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Submerged vegetation changes the hydrodynamic characteristics of rivers,

lakes, wetlands, and coastal zones. However, only a few studies have focused

on the effect of flexible submerged vegetation on hydrodynamic

characteristics under unidirectional flow. Therefore, laboratory experiments

were conducted to study the effects of submerged vegetation with different

flexibility on the flow structure and turbulence characteristics under

unidirectional flow. The results showed that the reconfiguration and

coordination of wave motion of flexible submerged vegetation redistribute

flow velocity, Reynolds stress, and turbulent kinetic energy inside and outside

of the vegetation canopy. With a gradual decrease in the deflection height of

vegetation, the differences in dimensionless velocity, dimensionless mixed

layer thickness, bulk drag coefficient, averaged turbulent kinetic energy, and

the averaged contribution rate of its shear production term for the vegetation

canopy also decrease; the trend of the penetration depth of Reynolds stress is

opposite. Based on the turbulent kinetic energy budget equation, a turbulent

kinetic energy model (TKE model) was established, which can be used to

predict the turbulent kinetic energy and its shear production term within the

vegetation canopy. Here, the scaling factor was determined by the vegetation

canopy Cauchy number. The TKE model can be applied under unidirectional

flow conditions for submerged vegetation with different flexibilities with high

accuracy. It is a simple method to predict vegetation-induced turbulence and

the characteristics of sediment and material transport under the influence of

submerged vegetation with different flexibility.
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1 Introduction

As an essential part of the ecosystems comprising rivers,

lakes, wetlands, and coastal zones, aquatic vegetation canopy not

only intercepts exogenous pollution and purifies water quality

(Wilcock et al., 1999; Nepf, 2012; Wang et al., 2022) but also

promotes sedimentation and provides a habitat to fish

(Neumeier, 2007). They have thus high environmental and

economic value (Liu et al., 2017). In addition, aquatic canopies

can also provide resistance by raising the local water levels in

rivers and reducing the flow velocity. Therefore, investigating the

turbulence structure in water bodies under the influence of

vegetation canopy can help further the understanding of

pollutant and sediment transport (Nepf, 2011; Park and

Hwang, 2019; Zhang et al., 2019; Abdolahpour et al., 2020). It

can also shed light on the water transport and flooding capacity

of the river, which has important implications for ecological

restoration projects (Waycott et al., 2009).

Scholars have shown that turbulence generated by vegetation

canopy enhances its nutrient uptake (Hu et al., 2018; Tang et al.,

2021). It also promotes sediment resuspension and transport of

nudged material by increasing the turbulent diffusion coefficient

within the vegetation canopy (Morris et al., 2008) and changes

the distribution characteristics, as well as the transport patterns

of suspended sediments, along the vertical direction (López and

Garcıá, 1998; Vargas-Luna et al., 2015; Tinoco and Coco, 2016;

Huai et al., 2021). In recent years (Liu et al., 2022), some studies

have shown that as compared to bed shear stress, turbulent

kinetic energy can be used to better predict sediment initiation,

nudge mass transport, and reveal sediment resuspension

characteristics in areas where aquatic vegetation canopy is

distributed in the river (Yang et al., 2016; Yang and Nepf,

2019). These studies highlight the importance of studying

turbulence generated by the vegetation canopy to protect

ecosystems and dynamic systems.

Many models were constructed recently to predict turbulent

kinetic energy within the vegetation canopy (King et al., 2012;

Beudin et al., 2017). For instance, Tanino and Nepf (2008b)

developed a model suitable for predicting the turbulent kinetic

energy in a rigid emerged cylindrical array; this model and its

modified version were subsequently shown to be useful for

predicting turbulent kinetic energy in submerged and emerged

canopies under unidirectional flow (Tang et al., 2019; Zhang

et al., 2020a; Liu et al., 2021), submerged canopies under

oscillatory flow (Zhang et al., 2018), submerged canopies

under combined wave-flow conditions (Chen et al., 2020), and

emergent canopies with natural plant morphology (Xu and

Nepf, 2020). Most of these studies used rigid materials to

simulate the vegetation canopy; i.e., the canopy was assumed

to not bend and deform with water flow. However, many types
Frontiers in Marine Science 02
of natural vegetation canopy in rivers, lakes, wetlands, and

coastal zones are flexible, such as seagrass meadows and kelp

forests (Rominger and Nepf, 2014; Lei and Nepf, 2019). The

phenomenon of flexible canopies being pushed and

morphologically altered by flow is called reconfiguration

(Albayrak et al., 2011; Nepf, 2012). The reconfiguration of the

vegetation canopy not only helps enhance the solar energy

utilization but also reduces the resistance of the vegetation

canopy to the water flow by two mechanisms: reduction in the

frontal area of the vegetation canopy and deflected height

(Zimmerman, 2003; Li et al., 2014; Veelen et al., 2020). Li

et al. (2018) reported that when the influence of the Reynolds

number of the vegetation canopy is negligible, the bulk resistance

coefficient establishes a logarithmic relationship with the Cauchy

number of the vegetation canopy. Under the same

environmental flow conditions, a flexible vegetation canopy

has different effects on local hydrodynamic characteristics than

a rigid vegetation canopy, and its ability to generate turbulence is

different as well (Kouwen and Moghadam, 2000). Currently,

most of the studies on vegetation canopy flow focus on rigid

vegetation canopy, and there are fewer studies on the influence

of vegetation canopy flexibility levels on turbulent kinetic

energy. Consequently, there is a lack of models to predict the

turbulent kinetic energy within diverse submerged

vegetation canopies.

To investigate the turbulence characterist ics of

unidirectional flow under the influence of vegetation canopy

with different flexibilities, we measured the streamwise velocity,

bulk drag coefficient, and turbulent kinetic energy characteristics

using strip-like submerged vegetation canopy models with

different flexibilities. The effects of different vegetation canopy

flexibility on the hydrodynamic characteristics were also

analyzed. Finally, a model was constructed to predict the

turbulent kinetic energy within the vegetation canopy with

different flexibility. The results of this study can provide a

basis for studies on more accurate prediction of vegetation

canopy-generated turbulence. Section 2 of this paper discusses

the method to calculate the drag coefficient of flexible vegetation

canopy and the theory behind the model to predict turbulent

energy generated by the vegetation canopy. Section 3 presents a

discussion on the selection of flexible vegetation and the

experimental setup. Section 4 analyzes the effects of vegetation

canopy flexibility on streamwise velocity, Reynolds stress, bulk

drag coefficient, and turbulent kinetic energy. Section 5 discusses

the impact of vegetation flexibility on the shear layer, shear

production, and wake production, and correlates the scaling

factor with the Cauchy number of the vegetation canopy to

develop a model for the prediction of the turbulent kinetic

energy within the vegetation canopy. A brief conclusion is

presented in Section 6.
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2 The theoretical background of the
model

The local drag coefficient, Cdl, varies along the vertical

direction in submerged canopies with unidirectional flow. To

calculate the vertical distribution of Cdl (Nezu and Sanjou, 2008),

the following equation was derived:

∂

∂ z
〈−u0w0 〉
� �

= 0:5Cdla 〈 �u 〉
2 −gS (1)

where 〈 〉 characterizes spatially averaged variables (Raupach
and Shaw, 1982). For the scalar parameter, y (e.g., velocity,

pressure, etc.), its fluctuation in time, y′ , fluctuation in space,

�y
0 0
, time-averaged �y , and spatially averaged 〈 �y  〉 can be

expressed as y = �y + y 0 and �y = 〈 �y 〉 + �y
0 0
. The term − u0w0

is the time-averaged Reynolds stress, and �u is the time-averaged

streamwise velocity; a is the vegetation frontal area per unit

volume, and g is the gravitational acceleration; S is the energy

slope. The bulk drag coefficient of the vegetation canopy, Cd,

shows the following relationship with Cdl:

Cd =
1

U2
∞he

Z he

0

Cdl 〈 �u 〉
2 dz (2)

where U∞ is the average flow velocity of the incoming flow

section and he is the time-averaged deflected height of the

modeled vegetation canopy. The Reynolds number of the

vegetation canopy is defined as Red=u1b/n , where b is the

waterward width, u1 is the canopy-averaged velocity, and n is

the kinematic viscosity of water. For a strip-like vegetation

canopy, the reconfiguration of the vegetation canopy affected

by flow is mainly reflected in the reduction of he, and this change

impacts the size of the drag coefficient, Cd, of the bulk vegetation

canopy bulk. Luhar and Nepf (2011) introduced the Cauchy

number, Ca, of the vegetation canopy and the buoyancy

parameter, B, to consider vegetation stiffness and buoyancy in

model development. For a vegetation canopy group with the

initial height of hv, thickness of t, and density of rv, under
conditions of average flow velocity within the vegetation canopy

of u1, Ca and B can be written as:

Ca = 0:5
rbtu21h3v

EI
(3)

