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ABSTRACT: Inthe last few decades, a lot of research attentisrblean paid to flow-vegetation interactions.
Starting with the description of the flow field around unifomacrophyte stands, research has evolved more
recently to the description of flow fields around individudiktinct patches. However, in the field, vegetation
patches almost never occur in isolation. As such, patchksnfiuence each other during their development
and interacting, complex flow fields can be expected.

In this study, two emergent patches of the same diamdier= (22 cm) and a solid volume fraction of
10 % were placed in a side-by-side configuration in a lab flufhe. patches were built as an array of wooden
cylinders, and the distance between the patches (gap wijlthas varied betweerh = 0 and 14 cm. Flow
measurements were performed by a 3D Vectrino Velocimetert@ik AS) at mid-depth of the flow. Deposition
experiments of suspended solids were performed for seleete widths.

Directly behind each patch, the wake evolved in a mannerticknto that of a single, isolated patch.
On the centerline between the patches, the maximum velbgity was found to be independent of the gap
width A. However, the length over which this maximum velocity pstsithe potential coré;, increased
linearly as the gap width increased. After the merging ofvilages, the centerline velocity reaches a minimum
valueU,,;,. The minimum centerline velocity decreased in magnitudbagap width decreased. The velocity
pattern within the wake is reflected in the deposition paieAn erosion zone occurs on the centerline between
the patches, where the velocity is elevated. Depositiomirscin the low velocity zones directly behind each
patch and also downstream of the patches, along the cemetbdiween the patches at the point of local velocity
minimum. This downstream deposition zone, a result of theraction of neighbouring patch wakes, may
facilitate the establishment of new vegetation, which magnéually inhibit flow between the upstream patches
and facilitate patch merger.

1 INTRODUCTION the lab and in the field (Cotton et al. 2006, Bouma
et al. 2009, Zong and Nepf 2011). The interaction be-
Hydraulic studies have mainly focused on long,tween neighboring patches has also been considered
uniform meadows, characterizing the bulk flow (Vandenbruwaene et al. 2011).
resistance (Kouwen and Unny 1975, Stephan and
Gutknecht 2002, Jarvela 2005) and describing thdRietkerk and Van de Koppel (2008) explained
vertical flow structure and turbulence characteristicsthe process called spatial self-organization, in which
e.g. reviewed in Nepf (2012). However, vegeta-large-scale, ordered spatial patterns occur because of
tion is often found in patches of finite length and feedbacks between small-scale landscape elements.
width (Naden et al. 2006, Temmerman et al. 2007 Such landscape evolution has been demonstrated
Schoelynck et al. 2012), rather than in continuoudor a wide variety of ecosystems, such as mussel
segments. As such, recent attention has been focusbéds (van de Koppel et al. 2005), vegetation on tidal
on the study of finite patches of vegetation, both inflats (van Wesenbeeck et al. 2008), and vegetation in
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lowland rivers (Schoelynck et al. 2012). In each casepatch. Over the distanck, on the patch centerline,
the introduction of an organism produces positivethe velocityl; remains unchanged. Beyond this point
feedbacks (stress reduction, accumulation of nutri{x > D + L;), the wake velocity on the patch center-
ents) and negative feedbacks (stress enhancemefte, U, starts to increasé/; may be predicted from
depletion of nutrients), which influence the pattern ofthe non-dimensional flow blockag€/r,aD, where
growth. For example, Bouma et al. (2009) show forC), [-] is the drag coefficient for the stems within the
intertidal macrophytesSartina anglica) that, above patch (Chen et al. 2012).

a certain threshold of vegetation density, sediment is

trapped within the vegetation (positive feedback) and . . .

