcorrz) II (datser(j,18)< Trcorr)

dataer (j, :)-[];
numdelete - numdelete + 1;

end

end
end %function

Figure D-3: Method of filtering out data with low correlation or SNR (signal-to-noise
ratio)
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