B =
r − rvð Þgbth3v

EI
(4)

where r is the density of water, E is the modulus of elasticity

of the vegetation, and I is the moment of inertia of the cross-

section, I = bt3/12. When stiffness dominates the restoring force,

the deflected height of the flexible vegetation reduces with an

increase in Ca, decreasing the vegetation canopy bulk

drag coefficient.
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Upon doubling of averaging in time and space (Wilson,

1988), the turbulent kinetic energy budget equation within the

vegetation canopy under conditions of steady and fully

developed flow can be written as (Finnigan, 2000):

∂ k
∂ t

= Ps + Pw − 〈 ϵ 〉 +T = 0 (5)

The terms in Eq. 5 can be written as:

Ps = 〈 −u 0 w 0 〉
∂ 〈 �u 〉
∂ z

(6)

Pw = 〈−ui 0 uj 0
0 0 ∂ ui

0 0

∂ xj
〉 (7)

T =
∂

∂ z
−
〈 u0iu

0
iw

0 〉
2

−
〈 p0w0 〉

r
+ n〈 u0i

∂ u0i
∂ z

+
∂w0

∂ xi

� �
〉 −

〈 u0iu
0
i

0 0
�w

0 0
〉

2

" #

(8)

where i and j are Cartesian coordinates and k is the turbulent

kinetic energy: k = 0:5(u0
2
+ v0

2
+ w02). When 2D-PIV is used

for velocity measurement (Yang and Nepf, 2019; Tseng and

Tinoco, 2020), k can be estimated by the following equation: k =

0:5(2u0
2
+ w02). The approximation, u0 ≈ v0, has been justified by

previous velocity measurements (Tanino and Nepf, 2007). Ps is

the shear production term for turbulent kinetic energy, Pw is its

wake production term, and ϵ is the turbulent dissipation rate

after spatial averaging. T is the transport term for turbulent

kinetic energy, where transports due to diffusion, dispersion,

pressure, and viscosity are described from left to right (Nikora

et al., 2007). The Pw of turbulent kinetic energy is difficult to

calculate directly; Brunet et al. (1994) assumed that the value of

Pw is the same as the magnitude of turbulent energy that

converts to mean flow while resisting the total vegetation

canopy drag. As the total vegetation canopy drag contains

both formation and viscous drag forces, and the latter drag is

smaller, Pw can be simplified by neglecting the viscous drag of

the vegetation canopy:

Pw ≈
0:5Cda 〈 �u 〉

3

1 − f
(9)

where j is the vegetation volume fraction. Tanino and Nepf

(2008b) and Zhang et al. (2018) argued that T is negligible as

compared to the other terms. Therefore, after spatially averaging

within the vegetation canopy, Eq. 5 can be reduced to a balance

between Pw of turbulent kinetic energy, its Ps, and the spatially

averaged turbulent dissipation rate 〈ϵ〉 .

Pw + Ps − 〈 e 〉 = 0 (10)

Tennekes and Lumley (1972) defined the characteristic eddy

length scale, Lt; they showed the following relationship between

the turbulent kinetic energy, k, and the turbulent dissipation rate
frontiersin.org
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, 〈ϵ〉 :

〈 e 〉∼
k1:5

Lt
(11)

A study by Tanino and Nepf (2008b) suggested that the

characteristic eddy length scale, Lt, has a linear relationship with

the ratio of turbulent kinetic energy and turbulent dissipation

rate; therefore, a scaling factor, x, is introduced, producing the

following:

Lt = x
k1:5

ϵ
(12)

Averaging Eq. 12 along the depth from the top of the

vegetation canopy to the bottom gives the relationship

between the canopy-averaged wake production, Pwc, the

canopy-averaged shear production, Psc, the canopy-averaged

characteristic eddy length scale, Ltc, the scaling factor, x, and
the canopy-averaged turbulent kinetic energy, kc, as follows:

kc = x Psc + Pwcð ÞLtc½ �2=3 (13)

Tanino and Nepf (2008b) considered that for emergent

vegetation, the shear production is negligible relative to the

wake production. It can thus be concluded that:

kc = x Cdu1
a

2 1 − jð Þ Ltc
� �2=3

(14)

Equation 14 and its modified version have been successfully

applied for the prediction of turbulent kinetic energy within the

canopy (Tanino and Nepf, 2008b; Zhang et al., 2018; Tang et al.,

2019; Zhang et al., 2020a; Lei and Nepf, 2021; Liu et al., 2022); Cd

can be determined by different equations (Ellington, 1991;

Tanino and Nepf, 2008a; Etminan et al., 2017; Xu and Nepf,

2020). For the characteristic eddy length scale, Lt, Tanino and

Nepf (2008b) developed a method of calculation based on the

relative magnitudes of the maximum distance between

vegetation stems, Smax, and the vegetation diameter, d. If Smax

> 2d, then Lt = d; if Smax< 2d, Lt = Smax. If the time-averaged

streamwise velocity at each point within the vegetation canopy �u

is known and we assume a constant scaling factor, x, at any point
within the vegetation canopy with the local eddy length scale, Lt
Frontiers in Marine Science 04
(z), being equal to, Lt, then the turbulent kinetic energy at any

point within the vegetation canopy can be solved by the

following equation:

〈k zð Þ〉 = x Ps zð Þ + Pw zð Þð ÞLt zð Þ½ �2=3 (14)
3 Experimental setup

The experiments were conducted in an experimental flume in

the Hydraulics Laboratory of Nanjing Hydraulic Research Institute

(NHRI), China, with a length of 15m and an effective experimental

section of 12 m. The flume section was rectangular with a cross-

sectional width ofW = 0.4 m and a height of Tw = 0.4 m. The sides

were made of transparent glass to facilitate observation of the

reconfiguration of model vegetation. The upstream and

downstream regions of the experimental flume were connected

to the reservoir, and four invertible submersible pumps were

installed in the upstream reservoir to drive water flow.

The vegetation was simulated using different materials, and

its cross-section in the model was rectangular. Kouwen and Li

(1980) measured the modulus of elasticity of natural vegetation

and recorded distributions ranging from the order of MPa to

GPa. This paper selected three materials, LDPE, polyurethane,

and silicon (Jamali and Sehat, 2020). Young’s modulus of the

three materials ranges from 0.0018 to 3 GPa, and the densities

range from 1,007 to 1,180 kg/m3. Two thicknesses, t, of 1 and 2

mm were selected for each material, and the streamwise stiffness,

EI, of the material ranged from 0.000001 to 0.0025 N·m2. The

undeflected height, hv, of the model vegetation was 0.1 m, and

the width, b, was 0.01 m. The flow spacing, Lx, and spreading

spacing, Ly, between the linearly arranged model vegetation were

0.06 and 0.04 m, respectively. The vegetation density, Nv, was

425 stems/m2. The physical parameters of the model vegetation

are shown in Table 1.

A submersible pump controlled the inlet flow, which was

measured using an electromagnetic flowmeter. A steel

rectification grid was installed at the tank inlet to provide a

smooth and uniform inlet flow. Water depth was measured by

four water gauges arranged along the course. For all the
TABLE 1 Physical parameters of the model vegetation.

Material Abbreviation t (mm) E (GPa) rv (kg/m3) I (m4) EI (N·m2)

LDPE PVC-1 1 3 1,180 8.3 × 10−13 0.0025

LDPE PVC-2 2 3 1,180 6.7 × 10−12 0.02

Polyurethane PU-1 1 0.01 1,050 8.3 × 10−13 8.3 × 10−6

Polyurethane PU-2 2 0.01 1,050 6.7 × 10−12 6.7 × 10−5

Silicon SC-1 1 0.0014 1,007 8.3 × 10−13 1.2 × 10−6

Silicon SC-2 2 0.0014 1,007 6.7 × 10−12 9.3 × 10−6
fro
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experimental test conditions, the flow in the experimental layer

reached a quasi-steady and uniform status. The test was

configured with six planted forms (see Table 1), each with five

inlet bulk flow velocities of 0.06, 0.084, 0.11, 0.14, and 0.17 m/s.

The corresponding flow was 5.5, 8.4, 11.3, 14.1, and 17.0 L/s,

respectively. A small uncertainty of 4% in the electromagnetic

flowmeter reading was caused by the small fluctuation of pump

flow. For all the experimental conditions, a constant water depth

of 0.25 m was chosen to compare the effects of the different
Frontiers in Marine Science 05
flexible vegetation on the hydrodynamics and turbulence

characteristics along the vertical direction (Li et al., 2018). The

Ca of vegetation canopy under natural environmental settings

ranges from 0.001 to 1,000; in this paper, it ranged from 0.002 to

73.009 for all experimental conditions. As seen in Table 2, the

buoyancy parameter, B, of the model vegetation under all

working conditions was less than 1 because the difference

between the densities of the three materials used was much

smaller than the difference between their elastic moduli. It can be
TABLE 2 Vegetation and flow parameters for each test.