erosion is observed next to the vegetation (negativd-2 Flow adjustment to a pair of obstructions

feedback). Flow and deposition patterns near a side-by-side pair

. ..of similar model vegetation patches is considered
Where macrophytes can establish, they Willhgre ~For side-by-side solid circular cylinders of

influence sediment transport and thus the bathymetryia meterp, the wake characteristics depend on the
and these biogeomorphic feedbacks are 'mporta';ﬁistance between the two cylinders and the Reynolds
to the further macrophyte development. Sites of, . per Rep = U DIv ), wherev (c?/s) is the
erosion are places of lower nutrient availability that,; o matic v?scosi;; (Sum’ner 2010). Three types of
lead to less favorable conditions.for plant groyythHOW behavior are summarized by.Sumner (2010).
_(van Wesenbeeck et al. 2008). Sites o_f dep03|t|0r_1 t separation distances less than (0.10-0.2D)
in contrast, are where seeds and organic matter will,o o cylinders behave as a single bluff-body, as
tend to accumulate, leading to favorable co_n_ditionsmdicated by the formation of a single vonarm'an’
for plant growth (Gurnell et al. 2005). Deposition Of 5 tey street, scaling with the total width across
fine sediments in flow influenced by vegetation has, i cyiinders, and thus having a lower frequency of
been related to the characteristics of the mean angy ey shedding compared to an individual cylinder.
turbulent velocity field through laboratory studies 1pg fio,y petween the two cylinders behaves as bleed
g%ggn é"t al. 2012|) gggesf'esldhs'[uld'esk (Sanld'ggggeﬂ‘ow, which lengthens the streamwise extent of the
Chon ott?n 298 a2' ol ((:j o€ yrk]]c etfa. )yortex formation region (Sumner et al. 1999). As the
en et al. (2012) modelled patches of emergenty|inqers are moved further apat larger than 0.2
vegetation in a laboratory flume. They found that nety o jess than 1.2, a biased flow pattern develops
deposition was generally inhibited in areas of highjn \yhich flow through the gap is deflected toward one
turbulent kinetic energy I(/CE5) or high velocity, ot the cylinders. The deflection angle of the gap flow
likely due to resuspension, and generally enhancef o505 ag\/D decreases. The cylinder towards
in areas of lowl'k £ and low velocity. In particular, - pich the flow is deflected has a narrower and shorter

a region of low velocity and lowI'K'E occurred  poar \yake zone and higher frequency shedding than

directly behind the patch over a length-scale of : : : ; :
several paich diameters, and enhanced deposit the neighbouring cylinder. Finally, when the distance

" 4 within th o Thie OSIUYBtween the two cylindera is larger than about 1.2
Wfaﬁ N Ser\ﬁ. l‘(’j"'t 'r(‘j.t Is region. This Is consistenty, harallel vortex streets are observed, predominantly
with several field studies. in anti-phase (Sumner et al. 1999, Sumner 2010).

The current work builds on the previous studies

- : X ; The
of individual patches to consider the interaction
between two adjacent patches. We explore how th
spacing between patches influences the pattern
flow distribution and deposition in the wakes of the
two patches.

interaction between porous cylinders (a
model for vegetation patches) has not been char-
cterized as thoroughly as the interaction of solid
linders. Vandenbruwaene et al. (2011) consid-
ered the change in flow distribution close to a pair
of vegetation patches, to understand under what
conditions adjacent patches would merge together,
1.1 Flow adjustment to a single patch rather than remain separated by a channel. Their
velocity measurements were taken adjacent to and
First, the main parameters used to describe flow to & between patches of different diameter3) (and
single patch and the main characteristics of flow pastlifferent separation distancesa\). Acceleration of
an isolated patch are reviewed. For a given stem derflow, i.e elevated velocity, between the patches was
sity, n (1/cn?), and mean stem diametér(cm), the  observed for all conditions, however the acceleration
frontal area per unit volume is=n-d (1/cm).D is  decreased, compared to the acceleration at the outer
the patch diameter (cm). As the fluid passes arounddges of the patches, below a gap widthD ~ 0.1.
and through the patch, a shear layer forms betweeRrom these observations alone, one might conclude
the slower-moving fluid behind the patch/;) and that adjacent patches cannot merge, since flow
the faster-moving fluid outside the patch wak&);  acceleration, which would tend to promote erosion
These shear-layers, formed on either side of the patcland inhibit plant growth, will always be maintained
meet at the patch centerline at a distangdrom the in the space between the patches. However, we



hypothesize that a different conclusion might be
reached if we consider the flow development in
the wake of the patches. As described above, the
wake behind a single patch is a region of sediment
deposition and potential vegetation growth. Based
on the solid-cylinder literature (above) we anticipate
that for some interpatch distances, a merged wake
may form behind the pair of patches that resembles
the wake of a larger, single patch. Deposition and
vegetation growth within the merged wake could
eventually influence the flow distribution between
the upstream patches and allow for patch merger.
Motivated by this hypothesis, the focus in this study
is to characterize the flow and the deposition pattern X X X
in the wake behind a pair of side-by-side patches, as
a function of the interpatch distance.

