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MECHANISM OF FLOW IN PATCHY GRAVEL AND VEGETATED BEDS

O.P. Folorunso,
School of Civil Engineering University of Birmingham, Edgbaston, B15 2TT

Birmingham, United Kingdom.

Abstract: Velocity and turbulence measurements were performed in an open
channel with patchy gravel and vegetated beds in order to further understand the
transport processes and flow regimes that exist in open channels. The results of
laboratory experiments that describe the mechanisms and transport features of
heterogeneous flexible and rigid strip vegetation flow interaction with gravel
roughness are presented. The paper examines the shear layers and momentum
transport that arise as a result of a particular type of patchy roughness distribution.
It is shown that relative to a gravel bed, the vegetated section of the channel
generally resembles a free shear layer. The resistance within the vegetation porous
layer reduces the velocity and creates a sharp transition across the interface at the
top of vegetation; of primary importance is the shear layer at the top of the
vegetation which influences and dominates the overall momentum transport. At the
boundary between the gravel and vegetated section, the lateral momentum
transport (—W/Tb)is observed to be a maximum. The Sweep motions are more
significant near bed while Ejections dominates the flow at the upper region of the
flow.

Keywords: vegetation; shear layer; roughness; resistance; turbulence; gravel.
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INTRODUCTION

The presence of vegetation in open channels and in environmental aquatic flows has been
recognized to be important for the balance of river ecosystems, e.g., through the provision of
river restoration and stabilization of channels (Lopez and Garcia, 1998). To predict
accurately the conveyance capacity in open channels, it is important to understand the
hydrodynamic interaction of the flow with the boundary.

Changes in the shape or resistance characteristics of a channel boundary can induce a change
in the flow characteristics (Jesson et al., 2013). The velocity profile can become distorted
with shear being created at the interface between roughness elements, leading to additional
sources of turbulence. Jesson et al. (2012) investigated the effect that changes in bed
roughness can have on the mean and turbulence characteristics of the velocity field. This
work highlighted the importance that the rough-smooth boundary (i.e., the location where the
bed roughness changed) has on the overall momentum transfer and vorticity generation. The
research outlined below, extends the work of Jesson et al. (2013) by considering the effect
that idealised vegetation can exert on the main flow characteristics in a heterogeneous
channel. In what follows, a detailed investigated of the flow characteristics will be presented
for the particular case where the channel bed is composed of heterogeneous roughness
formed using gravel and idealised vegetation. However, before these results are presented it
is worth briefly considering the fundamental basics of canopy flow since this will provide a

framework in which the results can be interpreted.

The distribution of vegetation elements within a canopy can significantly affect the
behaviour of the flow (Nepf, 2012). In a sparse canopy (see Figure 1 for definition), the
velocity follows a turbulent boundary layer profile with the bed contributing to the vegetation

roughness (Nepf, 2012). In a dense canopy (Figure 1c), the vegetation drag is larger than the
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bed shear stress; the flow at the top of vegetation produces a free shear layer through an
inflection point near the top of the canopy which leads to flow instability and the additional
creation of vortices (Ghisalberti and Nepf, 2002, 2006, Nepf, 2012). The vegetation stem
density defines the transition from sparse to dense limits with scale ah, where a is the stem

frontal area, and h is the vegetation height.
AIMS AND OBJECTIVES

Despite the excellent work undertaken by Nepf (2012) and Jesson et al., (2010; 2012; 2013),
the interaction of vegetation with other forms of roughness is still poorly understood. Hence,
the overall aim of the current research, is to evaluate how the dynamics of the flow field
change when heterogeneous roughness involving vegetation is present. Related to this the

research has the following objectives:

e To investigate the influence that rigid vegetation (akin to ‘shrubs’) and flexible
vegetation (akin to ‘grass’) have on turbulence generation within an open channel.
e To investigate the influence of vegetation distribution on the velocity shear and

turbulence generation

EXPERIMENTAL METHODS

The experiments were conducted in 22mm long rectangular re-circulating flume of width
B = 614mm at the University of Birmingham. The channel is supplied from a constant head
tank with a capacity of 45,5001 in the laboratory roof. Two flow discharges (Q) were

investigated (30.0 /s and 30.50 [/s) with corresponding flow depths (H) of 130mm and
128mm and width to depth ratios (B/H) of 4.7 and 4.8 respectively to achieve subcritical

flow condition. In what follows these experimental conditions are referred to as EXPT1 and