Test Materials Q (L/s) Red Ca j (×103) B he/hv

A1-1 SC-1 5.5 379 7.687 4.25 0.687 0.86

A1-2 SC-2 5.5 281 0.836 8.5 0.172 0.87

A1-3 PU-1 5.5 271 0.573 4.25 0.453 0.9

A1-4 PU-2 5.5 268 0.07 8.5 0.113 0.93

A1-5 PVC-1 5.5 243 0.02 4.25 0.071 1

A1-6 PVC-2 5.5 216 0.002 8.5 0.018 1

B1-1 SC-1 8.4 412 21.137 4.25 0.687 0.83

B1-2 SC-2 8.4 344 2.445 8.5 0.172 0.87

B1-3 PU-1 8.4 341 1.692 4.25 0.453 0.9

B1-4 PU-2 8.4 324 0.198 8.5 0.113 0.93

B1-5 PVC-1 8.4 299 0.065 4.25 0.071 1

B1-6 PVC-2 8.4 250 0.007 8.5 0.018 1

C1-1 SC-1 11.3 551 31.277 4.25 0.687 0.73

C1-2 SC-2 11.3 522 3.788 8.5 0.172 0.81

C1-3 PU-1 11.3 503 2.642 4.25 0.453 0.83

C1-4 PU-2 11.3 463 0.304 8.5 0.113 0.85

C1-5 PVC-1 11.3 369 0.103 4.25 0.071 1

C1-6 PVC-2 11.3 310 0.012 8.5 0.018 1

D1-1 SC-1 14.1 741 50.144 4.25 0.687 0.68

D1-2 SC-2 14.1 681 5.854 8.5 0.172 0.74

D1-3 PU-1 14.1 641 3.705 4.25 0.453 0.8

D1-4 PU-2 14.1 574 0.421 8.5 0.113 0.83

D1-5 PVC-1 14.1 486 0.121 4.25 0.071 1

D1-6 PVC-2 14.1 376 0.013 8.5 0.018 1

E1-1 SC-1 17.0 838 73.009 4.25 0.687 0.65

E1-2 SC-2 17.0 777 8.711 8.5 0.172 0.69

E1-3 PU-1 17.0 751 6.226 4.25 0.453 0.77

E1-4 PU-2 17.0 743 0.725 8.5 0.113 0.85

E1-5 PVC-1 17.0 611 0.242 4.25 0.071 1

E1-6 PVC-2 17.0 507 0.03 8.5 0.018 1
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assumed that the vegetation stiffness dominated the restorative

force relative to the buoyancy experienced by the vegetation in

the experiments (Zhang et al., 2020b). Therefore, the effect of the

buoyancy of the vegetation on the deflected height of the

vegetation, he, is not considered in this study.

Two-dimensional particle image velocimetry (2D-PIV) was

used to measure the flow field in the longitudinal profile (x–z

plane), and a sheet laser emitter was mounted below the bottom

wall of the unidirectional flume with a maximum laser power of 10

W. The sheet laser illuminated the flow vertically from the bottom,

parallel to the side wall of the unidirectional flume, with a thickness

of 1.5 mm. A high-speed camera (MindVision, MV-XG4701C/M/

T) was mounted on the side of the unidirectional flume and

aligned vertically with the sheet laser. The camera had a maximum

effective pixel count of 47 million and a maximum resolution of

8,240 × 5,628. The exposure time was set to 120 ms, considering the
image contrast and particle trailing. Due to the computer hardware

configuration, the camera’s low frame rate at the highest pixel, and

the transmission speed, the camera could operate only in the low

pixel-high frame rate mode; therefore, after testing and

comparison, 6,600 snapshots were taken for each condition with

an image size of 1,280 × 960 pixels and a sampling frequency of 333

Hz. After testing and selection, polyamide resin particles (PSP)

with a diameter of 10 mm, a density of ~1.03 g/cm3, and a refractive

index of 1.2 were used as tracers. Referring to a study by Okamoto

et al. (2016), we positioned the irradiating sheet laser on the side of
Frontiers in Marine Science 06
the model canopies as detailed in Figure 1. The FOV was located at

the end of the vegetation patch to ensure that the flow was fully

developed (Lei and Nepf, 2021). PIVlab was used to acquire the

snapshots for processing (Thielicke and Stamhuis, 2014). After

removing the background, the snapshots were preprocessed using

a contrast-constrained adaptive histogram equalization technique.

The intensity capping technique was used to minimize the error.

The PIV snapshot pairs were analyzed using the FFT-based multi-

pass algorithm with multiple grid iteration methods using an

interrogation window size of 40 × 40, a minimum first-level

window size of 20 × 20, and a 50% spatial overlap in both

directions. The Gauss 2 × 3-point method was used for the sub-

pixel estimator, providing a vector grid spacing of Dx = 2.13 mm

and Dz = 2.13 mm. The initial flow vector field was subsequently

post-processed to remove and replace bad vectors by using

standard deviations and median filters with predefined

thresholds. The flow field timing file consisting of all snapshots

was saved in.dat format, and the turbulence statistical variables

were computed by a post-processing program written in Python.

We fixed the camera outside the glass window of the flume with

the lens facing perpendicular to the center of the slice laser. During

each sampling period, the motion of the model vegetation under

the sheet laser irradiation was recorded by the camera. The camera

sampling time was 2 min for each sampling. Time-averaged

deflected height of the model vegetation canopy was obtained by

analyzing the motion sequence with computer vision software.
0.24 m

4 m
W=0.4 m

H=0.25 m

hv=0.1 m

Flow Direction
x

z

x

y

Laser

U�

U�
FOV

Flow Direction

B

A

FIGURE 1

Views of the experimental section (not to scale), where the black dashed line in the figure is the PIV acquisition area (FOV): (A) top view; (B) side view.
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4 Results

4.1 Velocity

Figure 2 shows the distribution of dimensionless time-

average streamwise velocity, �u=U∞, and dimensionless double-

averaged streamwise velocities, 〈�u〉=U∞, under different tests.

The vertical coordinate, z, was dimensionless with respect to the

undeflected height of vegetation, hv, where z/hv = 0 corresponds

to the bed; z/hv = 1 corresponds to the undeflected height of the

vegetation position (green dashed line), and z/hv = 2.5

corresponds to the free surface. As compared with the rigid

vegetation, reconfiguration of the flexible vegetation stems

significantly reduces the turbulence around the canopy top,

leading to a flatter mean shear. It also reduces the local

velocity gradient. At the same time, the “Monami”

phenomenon of flexible vegetation greatly promotes the

efficiency of momentum transmission from outside the canopy

to the inside of it. Therefore, under the same flow rate, the

canopy-averaged velocity for flexible vegetation is higher than
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that for rigid vegetation. As can be seen in Figures 2C, D, the

〈�u〉=U∞ trend for both rigid and flexible submerged vegetation

showed an inverted “S” shape distribution along the vertical

direction. From the bed, along the vertical direction, 〈�u〉=U∞

gradually increased; the velocity variation near the bed was

small, and the velocity gradient, d(〈�u〉=U∞)/dz, near the top of

the vegetation canopy was larger. There was an obvious shear

point around the vegetation canopy top as 〈�u〉=U∞ reached its

maximum value at a certain distance below the free surface and

then maintained this value until the free surface. For the same

vegetation volume, as the vegetation thickness t increased, its

volume fraction, j, increased accordingly. The submerged

vegetation had a greater ability to block the flow; therefore, 〈�u〉
=U∞ within the vegetation canopy decreased and increased

outside of it, while d(〈�u〉=U∞)/dz near the top of the

vegetation canopy also increased. When comparing PVC-1

with PU-2 (tests A1-5 with A1-4 or tests E1-5 with E1-4), the

model vegetation corresponding to PU-2 presented a higher

vegetation volume fraction, j, due to lower modulus of elasticity,

but the model vegetation underwent reconfiguration under the
BA

C D

FIGURE 2

Distribution of the dimensionless time-averaged streamwise velocity 〈�u〉=U∞ under (A) E1-1 and (B) E1-5 and the distribution of the
dimensionless double averaged streamwise velocity 〈�u〉=U∞ under (C) Test A and (D) Test E.
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flow due to which its deflected height ratio, he/hv, decreased, thus

making PU-2 less capable of blocking flow than PVC-1. A

similar phenomenon was observed upon a comparison of PU-

1 with SC-2. As the Reynolds number, Red, of the vegetation

canopy increased, the vertical distribution of the dimensionless

velocity, 〈�u〉=U∞, did not change significantly for rigid

submerged vegetation. Contrarily, the distribution of 〈�u〉=U∞

along the vertical direction presented a decrease in he/hvfor

flexible submerged vegetation. The opposing trends of 〈�u〉=U∞

and d(〈�u〉=U∞)/dz with he/hv above and within the vegetation

canopy were particularly evident in modeled submerged

vegetation with very low modulus of elasticity, such as SC-1.

