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ABSTRACT

Vortices are generated across a wide range of scales due to the interaction between in-stream vegetation and surrounding flows, significantly
influencing hydro-geomorphodynamics in earth surface water systems. Recent advance in vegetation patch hydrodynamics has revealed that
the elongation of the middle channel patch can generate complex wake flow patterns by adjusting the bleed flow from the patch and trigger-
ing the patch-edge Kelvin-Helmholtz (KH) vortices. With a broader range of experimental configurations, this study reveals how the patch
wake mixing is apparently strengthened by the presence of KH vortices, indicated by a larger steady wake velocity, a shorter steady wake
length, and a damped energy of wake von Karman vortex. Furthermore, we quantify these characteristic metrics of patch wake behavior with
and without the influence of KH vortices. Our findings provide insights into the role of vegetation-induced vortex interactions in regulating

mixing processes, thereby promoting informed practices in environmental flows.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0204290

I. INTRODUCTION

Vegetation plays an important role in aquatic ecosystems. It pro-
vides shelter and habitat for living organisms, protects coastal and riv-
erbank regions from waves, currents, and floods, and enhances water
quality by filtering nutrients. To protect vegetation habitats and
improve restoration efforts, understanding flow-vegetation dynamics
is of paramount importance and will lead to more accurate models of
sediment transport,”” landscape evolution, and water quality manage-
ment. Vegetation patches with finite lengths (L) and widths (W) are
prevalent in aquatic ecosystems and fluvial environments.’ Due to the
blockage effect of vegetation patch, flow diversion is observed
upstream and within the patch (Fig. 1), increasing the flow in the free
stream regions and reducing the flow within and behind the vegetation
patch.”” For an emergent vegetation patch, the Kelvin-Helmholtz
(KH) coherent structure may be triggered at the lateral edge of the
patch under sufficiently strong velocity shear,"® restricting the patch
lateral extension.” "' Bleed flow, which refers to the flow through the
patch,'”"” produces a steady wake region with low velocity and turbu-
lence downstream the patch, facilitating the sediment deposition'* and
patch elongation in the streamwise direction.”” " After the steady

wake region, a von Karman (VK) vortex street forms, which dramati-
cally amplifies the turbulent intensity thus causing velocity recovery
(Fig. 1).

From the perspective of flow adjustment, patch density controls
the intensity of local hydraulic resistance; thus, a larger patch density
results in a more rapid velocity decrease. Patch dimensions (i.e., L and
W) indicate the domain affected by the vegetation-induced resistance,
altering the flow structure by accumulating the local flow adjustment
as the fluids flow through. Compared to a circular vegetation patch
(L/W =1),""” the streamwise velocity within the patch may con-
tinue to decrease as the patch elongates downstream (i.e., L > W), until
reaching equilibrium. The spanwise dimension (W) characterizes the
distance for flow deflection into the patch lateral bare regions; thus, a
larger W may lead to a weaker flow diversion and further a slower
velocity adjustment.” Thereby, taking into account the influence of L
and W on interior flow adjustment, the patch aspect ratio (L/W) is
combined with patch density, represented by the solid volume fraction
[® = N7d?/4, where N(m™?) is the number of rods per unit bed area,
d is the rod diameter], to define the cumulative hydraulic resistance,
namely, ®L/ w8
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FIG. 1. Flow structure within and around the rectangular vegetation patch. Patch configuration and longitudinal and lateral transects (red dashed lines) of velocity measure-

ments from top view as adapted from Ref. 18.

According to previous studies of mixing layers in compound
channels and partially obstructed channels, KH vortex may be detected
when the velocity shear across the lateral interface 2 = (Uy; — Uy1)/
(Uy2 + Uy1) > 0.3, where Uy, is the velocity of the high-speed ambi-
ent stream at the interested transect and U, is the velocity of the low-
speed ambient stream at the same transect.””"** In addition, the
patch-scale VK vortex after a finite patch can be triggered under suffi-
cient velocity deficit in the bleed flow from the patch, (L/W)(U,
—U,1)/Usx > 0.55, where U, is the velocity at the middle of the
patch trailing edge and U,; is the constant velocity at the lateral bare
region at the same transect.”'’ However, the patch-edge KH and
patch-wake VK vortex were usually studied separately in the literature.
Limited studies focused on their dynamic interaction mechanism
when they appear simultaneously. Our recent study’® has indicated the
simultaneous formation of both patch-edge KH vortices and patch-
wake VK vortices around an elongated rectangular patch and revealed
the tendency of the same frequency evolution of the two patterns of
vortices. However, the information provided in our previous work'® is
not sufficient to evaluate how the patch-edge KH vortices affect the
wake flows. Herein, this study aims to further extend this research
direction of Ref. 18 and quantify the influence of patch-edge KH vorti-
ces on the patch-wake structure. The main objectives of this paper are:

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

(2) to characterize patch-edge KH vortex at a patch with finite
width and length and to quantify its effect on the patch-wake
structure.

Il. MATERIALS AND METHODS

Wake structure is significantly affected by the bleed flow velocity
adjusted by vegetation patch, including vegetation density and patch
dimensions. Meanwhile, patch elongation enhances cross-stream
velocity gradient and triggers the patch-edge KH vortex. To further
investigate the impact of patch-edge KH vortex on the wake flows,

wake flows after patches with and without KH vortex generated were
compared under various bleed flow adjustment. Therefore, this experi-
ment extends our previous work'® by testing cases with a wider range
of patch length and density to create more wake patterns and compa-
rable conditions. The details of the experiment set up are described as
followed.

The experiments were conducted in a laboratory flume with a
test section that had a width (B) of 0.6 m, a length of 7m, and a slope
of 1/1000. Plants were simulated with circular perforated polyvinyl
chloride (PVC) rods of a diameter d = 3.2 mm, which were held in an
aligned pattern by perforated PVC baseboards covering the entire test
section bottom. The patches were emergent and centrally located in
the flume. The leading edge of the patch was located at 1.5m down-
stream of the channel inlet, where the flow has been verified to be fully
developed. The experiments covered six patch densities, represented
by solid volume fractions, of ® = Nnd?/4 = 0.007 — 0.080, where
N(m™2) is the number of rods per unit bed area. The corresponding
frontal area per unit volume was a = Nd = 2.8 ~ 31.9 m~!. Various
patch lengths of L =0.1-2.0m, and two patch widths of
W =0.09,0.21 m were employed, leading to a wide range of aspect
ratios, L/ W = 0.47-22.22. A total of 46 patch configurations were
tested and analyzed along with 19 experiment runs from Ref. 18.
Detailed information for each case is presented in the supplementary
material. For hydraulic conditions, the water level was fixed at
h=22.0*0.2cm and the incoming velocity kept constant to be
Us = 8.0 = 5% cm/s. The Froude number [Fr = Um/(gh)l/z] and
the Reynolds number (Re = U h/v, where v is the kinematic viscos-
ity of the water, v = 107°m?/s), were 0.05 and 17 600, respectively, so
that the flow was sub-critical and turbulent. Based on a careful experi-
mental verification,'® vortex initiation would not be affected by the
bottom friction and sidewall effect in the present experiments.

Velocities were measured by a 3D Nortek Vectrino Profiler
(acoustic Doppler velocimeter, ADV). Velocities within 40-60 mm
from the down-looking probe were collected. For each point, velocity
was collected with a sampling time of 120s and a sampling rate of
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75 Hz, which has been verified to be sufficient to capture the flow char-
acteristics in the current experimental setting.'” Within the patch,
velocities were collected in the middle between the cylinders to miti-
gate stem-scale disturbance and heterogeneity. Only horizontal com-
ponents measured at mid water depth (h/2) have been used to
represent the two-dimensional flow structure within and around an
emergent patch following Ref. 5. The origin of the Cartesian coordi-
nate system was placed in the middle of the leading edge of the patch
as x = 0 at the leading edge of the array, positive downstream; y =0 at
the channel centerline (Fig. 1). The velocity components were denoted
as u, v in the x, y directions, respectively. To evaluate the flow develop-
ment and coherent structures, velocities along the patch centerline
(y=0) and along the patch side edge (y = W /2) were measured. To
characterize the wake structure, the flow adjustment at the start and
end of the steady wake region (x = L and x = L + L,) was evaluated.
The lateral measurements were only conducted in one half (y
= 0 — B/2) of the flume due to symmetric configuration. The trans-
ects of velocity measurements were denoted by the red dashed lines in
Fig. 1. For velocity and turbulence analysis, raw ADV data with a corre-
lation coefficient of less than 70% was prefiltered. The spikes from ADV
measurements were removed by the method developed by Goring,™
which is widely applied in vegetated flows.”**” Each velocity record was
decomposed into time-averaged components (U, V) and fluctuating
components (', v'). To qualify the two-dimensional turbulent charac-
teristics, the power spectral density (S,,) and autocorrelation function
(Ryy) of the cross-stream velocity (v), time-averaged Reynolds shear
stress, —u/v/, were evaluated. S,, were calculated by Welch’s method™®
with a Hamming window of equal size of 40's and a 50% overlap. The
formation and strength of the coherent structures can be characterized
by the peaks in S,,””* and the oscillations in R,,.”’