EXPT2 respectively. The corresponding water surface slopes for EXPT1 and EXPT2 were
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0.0008 and 0.0011 +0.0001 respectively. Detailed velocity measurements were made at
three cross sections (CRS1, CRS2 and CRS3) at distances of 17.5m, 17.85m and 18.2m

respectively downstream from the channel inlet. In the results that follow, the gravel region

of the bed extends over (0 <?”/p <0.5), the interface occurs at (¥/g = 0.5), and the

vegetated region extends over (0.5 < y/B < 1.0), where y is the lateral distance from the

left hand side looking downstream and B is the channel width. The streamwise direction x is
in the direction of flow. The transverse direction y is perpendicular to x in the lateral
direction, while the vertical direction is denoted by z and is perpendicular to the xy plane
(positive upwards). The corresponding time average velocity components are U,V,W
respectively with the associated fluctuating velocity components defined as u',v’,w’

respectively.

Vegetation Types and Roughness Generation

Two different types of idealised vegetation are examined in conjunction with the gravel
roughness (D7o=10mm), i.e., idealised grass formed using artificial grass (Astroturf) and rigid
vegetation arranged in a staggered grid formed from plastic (see Table 1 and Figure 2). In
keeping with the work of Jesson et al. (2013) the vegetation and gravel form patches of width
0.307m and length 1.825m and alternate in a checkerboard formation down the channel

(Figure 2).

Table 1: Summary of vegetation roughness properties

Height Width Thickness Density
EXPT1-Grass 26mm 1mm 0.15mm 15625plants/m?
EXPT2-Rigid 26mm 15mm 10mm 800plants/m?
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Data collection

Velocity Measurement

Velocity measurements were undertaken at all three cross sections (CRS1, CRS2, and CRS3),
using a Nortek acoustic Doppler velocimeter (ADV) and 4mm diameter Pitot static tube for
the free surface and within the vegetation. The ADV measures simultaneously the three
velocity components at a frequency of 200Hz. A convergence test was performed to obtain an
optimum sampling period at each measurement point (i.e., 60 seconds). For each cross
section a vertical profile of velocity data was collected from the middle of the channel
towards the channel sidewalls at 10mm horizontal and vertical spacing resulting in
approximately 495 measured points for a cross section. For each vertical profile the

maximum measurable height with ADV was 5cm below the free surface.
RESULTS

Mean velocity Profiles and Distribution

The mean velocity (U,,,) was obtained for each measured point and normalized by the bulk
mean veIocity(UQ/A) where A is the cross sectional area. To provide an indication of the
degree of reliability of the data collected, the time averaged velocity data at each point was
numerically integrated and compared to Ug/a. For EXPT1 and EXPT2 the difference was 3%
and 2.8% respectively; this was considered appropriate for the current work and is

comparable with Jesson et al. (2013).

Figure 3 shows transverse profiles of streamwise velocity for selected elevations. With
regards to EXPT1 the grass vegetation retards the transverse profiles relative to gravel bed,
while the minimum averaged velocity appears at the roughness interface region in EXPT2.

Generally it can be seen that all transverse profiles indicate a change in lateral shear (i.e.
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changes in dU/dy at the interface(y /g = 0.5) between the gravel and vegetated sections. As
indicated in Figure 3, increased lateral shear is more pronounced in EXPT1 (artificial grass)
compared to the EXPT2 (rigid boundary). What is also interesting is the indication in EXPT2

that the gravel surface is rougher than the rigid vegetation.