We found that in the test E1-1, the he/hv was reduced to 0.63,

while the “Monami” phenomenon occurred with a large

oscillation, which greatly facilitated the transfer of first- and

second-order momentum from the area outside the vegetation

canopy to the area inside the vegetation canopy by bidirectional
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fluid–structure interaction. This also led to the distribution of

〈�u〉=U∞ along the vertical direction being different from the

other test conditions, but it was similar to the distribution for

test V3-9 in a study by Li et al. (2018). Overall, when the

vegetation volume fraction was the same, 〈�u〉=U∞ and d(〈�u〉=U∞

)/dz increased as he/hv decreased within the vegetation canopy;

they decreased as he/hv decreased outside the vegetation canopy.

These patterns suggest that the reconfiguration of flexible

submerged vegetation affects the efficiency of momentum

transfer along the vertical direction and also reduces the ability

of the vegetation to block water flow.
4.2 Reynolds stress

Figure 3 shows the distribution of dimensionless time-

average Reynolds stresses − u0w0=U2
∞ and the dimensionless
A B
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FIGURE 3

Distribution of the dimensionless time-averaged Reynolds stress − 〈u0w0〉=U2
∞ under (A) E1-1 and (B) E1-5 and the distribution of the

dimensionless double-averaged Reynolds stress − 〈u0w0〉=U2
∞ under (C) Test A and (D) Test E.
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space-time averaged Reynolds stresses − 〈u0w0〉=U2
∞ under

different tests. It can be seen from the figure that the

reconfiguration (bending and streamlining) of flexible

vegetation is more conducive to the transfer of turbulent

energy from the outside of the canopy to its inside for rigid

vegetation, which significantly reduces the peak − u0w0=U2
∞ near

the canopy top. Therefore, the coherent structure of turbulence

can be more readily extended to the deeper part of the canopy in

the flexible vegetation compared to the rigid vegetation (Li et al.,

2018). It can be seen from Figures 3C, D that the Reynolds stress,

− 〈u0w0〉=U2
∞, gradually increased from the free surface

vertically, reaching a maximum value near the top of the

vegetation canopy. It then decreased rapidly along the vertical

direction and remained constant near the bed. A similar pattern

was presented by 〈�u〉=U∞, for the same vegetation material,

whereby with an increase in vegetation thickness, t, the

vegetation fraction, j, increased. The blockage effect of the

vegetation canopy was also more substantial; therefore, − 〈u0w0〉
=U2

∞ and its maximum value also increased along the vertical

direction. When the vegetation fraction, j, was the same, with a

gradual decrease in he/hv, the peak value of Reynolds stress near

the top of the vegetation canopy gradually decreased. The

position, where the Reynolds stress reached a minimum

outside the vegetation canopy, was closer to the top of the

vegetation canopy, while the position where it reached the

minimum value within the vegetation canopy was closer to the

bed; i.e., the vertical distribution of − 〈u0w0〉=U2
∞ was closer to

that without submerged vegetation (Dijkstra and Uittenbogaard,

2010). The double-averaged Reynolds stress distribution within

the vegetation canopy of the flexible submerged vegetation was

more uniform than that of the rigid submerged vegetation,

indicating that the flexible submerged vegetation transfers a

part of the turbulent energy from the outside of the vegetation

canopy to its inside through reconfiguration.
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As can be seen in Figure 3, the Reynolds stress decreased

rapidly in the vertical direction after entering the vegetation

canopy due to the blockage effect of vegetation stems hindering

the efficiency of momentum transfer from the outside to the

inside of the vegetation canopy. Many scholars have also

observed this phenomenon in experiments. Nepf and Vivoni

(2000) equated the measurement of the exchange momentum

region inside and outside the vegetation canopy with the

distance that the Reynolds stress, − 〈u 0 w 0 〉, penetrates

through the vegetation canopy; they proposed the penetration

depth of the Reynolds stress, de, which is defined as the distance

required to reduce the Reynolds stress from the maximum near

the top of the vegetation canopy to a value that is 10% of the

maximum. The relationships between the dimensionless

penetration depth, de/he, and the Reynolds number of the

vegetation canopy, Red, under different test conditions are

given in Figure 4, where the uncertainty caused by this spatial

change was 6%. For the same vegetation material, the larger the

vegetation fraction, the greater the vegetation resistance within

the canopy. It was also more difficult for the Reynolds stress

caused by KH instability vortex and shear near the top of the

vegetation canopy to penetrate the whole vegetation canopy, and

thus, the dimensionless penetration depth, de/he, was smaller.

Due to the reconfiguration, swaying, and the “Monami”

phenomenon of flexible submerged vegetation, the bulk

resistance within the vegetation canopy was smaller, making it

easier for the shear vortex to penetrate the whole vegetation

canopy (Okamoto and Nezu, 2010). In contrast, rigid submerged

vegetation is expected to be more effective in destroying the

coherent eddy structure near the top of the vegetation canopy

than the flexible submerged vegetation, thus reducing the

penetration capacity of Reynolds stress. Overall, the

dimensionless penetration depth, de/he, increases with

increasing Red, while de/he increases with increasing Ca for the

same Red.
FIGURE 4

The relationship between dimensionless penetration depth, de/he, and vegetation canopy Reynolds number, Red, under different test conditions.
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4.3 Drag coefficient

Figures 5A, B show the vertical distribution characteristics of

the local drag coefficient, Cdl, calculated by Eq. 1 under different

test conditions. At the position near the bed, due to the influence

of wake and resistance of vegetation stems, the vertical flow

velocity was almost constant, and the Reynolds stress gradient in

this area was also small. Therefore, the change in Cdl in this area

was relatively small, which is similar to the local drag coefficient

distribution of emergent vegetation (Nepf and Vivoni, 2000). In

the area near the top of the vegetation canopy, Cdl decreased

rapidly with an increase in z/hv. Similar phenomena were

observed by Li et al. (2018) and Tang et al. (2014), especially

when the relative submergence was large. This phenomenon

may be caused by the relaxation of the shape resistance caused

by the bleeding behavior of the flow near the top of the model

vegetation leaves (Ghisalberti and Nepf, 2006). With the same

vegetation material, the local drag coefficient, Cdl, along the

vertical direction increased as j increased. As the modulus of

elasticity of the vegetation decreased, the vegetation began to

undergo reconfiguration, he/hv decreased, and the maximum
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value of Cdl along the vertical direction decreased. For rigid

submerged vegetation, the position, where the maximum value

of Cdl appeared consistently, was located near z/he = 0.8. For

flexible vegetation with a small elastic modulus, such as SC-1,

when the bulk flow was large and the hydrodynamic force on the

vegetation was far greater than the restorative force caused by

the stiffness, the vegetation underwent strong reconfiguration; in

such a case, the position, where the maximum value of Cdl

appeared, decreased to he/hv= 0.54. Under all working

conditions, the position of the maximum value of Cdl along

the vertical direction was between 0.7he and 0.8he, which is

consistent with the studies of Tang et al. (2014) and Ghisalberti

and Nepf (2004b). For the same z/he position, with a gradual

decrease in he/hv, the local drag coefficient, Cdl, also gradually

decreased, indicating that the reconfiguration of vegetation

reduced the blockage of vegetation within the canopy.

The bulk drag coefficient, Cd, can be obtained by averaging

the bulk drag coefficient, Cdl, within the deflected height, he, of

the vegetation. Figures 5C, D, respectively, show the relationship

between the bulk drag coefficient, Cd, Red, and Ca under different

test conditions. With an increase in Red, Cd gradually decreased.
A B
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FIGURE 5

The vertical distribution of local drag coefficient, Cdl under (A) Test A and (B) Test E and the relationship between Cd and Red (C) and between
Cd and Ca (D).
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When Red increased to 700, Cd tended to gradually stabilize. At

the same time, with the same Red, Cd decreased with an increase

in Ca. It can also be seen from the figure that there was a regular

exponential relationship between the bulk drag coefficient and

the Cauchy number of the vegetation canopy. In addition, Cd

was positively correlated with j, which is consistent with the

report of Li et al. (2018), indicating that it is feasible to predict

the bulk drag coefficient using Ca. Luhar and Nepf (2011)

proposed a scaling law to correlate the effective length, drag

force, and Ca-1/3 based on the force balance between resistance

and the restorative force caused by stem stiffness. Based on the

above description and other relevant research (Sonnenwald

et al., 2018), we believe that the relationship between the bulk

drag coefficient, Cd, the Reynolds number of the canopy, Red, the

Cauchy number of the canopy, Ca, and the vegetation fraction,

j, can be described by the following formula:

Cd =
a1
Red

+ a2Ca−1=3 + a3j + a4 (15)

Among these, a1–a4 are the coefficients to be determined.