Based on the aforementioned flow measurements, characteristic
metrics (see Fig. 1) in vegetation patch flows can be provided. The
steady wake length, Ly, is estimated from the longitudinal velocity pro-
file as the distance from the downstream end of the patch to the posi-
tion where the velocity begins to increase. U; is the velocity at
x =L+ Ly, y=0 and U, is the velocity of the high-speed ambient
flow at the corresponding x transect, i.e., x = L + L. Similarly, U, is
the velocity at the central point of the patch trailing edge, and U, is

ARTICLE pubs.aip.org/aip/pof

defined as the velocity at the bare region at the same transect, i.e.,
x=L. The turbulence energy associated with patch-wake coherent
structure is characterized by (U, — Ul)z. All velocities defined here
were time-averaged and measured at the middle of the water height
(Fig. 1). These characteristic metrics represent how the patch-edge KH
vortices influence the flow structure dominated by the patch-wake VK
vortices quantitatively. All these measured data are listed in the supple-
mentary material.

lll. RESULTS AND DISCUSSION
A. Bleed flow deficit related to cumulative hydraulic
resistance

Threshold values related to bleed flow deficit, (L/W)(U,
—U,1)/ Uy, and patch cumulative hydraulic resistance, ®L/W, have
been recently developed to predict the initiation of wake vortex."’
Specially, flow adjustment at the end of the patch is highly dependent
on the patch cumulative hydraulic resistance, but (L/ W) (U — U,y )/
Uy is not exactly equivalent to ®L/W, with different performances
under the variation of patch density and aspect ratio. Under the same
aspect ratio [Fig. 2(a)], the bleed flow velocity deficit is initially posi-
tively associated with patch density and finally achieves equilibrium,
implying full adjustment of the interior flow before the end of the
patch. Increasing the patch density accelerates the interior flow adjust-
ment, resulting in a shorter adjustment length. After the interior
adjustment, the flow diversion diminishes, leading to a constant veloc-
ity difference at the end of the patch ((U,, — U,1)/Us), as indicated
in Fig. 2(a). Therefore, it is assumed,

(Usa = Uat)/ Uso x ((D)il- (1)

Under the same patch density and patch width that dominate the
streamwise gradient of interior flow adjustment,”"® (U, — Us,1)/Us
is proportional to L/W before the full development of the flow within
the patch, behaving like patch density [Fig. 2(b)]. Therefore,

(Upy — Usy)/Uso o (L/W) " 2)

Here, considered that the bleed flow adjustment is a result of the com-
bined contributions from patch density and aspect ratio, it is assumed,
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FIG. 2. The relationship between the bleed flow adjustment, (Usz — Ue1) /U, and (a) patch density, @, shifted by L/W for clarity; (b) patch aspect ratio, L/W, shifted by @ for
clarity. The dashed lines with corresponding color for each case indicate the general trend of the measured data. (c) The relationship between (Usy — Uet)/Us and cumulative
hydraulic resistance, ®L/W. The dashed line indicates Eq. (5), with a coefficient of determination, R? = 0.75.
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(Uez—Ugl)/Uoo:k—Cl/((DL/W+C2), (3)

where k, ¢, ¢, are the scaling factors to meet the extreme conditions
and ensure the equation’s validity. For instance, for an extremely high-
density porous patch like a solid obstruction or an elongated patch
with an interior velocity decay to zero," ®L/W > ¢;, U, ~ 0 and
Us = Uy, then (Uy — U,)/Usx = k=1; for an extremely low-
density porous patch like none of obstruction, ie, ®=0,
Uy — Uy =1 —¢1/c; = 0, thus ¢; = ¢,. Then,