Figure 4 compares the vertical mean velocity (U,,) profiles for three cross sections over the

vegetated and gravel bed. It can be seen from the figure that the presence of vegetation

retards the flow near bed with much lower value over the vegetated region (y/B = 0.65)

relative to gravel region (y/B = 0.19) in EXPT1. This is attributed to the slow velocity flow

within the vegetation due to stem density and the resulting vertical shear as further examined
in the subsequent results. In EXPT2, the mean velocities are approximately constant over a
large proportion of the two bed roughness at a given height as illustrated in Figure 4. The
effect of the near bed accelerated flow on the vertical shear in EXPT2 is given in the

discussion section.

The vertical profiles of the mean velocity over vegetated bed is explored further to examine
the flow existence within the vegetated bed, measurements were undertaken for three vertical
points using a Pitot - static tube 4mm diameter. The vertical velocity profiles are shown in
Figure 5. Vegetation stems were removed within an area 0.03m? to allow the tube into

vegetation zone. The flow within the vegetation is at a smaller spatial scale (Z/H < 0.07) but

the measurements revealed low velocities compared to the value at the vegetation top as
measured using the ADV forming two layer flows over vegetated bed given an indication of
vertical shear. The analysis of the dynamics of vertical with horizontal shear is given in the

discussion section.
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Figure 6 shows the secondary flow distributions for EXPT1land EXPT2. The maximum
measured secondary flow vector is within 3% of the mean streamwise velocity for both
experiments and is in keeping with the findings of Jesson et al.,(2012 and 2013). Visual
inspection shows that the magnitude of secondary flow over the gravel bed in EXPTL1 is large
with occurrence of down-flow, and up-flow over the grass bed. At the lower region (Z/H <
0.2)of the flow, the transverse motion is directed from the gravel bed towards the grass bed,
and at the upper region(Z/H > 0.2), the flow is transported laterally in opposite direction. The
secondary flow vectors in EXPT2 suggests the presence of circulating cells moving in
clockwise direction (Jesson et al., 2013, Jesson. et al., 2012, Knight et al., 2007, Nezu and
Nakagawa, 1984, Wang and Cheng, 2005), with a strong up-flow at the roughness
interface(y/B =0.5), the flow cells in clockwise direction appear to dominate momentum
transfer between the bed strips Figure 6. The up-flow corresponding to the low velocity flow
over vegetated region in Figure 4 may be caused by the retardation of the flow near bed by

the grass vegetation.

Profiles of Reynolds Stress

Figure 7 compares the vertical profiles of vertical Reynolds stress(—u'w’ /z,) where u’ and
w' are streamwise and vertical fluctuating velocities respectively. The mean boundary shear
stress T, was evaluated as pgRS,where p is the water density, g is the acceleration due to

gravity, R is the hydraulic radius and S, is the bed slope. Over the gravel bed(O < y/B <

0.5,) the vertical Reynolds stress has a local maximum above the bed at
approximately(Z/H = 0.2), after which it decays in approximately linear fashion towards the
channel bed and the free surface from the maximum point. This is in good agreement with the
wall region as defined by (Nezu and Nakagawa, 1993). In this region the vertical Reynolds
stress decreases towards the channel bed due to the presence of non-negligible viscous shear

7
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stress induced by the bed surface (Nezu and Nakagawa, 1993). Moreover, the near bed
momentum transport from gravel bed to the vegetated bed is assumed to have contributed to
the reduced value of the near bed shear stress over the gravel bed. This is observed to have

contributed to the momentum balance in the near bed flow region (Shiono and Knight, 1991)

Over the vegetated bed (0.5 <Y / B < 1.0), the vertical Reynolds stress is reasonably linear

over the measured section, with a maximum value occurring close to the channel bed. This
behaviour is consistent with an inflection point in a submerged vegetation which is
characterized by a shear layer and possibly indicates the existence of a ‘wake layer’ below
the vegetation surface roughness as shown in Figure 5; thus, the effective height of the bed

lies below the roughness crest (Nezu and Nakagawa, 1993),

Figure 8 shows contours of the horizontal Reynolds stress (—W/rb) where v'is the lateral
fluctuating velocity. The figure indicates the existence of the horizontal Reynolds stress over
the vegetated bed. The shear propagation across the bed and towards the gravel zone is
apparent; this may be attributed to the vertical orientation of vegetation stems enhancing
small scale horizontal turbulence due to stem wakes within vegetation. Comparing Figure 6
and Figure 8, it can be seen that the region of maximum (negative) horizontal Reynolds stress

correspond with the up-flow regions.