2 MATERIAL AND METHODS . x x %%
Flow and deposition measurements were performed f;’:o A

in a recirculating flume 16-m long and 1.2-m wide. ,*:o‘:':

The discharge was set by a variable-speed pump AR o X
to produce a depth-averaged upstream velocity 'o’.- ° % A b

U, of approximately 10 cm/s. A downstream, ad- "GZ:: 4

justable weir was used to set a flow depilof 14 cm. \! % x

Table 1: Summary of measurements3.is the diameter of the
patch,d is the cylinder diameteg is the frontal area per unit
volume, ¢ is the solid volume fraction of the patcli,, is the X X X
upstream, depth-averaged velocity akdks the gap distance be-
tween the patches.

D (cm) 22+ 0.8

d (mm) 3.2+ 0.1 X X X
a (2/cm) 0.40+ 0.01

aD ) 8.8+ 0.5

) (%) 10+ 0.5

Patch Type Dense % x
Us, (cm/s) 9.4+ 0.3 T

A (cm) 0,2,5,8,11, 14 x, U

Deposition A=0,2,11cm

Figure 1: Schematic top-view of flume close to the model vege-
tation patches (circles), not to scale. The coordinate iaxibe

The circular patches were constructed frombhorizontal plane is shown, with velociti€sandV in the direc-

wooden dowels and extended through the water suflons ofz andy, respectively, withw = 0 at the patch leading
edge and; = 0 on the centerline between the patches. The ver-

face, a mimicry for real, emergent vegetation, Sucr-[ical axis is upwards (not depicted). Two patches, sepaiaye

as reeds._ The dowels had a diamete_rdot 3.2 agapA, consist of staggered arrays of dowels. The positions of
mm, a height of 16 cm and were held in perforatedthe velocity measurements are indicated by heavy crodses, t

PVC boards. Experimental runs were made for ongositions of the deposition slides are indicated by grayarec
patch diameter of vegetatiorD(= 22 cm) at high gles. Only measurements close to the patch are shown.
flow blockage, defined a§'nraD > 4 (Chen et al.

2012). The patch density for this case was: 0.4

cm~1, which corresponds to a solid volume fraction

of ¢ = (7/4)ad ~ 10%, and aC'paD of 8.8, taking

Cp = 1. The distance between the patcliegcm)

was varied by placing PVC strips of variable width in

between the patch boards. The distadcaevas var-

ied fromA/D =0 to a maximum ofA/D = 1. The

patches were placed in a side-by-side configuration at

7m from the flume entrance. An overview on the tests

is given in Table 1.



2.1 Velocity measurements 2.5x2.5 cm were thoroughly washed, dried in an
. ) ) oven at 70 degrees Celsius for 4 hours, labeled, and
A 3D Vectrino (Vectrino Velocimeter, Nortek AS), then weighed. Slides were placed in 5 longitudinal
which measures velocities using the acoustic Doppleprofiles, partially shown in Figure 1: on the centerline
technique, was used for velocity measurementsef the gap between the two patches< 0), on the
The sampling volume of the ADV was located at centerline of each patchy (= + (D + A)/2), and
mid-depth, and velocity time-series for a period of atgn the outside edge of each patgh<( + D+A/2).
least 240 s at a rate of 25 Hz were obtained. Thesghe spacing between the slides in the streamwise
data-series were processed in MATLAB, to filter girection is small (5 cm) close to the patch and
data points that had especially low values in signajncreased further to a maximum spacing of 30 cm.
to noise ratio (SNR< 15), correlation (corr< 70) At the start of the experiment, 600 g of sediment was
or amplitude (amp< 90) (McLelland and Nicholas poured into the tailbox of the flume. Based on visual
2000). The mean time-averaged velocities, respecpservation, the particles were mixed over the flow
tively (U, V, W) for the (, y, 2) directions, were depth directly after entering the flume and a uniform
taken as the average of the remaining measuremenggndition over the flume length was observed within
over the recording period. Fluctuations around they minutes. The particles were recirculated in the
mean, denoted/, v/, w', were taken by subtract- flume for 4 hours. At the end of the experimental run,
ing the mean velocity from each instantaneous recordhe flow was slowly decelerated to avoid waves, the
_ . . _ _ flume was drained, and then the flume was left to
The coordinate system is defined with the streamwis@ry for at least 2 days. The slides were baked at 90
coordinater = 0 at the upstream edge of the patchesjegrees Celsius to remove additional moisture, and
and the lateral coordinate = O at the center of the \eighed after the experiment. The weight difference