The general global optimization method and quasi-Newton

method were used to conduct nonlinear regression analyses on

the relationship between Cd, Red, Ca, and j, and finally, the

fitting Eq. 16 was obtained:

Cd =
238
Red

+ 0:01Ca−1=3 + 6:2j + 0:38 (16)

From Eq. 16, it can be seen that Cd was negatively correlated

to Red and Ca, but positively correlated to j, which is consistent

with a previous study (Liu et al., 2020). In addition, Figure 6

shows a comparison between the predicted value of the bulk drag

coefficient, Cd, and the measured value. It can be seen that the

data were distributed on both sides of the perfect agreement line,

and the determination coefficient, R2, was 0.858. Therefore, in
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the turbulent kinetic energy model (TKE model) within the

vegetation canopy, the determination of the bulk drag coefficient

adopted Eq. 16.
4.4 Turbulent kinetic energy

The turbulent kinetic energy characterizes the degree of local

turbulence. Figures 7A, B shows the spatial distribution of k=U2
∞

for two test conditions and Figures 7C, D presents the spatially

averaged turbulent kinetic energy, k=U2
∞  , for the different test

conditions. As can be seen from the figure, the distribution of

k=U2
∞ is similar to that of − u0w0=U2

∞. The reconfiguration of

flexible vegetation enhanced the efficiency of turbulent energy

transport along the vertical direction, leading to lowered k=U2
∞

near the top of the canopy as compared to the rigid vegetation.

The maximum value of 〈k〉=U2
∞ along the vertical direction

occurred near the top of the vegetation canopy and gradually

decreased along the free surface and the bed. The average vertical

gradient of turbulent kinetic energy, d 〈k〉=U2
∞/dz, in the area

within the vegetation canopy was greater than the average

vertical gradient in the area outside the vegetation canopy. For

the same vegetation material, the spatially averaged turbulent

kinetic energy, 〈k〉=U2
∞, along the vertical direction increased

with an increase in j. Overall, when the vegetation fraction, j,
was the same, the turbulent kinetic energy along the water depth

gradually decreased with a gradual decrease in he/hv. At the same

time, with a decrease in he/hv, the location of the maximum 〈k〉

=U2
∞ also decreased. In general, the reconfiguration of vegetation

reduced the turbulence under unidirectional flow.

The canopy-averaged turbulent kinetic energy, kc, can be

obtained by averaging the spatially averaged turbulent kinetic

energy, 〈k〉 , within the deflected height, he, of the vegetation.

Figure 8 shows the relationship between the canopy-averaged
FIGURE 6

A comparison of the predicted and measured values of bulk drag coefficient, Cd, under different test conditions.
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turbulent kinetic energy, kc=U
2
∞, with the Cauchy number of the

vegetation canopy, Ca, under different test conditions. Due to

the reconfiguration of the flexible submerged vegetation, he/hv
decreased, making the blocking effect of the flexible submerged

vegetation lower than that of the rigid submerged vegetation.

Therefore, kc=U
2
∞ decreased with an increase in the canopy

Cauchy number, Ca.
5 Discussion

5.1 The characteristics of the shear layer

To study the influence of vegetation flexibility on the

structure of vegetation around the canopy top (Bailey and

Stoll, 2016), we calculated the time-averaged vorticity under

four conditions; the results of these test conditions are compiled
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in Figure 9. It can be seen from the figure that there is a peak

value of wy near the canopy top, and the overall distribution is

similar to k=U2
∞ and − u0w0=U2

∞. In the case of rigid vegetation,

the maximum wy near the canopy top and the area affected by

high vortices were larger than those recorded for flexible

vegetation, indicating that the average shear near the top of

rigid vegetation canopy is stronger (Nezu and Sanjou, 2008).

This phenomenon could be attributed to the fact that with an

increase in Red, the stems offlexible vegetation begin to wave and

he/hv decreases accordingly, leading to less blockage compared to

rigid vegetation. Therefore, the intensity of the coherent

structure caused by Kelvin–Helmholtz instability and the

range of its influence are also weaker than those for rigid

vegetation (Li et al., 2018). This phenomenon can also be

explained by the relationship between the dimensionless

velocity difference, the dimensionless mixing layer thickness,

and the Cauchy number of the canopy.
A B
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FIGURE 7

The distribution of dimensionless time-averaged turbulent kinetic energy k=U2
∞ under (A) E1-1 and (B) E1-5 and the dimensionless double-

averaged turbulent kinetic energy, 〈k〉=U2
∞ ,   under (C) Test A and (D) Test E.
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FIGURE 8

The relationship between canopy-averaged turbulent kinetic energy, kc=U
2
∞ , and the Cauchy number of the vegetation canopy, Ca.
A B
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FIGURE 9

The distribution of the time-averaged vorticity wy under (A) A1-1, (B) A1-5, (C) E1-1, and (D) E1-5.
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Figure 10A presents the relationship between the

dimensionless velocity difference, Du/U∞ , between the interior

and exterior of the vegetation canopy, as well as the Ca for

different test conditions; here, the x-axis is in log scale because

the uncertainty caused by spatial change is 3%. For the same

vegetation material and U∞, Du/U∞ increased with j and

gradually decreased with Ca. As Red increased, Du/U∞ changed

less for the rigid submerged vegetation, while it decreased with

an increase in Red for the flexible submerged vegetation. This

phenomenon is attributed to the increase in Red causing a

gradual decrease in the he/hv of the flexible submerged

vegetation; it is also associated with the profile of �u=U∞ along

the vertical direction tending to be more similar to the

distribution seen with the classical unidirectional flow.

Figure 10B depicts the relationship between the dimensionless

mixed layer thickness, Tml/H, and the Reynolds number, Red, of

the vegetation canopy. Here, Tml/H is defined as the distance

between z0.9 and z0.1, where z0.1 corresponds to the height of U1

+0.1DU and z0.9 corresponds to the height of U1+0.9DU; the
definitions of U1 and DU can be found in Ghisalberti and Nepf

(2004a). The uncertainty caused by this spatial change was 5%.

Tml/H increased with increasing Red in both rigid and flexible

submerged vegetation within the error range. The increase in

Tml/H with increasing Red was lower for flexible submerged

vegetation than for rigid submerged vegetation. For the former,

he/hv gradually decreased with increasing Red, resulting in a

smaller increase in the strength and extent of the influence of

coherent eddies near the top of the vegetation canopy. Overall,

the dimensionless mixed layer thickness, Tml/H, was positively

correlated with Red and negatively correlated with Ca.
5.2 Shear and wake production terms

The elevated turbulent kinetic energy within the canopies

under unidirectional flow can be attributed to two aspects.
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Firstly, turbulence can be generated in the wake area behind

the vegetation stems. Secondly, the shear eddies caused by

Kelvin–Helmholtz instability can occur near the top of the

vegetation canopy, thus causing an increase in turbulent

kinetic energy. Figure 11 shows the distribution of the shear

production term, Ps, the wake production term, Pw, and the

total production terms of turbulent kinetic energy, Pt, along

the vertical direction under different test conditions; Ps was

estimated using Eq. 2 and Pw was estimated by Eq. 5. As the

wake production is only generated behind the vegetation

stems, the calculation range is within the vegetation canopy,

and Pt is the sum of the first two terms. As can be seen from

the figure, Ps reached a maximum value at the top of the

vegetation canopy due to the largest velocity gradient in this

region, which is consistent with studies by Devi and Kumar

(2016) and Termini (2019). Ps decreased rapidly as it entered

the vegetation canopy and tended to become zero near the bed

due to the blocking effect of the vegetation canopy. Pw reached

a maximum value near the top of the vegetation canopy, while,

upon entering it, local Pw was always greater than Ps. For the

same flow rate, Ps, Pw, and Pt were greater for rigid submerged

vegetation than for flexible submerged vegetation along the

vertical direction, suggesting that a reduction in he/hv
significantly reduces the degree of turbulence within the

vegetation canopy.

To compare the average contribution of the shear

production term, Ps, to the turbulent kinetic energy within the

vegetation canopy, we defined Rs/t as follows:

Rs=t =
100
he

Z he

0
Ps=Ptð Þdz (17)

A larger value of Rs/t indicates a larger ratio of the shear

production term, Ps, to the total production term, Pt.

Figure 12 shows the relationships between the vegetation

canopy-averaged contr ibut ion of shear product ion

term, Rs/ t , and Ca under different test condit ions.
A B

FIGURE 10

Relationships of Du/U∞ and Tml/H with Ca (A) and Red (B).
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Figure 10 depicts that with an increase in Ca, the Rs/t

gradually decreased.

The shear production of turbulent kinetic energy is mainly

controlled by the large-scale coherent structure near the canopy

top induced by the Kelvin–Helmholtz instability (Ghisalberti

and Nepf, 2001). As compared to rigid vegetation, flexible

vegetation reduces Ps through two mechanisms. First, he/hv
gradually decreases with an increase in Ca, weakening the

blockage effect and reducing the relative coherent structure

strength near the canopy top (see Section 5.1). Second, the

“Monami” phenomenon of flexible vegetation enhances the

vertical transportation of turbulent energy, which may
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transport more turbulent energy to the interior of the canopy

than the rigid vegetation, thus reducing Ps. The results from a

study by Zhang et al. (2020a) demonstrated that the mean Ps
within the vegetation canopy increased with a·he, while Pw
decreased with a·he. In addition, the value of Rs/T gradually

increases and converges to 50% as a·he increases. Corresponding

to the present experiment, for constant flow rate, as Ca increases,

he gradually decreases, corresponding to a·he, which also

gradually decreases, so that Rs/T decreases with increasing Ca.