In addition, the horizontal Reynolds stress is maximized at the roughness interface region

(?/g = 0.5) of the flow in EXPT2.
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DISCUSSION

Vegetated and Roughness Interface Shear Layer Flow

The dominant factor influencing turbulent transport in open channel flow is the degree of
velocity shear due to different roughness sections. In this paper, Reynolds stresses are

assumed as indicators of turbulence transport effects (Shucksmith et al., 2010).

The presence of both vertical and horizontal shear is notable in this work from Figures 3 and

5; efficient vertical transport of momentum across the shear layer through the vegetation-
water interface region (Z /g < O)relative to gravel bed is expected due to the vertical shear
over the vegetated bed as shown in Figure 5. Similarly, there is evidence of horizontal shear
at the roughness interface regions(y/B = 0.5) as shown by the lateral velocity profiles. In

such condition turbulence transfer is expected over the roughness interface region.

Referring to Figure 7, the vertical profiles of Reynolds stress exhibit a strong peak at the
position of the vegetation top; this height coincides with the inflection point in the velocity
profile in Figure 5. The shear layer is featured in this work by the point of the maximum
Reynolds stress at the top of vegetation as shown in the vertical distributions of the vertical
Reynolds stress in Figure 7. It should be noted from the figures that the vertical Reynolds

stress exhibits more peak over the vegetated bed in EXPT1 than in EXPT2.

Figure 9 compares the depth averaged vertical and horizontal shear stresses. The figure
illustrates greater magnitude of vertical shear over the vegetated grass bed relative to the
gravel bed in EXPT1,; this is assumed to enhance turbulence in the vertical plane due to
increased vegetation density. Also noted is the negative lateral momentum transport at the

interface region (y /g = 0.5), the vertical shear over vegetated bed in EXPT1 is assumed to
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have suppressed the level of horizontal shear at the interface region in contrast to Jesson et

al., (2012) where the momentum transfer is maximized at the rough-smooth boundary.

In EXPT2, the horizontal turbulent shear stresses attain a maximum at the roughness interface

region (?/5 = 0.5) which is consistent with the results in figures 6 and 8.

Bursting Mechanism by Quadrant Analysis

To investigate the coherent structure due the multiple shear layer induced by vegetation, a
quadrant conditional analysis as proposed by (Nakagawa and Nezu, 1977) for instantaneous

Reynolds stress is applied. The quadrant Reynolds stress QR; is defined as follows:

QR; = lim= [ (W' (©).v')I(O)dt (i =1234) 2

The quadrant analysis divides the paired time series data into four quadrants based on the
signs of the fluctuating velocity components. In this research the following analyses describes
the pair of streamwise velocity fluctuation (u") and vertical velocity fluctuation (w')
components in each quadrant. The existence of pair fluctuating components (u’, w") defines
event in quadrant i, I provides indication of right event in a quadrant i. If fluctuating
components (u',w") exists in a quadrant i, then I; = 1, otherwisel; = 0. Each quadrant is

defined for the following events:

i =1(u' > 0,w’ > 0): Outward interaction of high velocity
i =2,(u <0,w > 0):Ejections of low velocity flow
i =3,(u <0,w <0): Inward interactions of low velocity flow

i=4wW >0,w" >0): Sweep

10
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Figure 10 show the vertical distributions of the quadrant Reynolds stress Q; normalized by

the bulk shear stress for selected sections over gravel bed (y /p = 0.24) and vegetated

bed(y /B = 0.73) for EXPT1 and EXPT2 respectively. The Reynolds stress contribution