flume, which is also the center of the gap between thgefore and after the experiment is defined as the net
patches, as shown in Figure 1. Measurements wefgeposition(g/cn?)

made from 2.2 m upstream to 5 m downstream of

the patches. The measurement positions were spac&@e net deposition meariy,;) and standard er-
more tightly close to the patches. ror (SE,;) of each point were computed using the
three replicates for each experimental configura-
tion. To isolate deviations from the mean channel
deposition, the mean of each experimé¢nt) was
Conditions were chosen for the deposition eXp(_:‘r_subtra(:ted from each individual data point. The stan-

iments to mimic the transport of organic matter dard error for the samples in the control experiment

and fine sediment, which produce substrate high if}°Zc) Was also computed. We considered a point to

nutrient content and favorable to plant growth. Thehave enhanced net deposition, relative to the control,

deposition experiments were carried out with a mode|’ 1€ net deposition differed from the experiment
sediment that was scaled to provide a desired ratif'an by more than the sum of the standard errors:
of settling velocityV, to open-channel bed friction
velocity. In the experiments* = 0.7 cm/s, estimated #ri — ttr > SEyi + SE. (1)
from the bed drag coefficient{; = 0.006, White and
Nepf (2007)).10 um glass sphere particles (Potters3  ResULTS
Industry, Valley Forge, PA) were selected with a
settling velocity V, = 0.01 cm/s, so thaV,/u* =
0.014, which is within the range expected in the field
(Vi/u* = 0.002 to 0.3, see discussion in Ortiz andThe mean, streamwise velocity in the center of the
Nepf (2014)). In addition, the conditions are similar gap between the patches and through the center of
to a previous study (Zong and Nepf (2010)), inthe patches is shown in Figure 2 for gap widthgD
which clear differences in deposition were observed= 0.1 to 0.5. For the longitudinal profiles through
between the open channel and vegetated regions tfie patch centers, no difference could be observed
the channel. between the patches (the left patch is indicated with
the symbolA in Figure 2, the right patch with-).
Deposition experiments were performed for threeThe only exception is found for the cage= 0 cm,
different configurations, with a relative gap distancewhere a strong asymmetry was observed between
A/D of 0.5, 0.1 and 0. Three repetitions werethe two patch wakes (data not shown). Furthermore,
performed for each set of conditions. A control no fundamental differences between the wakes of
experiment with no patches in the flume was alscside-by-side patches and the wake behind an isolated
performed. Before starting the experiment, thepatch could be observed. For each of the patches
flume was drained and cleaned. Glass microscopm the pair, U;/U,, was between 0.02 and 0.05,
slides (VWR VistaVision Microscope Slides) with agreeing within uncertainty with the value of 0.03,
a thickness of 1 mm and an area of 7.5x2.5 cm ofound for isolated patches of a similar flow blockage

2.2 Deposition Experiments

3.1 \elocity transects



Table 2: Parameters describing the velocity evolution andénterline between the patches at different gap distaigess the
upstream adjustment length, ... is the maximum centerline velocity]., (9.4 + 0.3 cm/s) is the far upstream incoming velocity,
Unmin 1S the minimum centerline velocity,.,, is the distance from the trailing edge of the patches to thet pchere the centerline
velocity reacheé/,,,;,,. Lsp is the distance from the trailing edge of the patches to e st secondary deposition zone.