In addition, under all test conditions investigated here, Rs/t

ranged between 24% and 48%, indicating that the importance

of shear production should not be ignored.
FIGURE 12

The relationship between Rs/t and the Cauchy number Ca.
A B DC

FIGURE 11

Vertical distributions of the shear production term, Ps, the wake production term, Pw, and the total production term, Pt, of turbulent kinetic
energy under (A) A1-5, (B) A1-1, (C) E1-5, and (D) E1-1.
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5.3 Prediction of turbulent kinetic energy
within the vegetation canopy

To apply the TKE model, we first built alternative models for

Ps, considering that it is relatively difficult to obtain. Chen et al.

(2013) proposed that when the relative submergence is greater

than 2, Ls can be estimated by Eq. 18:

Ls =
�uhe

∂ �uhe= ∂ z
=

0:4
Cda

(18)

Ghisalberti (2009) found that the difference between the

time-averaged velocity, uhe , at the top of the vegetation canopy

and vegetation canopy-averaged velocity, u1, had a linear

relationship with the friction velocity, u*, which is:

�uhe − u1 ≈ 2:6u* (19)

Substituting Eq. 19 into Eq. 18 gives:

∂ �uhe
∂ z

=
�uhe
Ls

=
Cd · a · �uhe

0:4
=

2:6u* + u1
h i

+ Cd · a

0:4
(20)

The Reynolds stress at the top of the vegetation canopy, −

u0w0
he , can be calculated by the following equation (Chen et al.,

2013):

− u0w0
he = u  2� = C u2 − u1ð Þ (21)

where u2 is the averaged velocity outside the vegetation

canopy, and C is an empirical fitting factor characterizing this

Reynolds stress. It can be calculated by the following equation:

C = Kc
hp
H

� �1=3

  (22)

where Kc is an empirical coefficient with values ranging from

0.04 to 0.11. In this study, Kc was assumed to be 0.075. The

penetration depth of Reynolds stress, de, can be calculated by the

following equation:

hp = min
0:23
Cd · a

,H − he, he

� �
(23)

Substituting Eq. 21 into Eq. 20 gives:

∂ �uhe
∂ z

=
2:6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C u2 − u1ð Þp

+ u1
	 


Cd · a

0:4
(24)

Combining Eq. 24 and Eq. 21 gives the vegetation canopy-

averaged shear production term, Psh:

Psh = −u0w0
he

∂ �uhe
∂ z

=
2:6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C u2 − u1ð Þp

+ u1
	 


Cd · a

0:4
C u2 − u1ð Þ (25)
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The magnitude of the shear production term, Ps, tends to

increase and then decrease along the free surface towards the

penetration depth within the vegetation canopy, with maximum

values observed near the top. Therefore, assuming in this paper

that Ps decreased linearly from the top of the vegetation canopy

to the penetration depth, de, and became zero between the

penetration depth and the bed, it can be averaged along z = 0

to z = de to calculate the vegetation canopy-averaged shear

production term, Psc,as follows:

Psc =
hp
2he

Psh (26)

Therefore, only the vegetation canopy-averaged velocity, u1,

the average flow velocity outside the vegetation canopy, u2, and

the bulk drag coefficient, Cd, were needed to predict the

vegetation canopy-averaged shear production term, Psc. For

the vegetation canopy-averaged characteristic eddy length, we

substituted the vegetation width, b, for the cylindrical diameter,

d, to characterize the characteristic eddy length scale,

considering that we used strips to simulate submerged

vegetation and also because Smax > 2b and Lt = b.

Before applying the TKE model, we verified the prediction

accuracy of the intermediate variables. Figure 13 presents the

predicted values of shear length scale, Ls, penetration depth, de,
vegetation canopy-averaged wake production term, Pwc, and

vegetation canopy-averaged shear production term, Psc, as

compared with the measured values under test conditions.

Except for de, the predicted values of Ls, Pwc, and Psc were in

good agreement with the measured values, with a minimum R2

of 0.9175. For de, the calculated intrusion depth deviated from

the calculated intrusion depth under some conditions with an R2

of 0.7533. The prediction model accurately predicted the shear

length scale, Ls, the penetration depth, de, the vegetation canopy-

averaged wake production term, Pwc, and the vegetation canopy-

averaged shear production term, Psc.

After obtaining Psc and Pwc, we need to find the equation for

the scaling factor x. In general, the scaling factor, x, is determined

based on a linear fit to the left- and right-hand side of the turbulent

kinetic energy budget equation at an intercept of zero (Xu and

Nepf, 2020). We used [(Pwc+Psc)Ltc]
2/3 to perform linear fitting

with kc according to Eq. 13. Figure 14A shows the comparison

between [(Pwc+Psc)Ltc]
2/3 and kc under different test conditions. It

can be seen from the figure that [(Pwc+Psc)Ltc]
2/3 and kc increase

with an increase in the bulk velocity, U∞, for each vegetation

material. For rigid submerged vegetation like PVC-2 and PVC-1,

[(Pwc+Psc)Ltc]
2/3 showed a linear increase with kc and no significant

change in the slope (i.e., the scaling factor, x), suggesting that x
does not vary with a. These observations are in line with the study

of Zhang et al. (2018). For the flexible submerged vegetation, with

an increase in vegetation flexibility, the slope corresponding to kc
and [(Pwc+Psc)Ltc]

2/3 gradually decreased, and the linear
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relationship was less evident than that for the rigid submerged

vegetation. At the same time, when U∞ was large, we observed

some significant deviations from the fitted line (e.g., the point

corresponding to E1-1), which was due to the reduction in the he/

hv of the vegetation at higher bulk flow velocities and a reduction in

the intensity of the coherent eddies near the top of the vegetation

canopy. These effects reduced the efficiency of turbulent kinetic

energy production, making the increase in kc with U∞ smaller than

the increase in [(Pwc+Psc)Ltc]
2/3. The occurrence of this

phenomenon lowers the accuracy of fitting x for flexible

submerged vegetation using a linear formulation as compared to

the accuracy of fitting it for rigid submerged vegetation. In

Figure 14A, we used a linear fit to derive x = 0.95 ± 0.26, but

the R2 was only 0.66, indicating a lower accuracy of the fit.

Considering the possible relationship between the scaling

factor, x, and Ca, we calculated the x corresponding to [(Pwc
+Psc)Ltc]

2/3 and kc under each of the 30 test conditions in this

experiment. We sorted out the relationships in Figure 14B.
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Among these relationships, the x corresponding to rigid

submerged vegetation is shown in red, and x corresponding

to the flexible submerged vegetation is shown in blue. The figure

shows that for the rigid submerged vegetation, x did not change

with Ca, and its value remained stable at around 1.15. For

flexible submerged vegetation, x tended to decrease with

increasing Ca, and the decrease leveled off, which is consistent

with the report of Chen et al. (2020). There are two possible

reasons for this. The first reason was the simplified prediction of

the characteristic eddy length scale. We assumed that Lt = Ltc =

b, which was applied to the lower part of the canopy. However,

the vortex scale in the upper part of the canopy was affected not

only by the wake scale turbulence but also by the coherent

structure near the canopy top (Zhang et al., 2020a). Therefore,

the characteristic vortex scale of rigid vegetation was higher

than that of flexible vegetation (Okamoto and Nezu, 2010). This

part of the prediction required a larger scaling factor to be offset.

The second reason was that the model ignored the vertical
A B

DC

FIGURE 13

A comparison of predicted and measured values of shear length scale Ls (A), the penetration depth de (B), vegetation canopy-averaged wake
production term Pwc (C), and the vegetation canopy-averaged shear production term Psc (D) under different test conditions.
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transport of turbulent kinetic energy. Although many research

studies have demonstrated that the vertical transport of

turbulent kinetic energy is negligible as compared with wake

and shear production terms, the impact of turbulent kinetic
Frontiers in Marine Science 18
energy transport on the model still needs to be compensated by

a scaling factor. This may thus be the reason why the

scaling factor of rigid vegetation was greater than that of

flexible vegetation.
A B

FIGURE 14

(A) Comparison between the vegetation canopy-averaged turbulent kinetic energy, kc, and [(Psc +Pwc)Ltc]
2/3. The solid black line in the figure

characterizes the best fit with an intercept of 0, corresponding to a scaling factor x = 0.95 ± 0.26 (R2 = 0.62). (B) Relationships between the
scaling factor, x, and the Cauchy number of the vegetation canopy, Ca, under different test conditions (R2 = 0.91).
A B

DC

FIGURE 15

(A) Comparison of predicted and measured values of the vegetation canopy-averaged turbulent kinetic energy kc; (B) comparison of the predicted and
measured values of the local turbulent kinetic energy 〈k〉 within the vegetation canopy for all 30 test conditions; (C, D) comparison of predicted and
measured values of the local turbulent kinetic energy 〈k〉 within vegetation canopy along the vertical direction under different tests.
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Therefore, we took Ca = 0.15 as the Cauchy number of the

critical vegetation canopy. When Ca ≦ 0.15 for rigid

submerged vegetation, he/hv does not change with Red, and

produces a constant as the fitting form; when Ca≧0.15 for

flexible submerged vegetation, he/hv changes with Red. Based

on the fitting method for the bulk drag coefficient of flexible

submerged vegetation, we used a natural exponential

relationship as the fitting form. Finally, we used the least

squares method to fit the relationship between x and Ca,

yielding the following equation:

x = 1:15,                                  Ca ≤ 0:15

x = 0:255Ca−
1
3 + 0:67,        Ca ≥ 0:15

   

(
(27)

The coefficient of determination in Eq. 27 is R2 = 0.91, which

is higher than R2 = 0.62 for the linear fitting approach. After

obtaining the equation to determine the scaling factor, x, we
substituted Eq. 27 into Eq. 13 to calculate the predicted values of

the vegetation canopy-averaged turbulent kinetic energy kc.