(Uel_Uel)/Uoo = 1—61/((DL/W+C1). (4)
By data fitting with all measured data, it is obtained
(Ug — Uy)/Us = 1 —0.03/(DL/W + 0.03) (5)

with a correlation coefficient equal to 0.75 (R* = 0.75).
Particularly, data related to circular patches (ie., L/W = D" is
also included in Fig. 2(c), demonstrating the generality of the

f0/U.

16 18 20 22 5

1(s)
=

10
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developed formulation (i.e., L/ W = 1). To conclude, patch cumulative
hydraulic resistance, ®L/ W, promotes the velocity difference between
the in-patch and lateral-outside-patch regions, until the interior flow
fully develops. However, according to the observations in our previous
work,'® in addition to velocity adjustment, patch dimensions should
be incorporated [ie., (L/W)(Ug — U,1)/Us] to include the impact
of the presence of patch-scale KH vortex at the patch lateral edges on
the wake structures.

B. Patch-edge KH coherent structure

In addition to the wake VK vortex, patch elongation actively con-
tributes to the initiation of KH vortex at the patch lateral interfaces.
The initiation and strength of the large-scale coherent structure is
identified by the peak in power spectra density (S,,) and oscillations in
the autocorrelation (R,,) of the cross-stream velocity series® collected
at the end of the patch lateral edge (x=L, y = W/2). The frequency

log(S, ) (m?/s*/Hz)

=

0.5

0.4

0.3

0.2

0.1

15

-0.1
-0.2
-0.3
-0.4

-0.5

FIG. 3. The initiation and evolution of the patch-scale KH vortex at the end of the patch side edge, i.e., (x, y) = (L, W/2) at different values of L/W under varying @, evaluated
by the (a) power spectra density (S,y), with a horizontal dashed line indicating the natural frequency for a free shear layer, f0/U = 0.032; and (b) autocorrelation (R,,) of the
spanwise velocity. The vertical dashed line indicates the threshold value of L/W for the initiation of the patch-edge KH vortex.
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(f) in S,, is normalized by the local momentum thickness, 0, and con-
vection velocity, U,, to be f0/U,, where 0 = J"j:j[l /4—((U-U,)/
AU)Z]dy, U. = (Uy + U,)/2, and AU = U, — U,y. The spectra
manifest a clear peak approximately at f0/U, = 0.032, which meets
the natural frequency of KH vortices in a plane mixing layer and has
been observed in shear layers in partly vegetated flows with both rigid
cylinders™ and flexible vegetation.” The results obtained from S,, is
consistent with those in R,, (Fig. 3). Similar to the initiation of wake
VK vortex,'” the threshold value of L/W for the KH initiation will be
lower under a higher ®. In addition, the growth and full development
of the patch-edge KH vortex are indicated by an initial enhancement
and a final equilibrium of the peaks or oscillations in Fig. 3. The weak
peaks and small oscillations indicate the generation of small-scale
coherent structures in cases with a @ = 0.080, smaller than the patch-
scale coherent structures, which are not considered in the present
work.

However, another criterion related to velocity shear (A-criterion)
developed in compound channels or partly vegetated channels™” fails
to predict the formation of the patch-scale KH vortex at the patch end
[Fig. 4(a)]. Relative to the vortex initiated at a single interface, the
interaction of the two KH vortex streets at two parallel streamwise
edges across the patch width (W) should be considered in the in-
stream located patches, since this communication may enhance the
turbulence intensity of the KH vortices.” In addition, the A-criterion
was developed from the fully developed transect, but the in-patch flow
is not always fully adjusted by the end of the patch investigated in the
present work, due to the limited streamwise dimensions. Before fully
developed, the in-patch flow keeps diverting into the lateral bare
regions, preventing the initiation of the patch-scale coherent structures
at the lateral interfaces. For cases with high velocity difference, the
patches with low density may have achieved fully developed while the
high-density ones may still be in the interior adjustment process.
Therefore, the aspect ratio (L/ W) is incorporated to consider the extra
impacts imposed by the finite dimensions of the patches in the present
work, including the interaction of two KH vortex streets across the