Case Lo (cm)  U,uelUs UninlUss ~ Lj(cm) L,, (cm) Lgp (Ccm)
DenseA=0 4445 1.144+0.2 0.07+0.01 - 87+ 6 44+ 6
DenseA=2 41+5 1.644+0.09 0.25+0.02 5+4 75+4 105+ 6
DenseA=5 42+5 1.67+0.06 0.42+-0.03 17+3 11145 -
DenseA=8 375 1.66+0.07 0.56+0.03 28+4 134+6 -
DenseA=11 36+5 1.66+0.06 0.60+0.04 30+4 135+6 15547
DenseA =14 37+5 1.65+0.06 0.67+-0.03 36+5 149+7 -

patches(xz/D = 1) indicated in Fig 2. Surprisingly,

0 (a) % = Umax > Center the maximum velocity is independent of the gap spac-
— e} . . . .
~ Veg | ing and its value can be predicted by a simple con-
g O ¢ + Veg i servation of mass over the flume width within an ac-
D | ooty ° 584 curacy of 10%. The maximum centerline velocity is
= " [%é ° %A%ﬁ%éﬁ o sustained over a distanég. The flow which exits the
> Sl o %%Mooo gap can be considered similar to a turbulent jet, for
00> i which this region of constant, maximal velocity; )
Q Jaty &7 is called the potential core (Lee & Chu 2003). A lin-
O—lO ‘ 0 +5 10 15 20 ear relation between the length of the potential core
%/ D L; and the gap widtl\ was observed (eq. 2), with a
slope value of 2.8, close to the typical ratios of 3to 6
; (Lee and Chu 2003).
w (b ¢ == Umax
- ) - i ° \‘}gg”tlef Lj=28(£0.2)A  (R*=0.91) (2
° +
8§ Cle bk o Vel The deceleration is followed by a sustained region
2 - % o st AT 2 of minimum velocity (..., indicated in Figure 2).
O | A%ooooooo‘jﬁmm The magnitude ot/,,,;,, can be predicted from a sim-
o 1 & ple model that accounts for the mixing of the jet with
o i the lower velocity fluid in the wakes to either side of
o e the jet. The lowest centerline velocity will occur just
-10 0O 5 10 15 20 as the fluid at each wake centerline (the lowest wake
x/D velocity) is blended with the jet. This occurs when

, _ , _the blending distancé}/,,, extends between the two
Figure 2: Mean, streamwise velocity on the flume centerline,, ) o centerlinesiV,, = DI2 + A + DI2=D + A
(center of the gap) and on two vegetation centerlines for two, . m n . )
gap spacings: (&) = 2 cm and (b)A = 11 cm A simple conservation of mass over this width results

in equation 3, where is an offset value, which ac-

(Chen et al. 2012). Chen et al. (2012) proposed gounts for the fact that the flow i.n between the patches
steady wake length of, = 2.5 (+ 0.4) D for single doesn't go to 0 when the gap distance goes to zero.

patches with high flow blockag€'paD > 4). Inthe ;- Upae((e + A)/D) + U,

side-by-side configuration, it is found that = 2.4 =
(+0.1) D. Us  Ux(l+((e+A)/D))

: . A value ofe = 1.8 &+ 0.4) cm is found by fit-
'I_'he mean, streamwise ve_locny along the center_ﬁng (3) to observed values @f,,;, using a nonlin-
line between the patches (Figure 2 and parameters i, |east-square estimate employing a Gauss-Newton
Table 2) for every gap spacing is essent_lally 'de_“t"?ablgorithm. The parameter is likely to be depen-
upstream of the patches, with deceleration beginningant on the shape, density, and homogeneity of the

about L, = 2D upstream. Deviation between 9ap patchesy,, is the distance from the trailing edge of
width conditions beginsg D upstream of the patches, iha patchesa( = D) to the point where the deceler-

with the velocity reduction more pronounced for giing jet reaches its minimal velocity/, ). Ly, in-
smallerA, with a maximum reduction of 40% fak  ¢reases with gap width (data in Table 2). Physically,
=0. L., represents the point at which the two individual
patch wakes merge to form a single, larger wake. Fi-
nally, when the shear layers formed at the outermost
Between the patches, the flow accelerates anddges of the patch-pair grow to the centerline, the cen-
reaches a maximumU,,.,) directly behind the terline velocity begins to increase.