Figure 15A presents the predicted values of the vegetation

canopy-averaged turbulent kinetic energy, kc, as compared

with the measured values. Overall, the coefficient, R2 = 0.990,

for the 30 test conditions indicated high prediction accuracy,

indicating that the combination of Eq. 27 and Eq. 13 can be used

to reliably predict the vegetation canopy-averaged turbulent

kinetic energy, kc, under unidirectional flow with rigid or

flexible submerged vegetation.

To predict the local turbulent kinetic energy within the

vegetation canopy, k , we assumed that the scaling factor, x,
remains constant along the vertical direction for the same type of

vegetation. We also assumed that the distribution of the local

turbulent kinetic energy along the vertical direction within the

vegetation canopy can be predicted by the local turbulent energy

shear production term, Ps, the wake production term, Pw, and

the characteristic eddy length scale, Lt. The comparison of the

predicted and measured values of the local turbulent kinetic

energy within the vegetation canopy for all 30 sets of test

conditions is presented in Figure 15B; here, R2 = 0.911,

indicating high accuracy of prediction.

Figures 15C, D show the predicted distribution of local

turbulent kinetic energy within the vegetation canopy under six

typical test conditions. The largest error along the vertical

direction is located near the vegetation canopy top. Overall, the

minimum coefficient of determination for the six characteristic

working conditions was 0.92, indicating that the combination

of Eq. 27 and Eq. 14 can be used to predict the vertical

distribution of the local turbulent kinetic energy within the

rigid or flexible submerged vegetation canopy under

unidirectional flow.

However, the prediction model has some limitations. The

first is the method of determining the characteristic eddy length
Frontiers in Marine Science 19
scale, Lt, and the vegetation canopy-averaged characteristic eddy

length scale, Ltc (Tanino and Nepf, 2008b). This method applies

to vegetation, where the frontal area of vegetation remains

constant along the vertical direction, but not to natural

vegetation with complex morphology. The latter type of

vegetation may correspond to a gradual change in Lt along the

vertical direction due to complex body variations (Caroppi et al.,

2019). The second limitation is that since the buoyancy

parameter, B, is less than 1 for all test conditions, its effect on

the resilience of the model vegetation was neglected in this

experiment. For vegetation with low stiffness and density relative

to pure water, B can have a significant effect on the deflected

height ratio, he/hv, hydrodynamic properties, and turbulence

characteristics (Zhang et al., 2020b). In such cases, the bulk drag

coefficient, Cd, and scaling factor, x, may be related not only to

Ca but also to B. In addition, since the 2D-PIV was used for

measurements in this experiment, the radial (y-direction)

velocity was not considered, and thus, the calculated turbulent

kinetic energy is expected to be different from the turbulent

kinetic energy calculated using three-dimensional instruments,

such as ADV, which may also introduce error.
6 Conclusion

In this paper, the vertical distributions of velocity, Reynolds

stress, drag coefficient, and turbulent kinetic energy of strip-like

model vegetation with different flexibilities were measured

experimentally under unidirectional flow. The research shows

that with the gradual decrease in the deflection height of

vegetation, the dimensionless velocity difference, Du/U∞ , the

dimensionless mixed layer thickness, Tml/H, the bulk drag

coefficient, Cd, the vegetation canopy-averaged turbulent

kinetic energy, kc, and the vegetation canopy-averaged

contribution rate of shear production term of turbulent kinetic

energy, Rs/T, also decrease. The trend of penetration depth of

Reynolds stress, de/he, is the opposite. Based on the turbulent

kinetic energy budget equation, a TKE model was established in

this study that can be used to predict the shear production term

of turbulent kinetic energy, as well as the turbulent kinetic

energy within the vegetation canopy. Here, the scaling factor,

x, is determined by the Cauchy number of the vegetation canopy,

Ca. The TKE model can accurately predict the vegetation

canopy-averaged and local turbulent kinetic energy within the

vegetation canopy under unidirectional flow, where we are

dealing with submerged vegetation of different flexibilities.

Therefore, the model can be used as a simple method to

predict vegetation-induced turbulence, as well as the

characteristics of sediment and material transport, under the

influence of submerged vegetation with different flexibility.
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J. L. (2008). Interaction between hydrodynamics and seagrass canopy structure:
Spatially explicit effects on ammonium uptake rates. Limnology Oceanography 53
(4), 1531–1539. doi: 10.4319/lo.2008.53.4.1531

Nepf, H. M. (2011). Flow and transport in regions with aquatic vegetation. Annu.
Rev. Fluid Mechanics 44, 123–142. doi: 10.1146/annurev-fluid-120710-101048

Nepf, H. M. (2012). Hydrodynamics of vegetated channels. J. Hydraulic Res. 50
(3), 262–279. doi: 10.1080/00221686.2012.696559

Nepf, H. M., and Vivoni, E. (2000). Flow structure in depth-limited, vegetated
flow. J. Geophysical Res. 105 (C12), 28547–28557. doi: 10.1029/2000JC900145

Neumeier, U. (2007). Velocity and turbulence variations at the edge of
saltmarshes. Continental Shelf Res. 27 (8), 1046–1059. doi: 10.1016/
j.csr.2005.07.009

Nezu, I., and Sanjou, M. (2008). Turburence structure and coherent motion in
vegetated canopy open-channel flows. J. Hydro-environment Res. 2 (2), 62–90. doi:
10.1016/j.jher.2008.05.003

Nikora, V., McEwan, I., Mclean, S. R., Coleman, S., Pokrajac, D., and Walters, R.
A. (2007). Double-averaging concept for rough-bed open-channel and overland
flows: Theoretical background. J. Hydraulic Eng. 133 (8), 873–883. doi: 10.1061/
(ASCE)0733-9429(2007)133:8(873)

Okamoto, T.-A., and Nezu, I. (2010). Turbulence structure and “Monami”
phenomena in flexible vegetated open-channel flows. J. Hydraulic Res. 47 (6), 798–
810. doi: 10.3826/jhr.2009.3536

Okamoto, T., Nezu, I., and Sanjou, M. (2016). Flow–vegetation interactions:
Length-scale of the “monami” phenomenon. J. Hydraulic Res. 54 (3), 251–262. doi:
10.1080/00221686.2016.1146803

Park, H., and Hwang, J. H. (2019). Quantification of vegetation arrangement and
its effects on longitudinal dispersion in a channel.Water Resour. Res. 55, 1–11. doi:
10.1029/2019WR024807

Raupach, M. R., and Shaw, R. H. (1982). Averaging procedures for flow within
vegetation canopies. Boundary-Layer Meteorology 22 (1), 79–90. doi: 10.1007/
BF00128057

Rominger, J. T., and Nepf, H. M. (2014). Effects of blade flexural rigidity on drag
force and mass transfer rates in model blades. Limnology Oceanography 59 (6),
2028–2041. doi: 10.4319/lo.2014.59.6.2028

Sonnenwald, F., Stovin, V., and Guymer, I. (2018). Estimating drag coefficient
for arrays of rigid cylinders representing emergent vegetation. J. Hydraulic Res. 57,
1–7. doi: 10.1080/00221686.2018.1494050

Tang, C., Lei, J., and Nepf, H. M. (2019). Impact of vegetation-generated
turbulence on the critical, near-bed, wave-velocity for sediment resuspension.
Water Resour. Res. 55, 1-14. doi: 10.1029/2018WR024335

Tang, X., Lin, P., Liu, P. L.-F., and Zhang, X. (2021). Numerical and
experimental studies of turbulence in vegetated open-channel flows. Environ.
Fluid Mechanics 21 (2), 1–27. doi: 10.1007/s10652-021-09812-7

Tang, H., Tian, Z., Yan, J., and Yuan, S. (2014). Determining drag
coefficients and their application in modelling of turbulent flow with
Frontiers in Marine Science 21
submerged vegetation. Adv. Water Resour. 69, 134–145. doi: 10.1016/
j.advwatres.2014.04.006

Tanino, Y., and Nepf, H. (2007). Experimental investigation of lateral dispersion
in aquatic canopies (Venice, Italy: 32nd International Association of Hydraulic
Engineering & Research (IAHR)), 152.