ARTICLE pubs.aip.org/aip/pof

patch width and the flow diversion due to interior flow adjustment. In
Fig. 4(b), patch-edge KH vortex can be detected at the end of the patch
when (L/W)(Ug — Ue1)/Usx > 4.8, and the turbulent intensity of
the KH generally enhances as (L/W)(U, — U,)/Us increases.
Although the magnitude of the velocity difference is relatively small
compared to the aspect ratio under an elongated patch, velocity differ-
ence is essential in KH vortex generation. For instance, in the partly
vegetated flow with sufficient streamwise length, vortex can be trig-
gered once the velocity shear over the threshold value.” In a circular or
square patch with an aspect ratio=1,"" (U, — U, )/Us represents
the overall effect of patch density and patch size. Although patch den-
sity is not directly presented in this parameter, the impact of which is
incorporated in the velocity adjustment.

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

According to the velocities collected along the patch centerline
(y=0), both normalized steady wake length (L;/ VA) and steady
wake velocity (U; /Uy are suppressed as ®L/W increases [Figs. 5(a)
and 5(b)], where A refers to the area of the patch, A=LW. VA is used
to represent the overall size of the rectangular patch, similar to the role
of the patch diameter (D= VD?) in the analysis of circular patches
with an identical streamwise and spanwise dimension, L= W= D.”"
The turbulence energy associated with patch-wake coherent structure,
(U, — U,)?, is normalized by the energy associated with bed-friction
turbulence, 1/2(U, + U, )*. The normalized energy of the wake VK
vortex is stronger after a patch with a larger value of ®L/ W [Fig. 5(c)].
However, for circular patches with an aspect ratio = 1, the wake flow’s
behavior varies after patches with the same solid volume fraction but
different diameters. The variation of the wake structures under the
same value of ®L/W [Figs. 5(a)-5(c)] indicates the unequal contribu-
tions from ® and L/W.

Patch aspect ratio affects the wake flow not only by adjusting the
bleed flow velocity but also by triggering the KH initiation along the
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FIG. 4. Indicator for the patch-edge KH vortex initiation and normalized Reynolds stress at the position of (x, y) = (L, W/2): (a) velocity shear, (Usz — Ue1)/(Us2 + Uet), and

(b) velocity difference along with aspect ratio, (L/W)(Usz — Uet)/Usc.
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FIG. 5. The impact of the patch-edge KH vortex on (a), (d), and (g) the normalized steady wake velocity, Uy /U, (b), (), and (h) the normalized steady wake length, L1 /+/A,
and (c), (f), and (i) the normalized energy of the wake vortex, (U, — U1)2 /[1/2(Uz + Us )]2.

lateral edges, different from patch density. Thus, it is considered the
variations in the wake flow performances are introduced by the pres-
ence of the patch-edge KH vortex. However, the influences of bleed
flow velocity adjustment and the patch-edge KH vortex generation
cannot be simply evaluated by ® and L/W separately, since patch elon-
gation also makes contributions to modify transverse velocity gradient.
To obtain a better understanding of the impact from the initiation of
the patch-edge KH vortex, wake structures are compared under the

the patch, (Up —

same normalized transverse velocity gradient obtained at the end of
U.1)/Usx /(W/B), with flume width, B, for normali-
zation. Two distinct trends are detected in the wake structure, with a
gap evaluating the contribution of the KH vortex [Figs. 5(d)-5(f)].
Figure 5(e) directly manifests that the generation of the patch-edge KH
vortex may decline the steady wake length, implying that the patch-
edge KH vortex grows faster than the shear layer thus the mixing point
will be closer to the patch trailing edge. Meanwhile, the steady wake
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velocities are enhanced compared to the patches without KH vortex
[Fig. 5(d)], revealing that the formation of patch-edge KH vortex may
accelerate the velocity behind the patch. Furthermore, the normalized
energy of the patch-wake VK vortex will be dampened when the
upstream KH vortex is generated [Fig. 5(f)]. The enhancement or sup-
pression (i.e., contribution) does not vary with the normalized trans-
verse velocity gradient investigated. Therefore, the results suggest that
the presence of the patch-edge KH vortex not only affects the flow con-
dition at the patch lateral interfaces but also presents potential impacts
on the wake structure or interacts with the wake vortex.