3)



We caution that the results presented here are
for a single sediment size, concentration, and flow
field. While suggestive of possible deposition pat-
terns, the observed patterns may not be representative
of all systems. For example, if the mean velocity is
below the threshold for particle motion, a further
depression of the velocity in the patch wakes may
not lead to enhanced deposition. Similarly, different
g i i ‘ i i i settling velocities of the sediment (associated with
00 0.1 02 03 04 05 06 theds, of the sediment) may result in different extents
AID and intensities of the deposition zones.
Figure 3: Average minimum, streamwise velocity on the aente

line between patches for different gap spacings. The soldi$
a fit with € = 0, for the dashed line,= 1.8 cm 4 DISCUSSION

Unin / Uo
0.0 02 04 06 0.8

3.2 Deposition Our measurements have shown that the velocity and
deposition patterns that occur directly behind individ-

The main characteristics of the velocity field are con-.ual patches are not significantly altered by patches

nected to the patterns of deposition. Under controgl a_side-by-side configuration. Specifically, (ji_rectly
conditions, with no patches in the flume, deposition ehind each patch there is enhanced deposition that

was uniformly distributed (within a variation of corresponds to a region of diminished mean veloc-

10%) and specifically showed no tendency in theity and turbulence, that extends a distadgebehind

streamwise direction, indicating that the depositionthe patch. Beyond.,, however, a neighboring patch

was not supply limited (data not shown). With the can influence the velocity and deposition patterns. In
- g ' " noarticular, wake merger can produce a velocity min-

‘;fmum on the centerline between the patches at a dis-
ancelL,, downstream from the patches. The distance
L,, is a linear function of gap width. We observe that
the velocity minimum produces a region of enhanced
deposition (Figure 5). The location of this secondary
, , .. deposition zonel(sp) increases with gap width. This
Directly upstream of the patch pair, depositiongecondary region of deposition may provide a posi-
was enhanced over a distance comparable {0 th@e feedback that eventually allows the two patches to
upstream flow adjustment{ ~ 2D). Gurnell etal. yerge. If this secondary zone of enhanced deposition
(2001) and Zong and Nepf (2010) also observegagijitates the establishment and growth of vegeta-
enhanced deposition upstream of a patch, which wagy, it will provide additional drag and flow blockage
attrlbuted.to dlmlnlsheq local bed stress due to flowyp, the centerline between the original patches, which
decelaration approaching the patch. Downstream ofqd reduce or completely halt the flow between the
the patch pairs, three key features can be 'dent'f'_e?siatches, setting up flow conditions that would allow
a zone of enhanced deposition immediately behingo, haich merger and lateral vegetation growth. Pre-
each patch (Figure 5), a zone of reduced deposition ifljoys descriptions of vegetation-flow feedbacks iden-
between the patches (Figure 4), and a secondary zoRgieq positive feedbacks only for streamwise patch
of enhan(_:ed deposition on the _centerllne between th%owth (Bouma et al. 2009) and negative feedbacks
patch pair and on the vegetation transect (Figure 4o |ateral growth. By considering the interaction be-
and 5). The zone of reduced deposition between thgyeen neighboring patches we have identified a new,

patches is longer than the potential core in the jebositive feedback for lateral growth.
region L;, which can be explained by the fact that

T K E peaks in the decelaration zone (not shown) and

the velocity remains elevated above the contigl 5 ACKNOWLEDGMENTS
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Figure 4: Average deposition [mg/éirfrom three measurements substracted from the mean dieposfteach experimental run is
shown in light gray, the interval indicating the error on theasurements. Mean, streamwise velotitgn the centerline of the gap,
normalized by the upstream velociti, for a gap spacing of 2 cm (above) and 11 cm (below) is indichtesblid, black dots. The
position of the patch is indicated by a dark, grey bar.
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Figure 5: Average deposition [mg/éirfrom three measurements substracted from the mean dieposfteach experimental run is
shown in light gray, the interval indicating the error on theasurements. Mean, streamwise velotitgn the profile through the
center of the left patch, normalized by the upstream veld¢it, for a gap spacing of 2 cm (above) and 11 cm (below) is indichyed
solid, black dots. The position of the patch is indicated lo\agk, grey bar.
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