Tanino, Y., and Nepf, H. M. (2008a). Laboratory investigation of mean drag in a
random array of rigid, emergent cylinders. J. Hydraulic Eng. 134, 34–41. doi:
10.1061/(ASCE)0733-9429(2008)134:1(34)

Tanino, Y., and Nepf, H. M. (2008b). Lateral dispersion in random cylinder
arrays at high reynolds number. J. Fluid Mechanics 600, 339–371. doi: 10.1017/
S0022112008000505

Tennekes, H. H., and Lumley, J. L. (1972). A first course in turbulence
(Cambridge, MA: MIT Press).

Termini, D. (2019). Turbulent mixing and dispersion mechanisms over flexible
and dense vegetation. Acta Geophysica 67 (7), 961–970. doi: 10.1007/s11600-019-
00272-8

Thielicke, W., and Stamhuis, E. J. (2014). PIVlab – towards user-friendly,
affordable and accurate digital particle image velocimetry in MATLAB. J. Open
Res. Software 2, 1-10. doi: 10.5334/jors.bl

Tinoco, R. O., and Coco, G. (2016). A laboratory study on sediment
resuspension within arrays of rigid cylinders. Adv. Water Resour. 92, 1–9. doi:
10.1016/j.advwatres.2016.04.003

Tseng, C.-Y., and Tinoco, R. O. (2020). A model to predict surface gas transfer
rate in streams based on turbulence production by aquatic vegetation. Adv. Water
Resour. 143, 1-18. doi: 10.1016/j.advwatres.2020.103666

Vargas-Luna, A., Crosato, A., and Uijttewaal, W. S. J. (2015). Effects of
vegetation on flow and sediment transport: Comparative analyses and validation
of predicting models. Earth Surface Processes Landforms 40 (2), 157–176. doi:
10.1002/esp.3633

Veelen, T., Fairchild, T., Reeve, D. E., and Karunarathna, H. (2020).
Experimental study on vegetation flexibility as control parameter for wave
damping and velocity structure. Coast. Eng. 157, 103648. doi: 10.1016/
j.coastaleng.2020.103648

Wang, H., Cong, P., Zhu, Z., Zhang, W., Ai, Y., and Huai, W.-x. (2022).
Analysis of environmental dispersion in wetland flows with floating
vegetation islands. J. Hydrology 606 (1), 127369. doi: 10.1016/j.jhydrol.
2021.127359

Waycott, M., Duarte, C. M., Carruthers, T. J. B., Orth, R. J., Dennison, W.,
Olyarnik, S. V., et al. (2009). Accelerating loss of seagrass across the globe threatens
coastal ecosystems. Proc. Natl. Acad. Sci. 106 (30), 12377–12381. doi: 10.1073/
pnas.0905620106

Wilcock, R. J., Champion, P. D., Nagels, J., and Croker, G. F. (1999). The
influence of aquatic macrophytes on the hydraulic and physico-chemical properties
of a new Zealand lowland stream. Hydrobiologia 416 (1), 203–214. doi: 10.1023/
A:1003837231848

Wilson, J. D. (1988). A second-order closure model for flow through vegetation.
Boundary-Layer Meteorology 42 (4), 371–392. doi: 10.1007/BF00121591

Xu, Y., and Nepf, H. M. (2020). Measured and predicted turbulent kinetic energy
in flow through emergent vegetation with real plant morphology. Water Resour.
Res. 56 (12), e2020WR027892. doi: 10.1029/2020WR027892

Yang, J., Chung, H., and Nepf, H. M. (2016). The onset of sediment transport in
vegetated channels predicted by turbulent kinetic energy. Geophysical Res. Lett., 43
(21), 11, 261–11, 268. doi: 10.1002/2016GL071092

Yang, J., and Nepf, H. M. (2019). Impact of vegetation on bed load transport rate
and bedform characteristics. Water Resour. Res. 55, 1-16. doi: 10.1029/
2018WR024404

Zhang, J., Lei, J., Huai, W., and Nepf, H. M. (2020a). Turbulence and particle
deposition under steady flow along a submerged seagrass meadow. J. Geophysical
Research: Oceans 125, e2019JC015985. doi: 10.1029/2019JC015985

Zhang, S., Liu, Y., Wang, Z., and Li, G. (2019). Effect of flexible vegetation
lodging on overland runoff resistance. Water Environ. J. 34 (3), 1–9. doi: 10.1111/
wej.12529

Zhang, Y., Tang, C., and Nepf, H. M. (2018). Turbulent kinetic energy in
submerged model canopies under oscillatory flow. Water Resour. Res. 54, 1734–
1750. doi: 10.1002/2017WR021732

Zhang, Y., Wang, P., Cheng, J., Wang, W.-J., Zeng, L., and Wang, B. (2020b).
Drag coefficient of emergent flexible vegetation in steady nonuniform flow. Water
Resour. Res. 56 (8), e2020WR027613. doi: 10.1029/2020WR027613

Zimmerman, R. C. (2003). A biooptical model of irradiance distribution and
photosynthesis in seagrass canopies. Limnology Oceanography 48(1 Part 2), 568–
585. doi: 10.4319/lo.2003.48.1_part_2.0568
frontiersin.org

https://doi.org/10.1029/2020WR028620
https://doi.org/10.1029/2022WR032381
https://doi.org/10.1029/2022WR032381
https://doi.org/10.1155/2017/1249870
https://doi.org/10.1155/2017/1249870
https://doi.org/10.1016/j.geomorph.2013.08.015
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001419
https://doi.org/10.1029/98WR01922
https://doi.org/10.4319/lo.2011.56.6.2003
https://doi.org/10.4319/lo.2008.53.4.1531
https://doi.org/10.1146/annurev-fluid-120710-101048
https://doi.org/10.1080/00221686.2012.696559
https://doi.org/10.1029/2000JC900145
https://doi.org/10.1016/j.csr.2005.07.009
https://doi.org/10.1016/j.csr.2005.07.009
https://doi.org/10.1016/j.jher.2008.05.003
https://doi.org/10.1061/(ASCE)0733-9429(2007)133:8(873)
https://doi.org/10.1061/(ASCE)0733-9429(2007)133:8(873)
https://doi.org/10.3826/jhr.2009.3536
https://doi.org/10.1080/00221686.2016.1146803
https://doi.org/10.1029/2019WR024807
https://doi.org/10.1007/BF00128057
https://doi.org/10.1007/BF00128057
https://doi.org/10.4319/lo.2014.59.6.2028
https://doi.org/10.1080/00221686.2018.1494050
https://doi.org/10.1029/2018WR024335
https://doi.org/10.1007/s10652-021-09812-7
https://doi.org/10.1016/j.advwatres.2014.04.006
https://doi.org/10.1016/j.advwatres.2014.04.006
https://doi.org/10.1061/(ASCE)0733-9429(2008)134:1(34)
https://doi.org/10.1017/S0022112008000505
https://doi.org/10.1017/S0022112008000505
https://doi.org/10.1007/s11600-019-00272-8
https://doi.org/10.1007/s11600-019-00272-8
https://doi.org/10.5334/jors.bl
https://doi.org/10.1016/j.advwatres.2016.04.003
https://doi.org/10.1016/j.advwatres.2020.103666
https://doi.org/10.1002/esp.3633
https://doi.org/10.1016/j.coastaleng.2020.103648
https://doi.org/10.1016/j.coastaleng.2020.103648
https://doi.org/10.1016/j.jhydrol.2021.127359
https://doi.org/10.1016/j.jhydrol.2021.127359
https://doi.org/10.1073/pnas.0905620106
https://doi.org/10.1073/pnas.0905620106
https://doi.org/10.1023/A:1003837231848
https://doi.org/10.1023/A:1003837231848
https://doi.org/10.1007/BF00121591
https://doi.org/10.1029/2020WR027892
https://doi.org/10.1002/2016GL071092
https://doi.org/10.1029/2018WR024404
https://doi.org/10.1029/2018WR024404
https://doi.org/10.1029/2019JC015985
https://doi.org/10.1111/wej.12529
https://doi.org/10.1111/wej.12529
https://doi.org/10.1002/2017WR021732
https://doi.org/10.1029/2020WR027613
https://doi.org/10.4319/lo.2003.48.1_part_2.0568
https://doi.org/10.3389/fmars.2022.1041351
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	Hydrodynamics affected by submerged vegetation with different flexibility under unidirectional flow
	1 Introduction
	2 The theoretical background of the model
	3 Experimental setup
	4 Results
	4.1 Velocity
	4.2 Reynolds stress
	4.3 Drag coefficient
	4.4 Turbulent kinetic energy

	5 Discussion
	5.1 The characteristics of the shear layer
	5.2 Shear and wake production terms
	5.3 Prediction of turbulent kinetic energy within the vegetation canopy

	6 Conclusion
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