analysis demonstrates that ejection (Q,) and sweep (Q,) events are the most evident
dominant contributors to the Reynolds shear stress. This observation is consistent with the
previous research works(Nezu and Nakagawa, 1993). However the contributions of(Q,) and
(Q,) events are predominantly negative. In EXPT1 Figure 10 (top), the distributions of
sweep (Q,) and ejection (Q,) have their maximum values over the gravel and the vegetated
bed, Ejection motions (Q,) dominates Sweep motions over grass vegetated bed by exhibiting
much larger value than Sweep (Q,) over the grass vegetated bed, it should be noted that the
Ejection motions transport the low velocity flow over the grass bed up to the free surface, this
supports the upward secondary flow as observed in Figure 6, and over the gravel bed the
Sweep motions dominates Ejection motions. At the upper region of the flow, Ejection
motions generally dominate the flow and turbulence transport. Similar distributions are
observed in EXPT2 where Ejections and Sweeps dominate the flow Figures 10 (down). The
Sweep motions are more significant near bed while Ejections dominates the flow at the upper
region of the flow. In both experiments, the contributions of the inward (Q,) and outward
(Q3) interactions are negligibly small and negative. This result implies that Ejection and
Sweep events are most evident in similar manner as observed in boundary layer problems in
open channel flows. Relative to EXPT1, the peak values of Ejection (Q,) in EXPT2 becomes
smaller; this supports the observation of smaller vertical momentum exchange in EXPT2 in
comparison to EXPTL. It has been observed in the literature (Nepf and Ghisalberti, 2008) that
vertical shear layer generation is directly proportional to the density and distribution of

vegetation elements.
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CONCLUSIONS

This research extends the work of Jesson et al., (2010; 2012; and 2013) by considering the

effect of idealized vegetation on the flow characteristics of a heterogeneous open channel.

The study present results of experiments with two different types of idealised vegetation

patches with gravel roughness. In EXPTL idealised grass is formed using artificial grass

(Astroturf) and rigid vegetation arranged in a staggered grid formed from plastic material in

EXPT2.

The research has highlighted the following based on the objectives;

The vertical profiles of the mean velocity show lower mean velocities near bed over
vegetated bed in EXPT1 as shown in Figure 4, furthermore it is shown in Figure 5
that the grass stem density increases the retardation of the flow within the vegetation.
Therefore the magnitude of the velocity difference within and over the vegetation
become more effective in promoting vertical turbulence

In keeping with the previous work (Jesson. et al., 2012), the lateral interaction and
transport is achieved by the secondary flow, at the lower region (Z/H < 0.2)0f the
flow, the transverse motion is directed from the gravel bed towards the grass bed, and
at the upper region (Z/H > 0.2), the flow is transported laterally in the opposite
direction in EXPT1. The secondary vector in EXPT2 suggests the presence of
circulating cells moving in clockwise direction as illustrated in Figure 6.

In EXPT1, the presence of vegetation promotes vertical shear and the resulting
dominance of vertical momentum transport as illustrated in Figure 7. Applying a force
balance to the depth averaged the momentum equation; the dominance of vertical

momentum transport over the vegetated bed is shown to suppress the lateral

momentum transport at the roughness interface (y/B = 0.5)as shown in Figure 9.
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In EXPT2, the distribution of the vegetation elements to achieve a staggered pattern
created less a dense flow domain within the vegetation which reduced the vertical
shear over the vegetated bed relative to EXPT1 (Figure 5). This is assumed to
enhance the lateral momentum transfer at the roughness interface region similar to
Jesson et al., (2013) as illustrated in Figure 8 and 9. This indicates that the roughness
distribution has an enhanced impact on turbulence generation compared to the
magnitude of the surface roughness.

As shown in Figure 7, the velocity shear and turbulence resulting from the boundary
effect over the gravel bed are dominated by the vegetation generated turbulence.

The study demonstrates that relative to turbulence distribution, the vegetated bed
exerts a major influence on the flow.

From the results, local regions of efficient moment transport can be predicted in

natural rivers with similar patches of roughness.
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Figure2: Quadrant Reynolds Stress distribution over gravel and vegetated beds: EXPT1 ( top), EXPT2 (down)
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