Indeed, the formation of the patch-scale KH vortex along the
patch lateral interfaces induced by patch elongation may introduce
extra influences on the wake flow. However, neither cumulative
hydraulic resistance nor normalized transverse velocity gradient is a
successful indicator for the wake structure since they cannot evaluate
the patch-scale KH coherent structure. Given the fairy good perfor-
mance of (L/W)(U, — U.)/Us in characterizing the initiation and
evolution of the patch-edge KH vortex [Fig. 4(b)], the wake structures
can be well predicted by (L/W)(Ugp — U,1)/Us [Figs. 5(g)-5(1)].
Before the patch-edge KH vortex initiates, ie, (L/W)(Ug
—Ue1)/Us < 4.8, the turbulent intensity is relatively low, thus the
transverse velocity gradient dominates the wake structures. Under the
above condition, the normalized steady wake length and normalized
steady wake velocity drop while the energy of the wake Karman vortex
enhances, as bleed flow velocity decays, consistent with the observa-
tions from circular patches with no patch-scale KH vortex formation.”
As (L/W)(Ug — U, )/ Ux further increases, the patch-edge KH vor-
tex starts to form and grow, disturbing the wake structures. This dis-
turbance of KH vortex on wake flow is also discussed under a
submerged circular patch.'” Although the wake structures behave dif-
ferently before and after the patch-edge KH vortex occurs, they can be
reasonably predicted by (L/W) (U, — U )/ Us, revealing the domi-
nance of the combined effect of the transverse velocity gradient and
the presence of KH vortex. Although ® is not directly presented in this
parameter, its influences are incorporated in the velocity difference.

Finally, a phenomenological model can shed light on the under-
standing of how the patch-wake VK vortex structure responds to the
upstream patch-edge KH vortex. Without the KH vortex (e.g., short
dense patch), two shear layers at the edge end (L, =W /2) grow in par-
allel and then reattach to form VK vortex structure at the end of the
steady wake zone.” The self-rotation of the KH vortex structure with
high turbulent energy tends to distort the two shear layers, leading to an
asymmetrical oscillating steady wake (refer to Fig. 4 in Ref. 18).
Furthermore, the fundamental properties of the wake structure are
either enhanced (eg, U;/U,) or weakened {e.g, L/ VA and
(U, — Uy)*/[1/2(U, + Uy)]*} by the KH vortex. Comparable phe-
nomenon can be observed in the flow around two tandem square cylin-
ders,”" where the upstream vortex contributes to suppressing the steady
wake region after the downstream cylinder. This phenomenological
model also offers some implications for the mathematical description of
the co-existence of different vortex structures. In addition, the in-patch
velocity recovery after the interior velocity adjustment (ie., velocity
drop) within a rectangular patch,”'® can also prove the positive contri-
butions from the KH vortex communication to steady wake velocity.

IV. CONCLUSIONS

This study investigates the relationship between the cumulative
hydraulic resistance and bleed flow adjustment, and evaluates the

ARTICLE pubs.aip.org/aip/pof

responses of the wake structure to the formation of patch-scale KH
vortices along the lateral interfaces of an in-stream located rectangular
vegetation patch. By varying patch densities and aspect ratios, it is
observed that patch elongation affects the wake structure by adjusting
the bleed flow velocity deficit as well as triggering the KH vortex along
the patch lateral edges. The initiation of the patch-edge KH vortex at a
vegetation patch with finite length and width is highly sensitive to the
aspect ratio of the patch, in addition to the velocity difference across
the interface. Furthermore, the initiation of the patch-edge KH vortex
may accelerate the steady wake velocity, shorten the steady wake length
and decay the energy of the wake vortex. Finally, the wake structure
can be quantitatively characterized by the combined effect of bleed
flow velocity deficit and the initiation of the patch-edge KH vortex.
The study improves the understanding of flow-vegetation dynamics
and provides critical information on further studies on sediment trans-
port, landscape evolution, and water quality management in vegetated
streams, wetlands, estuaries and coastal regions.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed information on each
experimental case.
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