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Abstract
Patches of vegetation in natural water bodies grow close to each other and may affect each 
other’s wake pattern with significant implications on nutrient uptake and local sediment 
transport. This experimental study analyzed the wakes of two neighboring circular patches 
of emergent artificial vegetation with different densities, with the tested solid volume frac-
tions being equal to 0.059, 0.114, and 0.188. The neighboring patches were positioned in 
two different configurations, namely side-by-side ( L∕D = 0 and T∕D = 1.5 ) and staggered 
( L∕D = 3.5 and T∕D = 1.5 ) configurations, with D, L, and T denoting the patch diameter, 
the patches center-to-center longitudinal distance, and the patches center-to-center trans-
verse distance, respectively. Results show that neighboring patches with different densities 
generated two distinctly different wakes at the near downstream while after 7–10D these 
two wakes started merging into one. The flow immediately downstream of a patch was not 
significantly affected by the presence of a neighboring patch and remained similar to that 
of an isolated patch, besides the wake of the upstream patch in staggered configuration, 
which was significantly affected by the downstream patch. The solid volume fraction of 
the neighboring patch determined the flow velocity and turbulence intensity in between the 
patches, which were much different compared to measurements at the side of an isolated 
patch.
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1 Introduction

Vegetation is ubiquitous in natural water bodies and constitutes an essential part of sustain-
able ecosystems [1]. Vegetation in general improves water quality [2] and promotes bio-
diversity [3], riparian vegetation stabilizes banks [4], tidal marsh vegetation dictates to a 
large degree landscape morphodynamics through biogeomorphic feedbacks [5–8], vegeta-
tion roughness and patchiness determine hydrological connectivity in river deltas [9], and 
mangroves are able to attenuate long waves for shoreline protection [10]. However, vegeta-
tion is a great source of drag and flow resistance [11, 12], like many benthic organisms, 
e.g., [13], and can lead to reduced river conveyance capacity [14] and potentially flooding. 
As a result, there is a need for proper understanding of flow-vegetation interaction that will 
assist river management and restoration projects that aim to maintain or replace vegetation 
cover [15–18].

Flow-vegetation interaction has been studied extensively in recent years for a wide vari-
ety of cases, such as fully developed flows through aquatic vegetation [11], flow through 
isolated patches of vegetation (e.g., [19–21]), and flow through isolated tree-like floodplain 
vegetation (e.g., [22, 23]). The present paper focuses on the interaction of two patches of 
emergent vegetation, since it has been observed that vegetation patches in nature grow in 
close proximity to each other [24] and form irregular mosaics [25], and it is not yet clear 
how such an interaction affects the flow field.

Flow through and around an isolated array of circular cylinders, which is used to simu-
late an isolated patch of emergent vegetation, has been well documented both experimen-
tally [20, 21, 26] and by means of numerical modeling [27, 28]. Flow that approaches such 
a vegetation patch gets initially decelerated and subsequently a portion of the flow gets 
diverted around it while another portion of the flow penetrates the porous patch. The latter 
is known as bleed-flow and depends on the patch density and the incoming flow veloc-
ity [20, 21]. The bleed-flow exits the patch and forms a flow region in the patch wake 
with low, almost constant flow velocity and suppressed turbulence [20], which promotes 
sediment deposition [29–31]. This region is known as the steady wake region [20, 21] and 
inhibits the interaction of the two shear layers that have been formed at the sides of the 
patch due to velocity differences. These two shear layers grow linearly until they meet at 
the end of the steady wake region and form a von Karman vortex street with elevated tur-
bulence that facilitates flow recovery [21].

The coexistence of more than one vegetation patches in water bodies leads to more 
complex flow patterns. At reach scale, Green [32] and Nikora et  al. [33] supported 
that total flow resistance induced by vegetation is mainly dictated by the blockage fac-
tor, which is the ratio of the channel cross-section area that is blocked by vegetation 
to the total cross-section. Bal et al. [34] showed that spatial distribution of vegetation 
patches affects flow resistance as well. In a more recent study, Luhar and Nepf [35] 
argued that many small patches generate greater flow resistance than a single large 
patch with equal channel blockage. However, they concluded that such velocity reduc-
tion is relatively small and of similar magnitude to the uncertainty introduced by the 
available vegetation distribution measurement techniques. In any case, the distribution 
of vegetation patches affects local hydrodynamics and turbulence in patch scale, which 
subsequently have an effect on vegetation growth and the evolution of vegetation cov-
erage [36]. Gurnell [37] identified vegetation as an ecosystem engineer [38] that has 
the potential to induce biogeomorphic feedbacks by reducing flow velocity and tur-
bulence in its near-wake region [20]. This favors entrapment of plant propagules and 
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establishment of seedlings [30] that promote vegetation growth. At the same time, flow 
gets accelerated at the sides of the patch due to flow contraction, which can even lead 
to local erosion, and inhibits the lateral expansion of the patch [39, 40]. The potential 
outcome of these two feedbacks is the downstream expansion of the vegetation patch 
and the formation of streamlined pioneer vegetated islands [37]. However, the pres-
ence of a neighboring vegetation patch could affect these feedbacks and alter the flow 
pattern that is observed downstream of an isolated vegetation patch.

While there is an abundance of studies on the interaction of two solid cylinders 
in tandem, side-by-side, and staggered arrangements [41, 42], there is only a lim-
ited number of studies that analyzed the hydrodynamic interaction of two vegetation 
patches or porous obstacles. Vandenbruwaene et  al. [43] quantified how the interac-
tion of two side-by-side patches of Spartina anglica affects flow contraction and 
argued that the acceleration in between the patches could lead to a negative feedback 
that will inhibit the connection of the patches, as long as the flow velocity is high 
enough. Meire et al. [44] also observed that the flow contraction within two side-by-
side patches elevates velocity locally and resembled this pattern to a jet. They also 
observed a secondary zone of sediment deposition along the centerline between the 
patches at the point where the wakes of the two patches merge and flow velocity is 
diminished. They argued that if vegetation grows in this secondary area of sediment 
deposition, then the total vegetation drag will increase significantly, which will slow 
down the flow and increase sediment deposition eventually allowing the two patches 
to merge. Such biogeomorphic feedbacks dictate patch expansion and affect land-
scape evolution in larger scales [45]. de Lima et al. [46] extended the work of Meire 
et  al. [44], by means of computational fluid dynamics, and examined how the mean 
flow velocity pattern changes for various positions of the neighboring patches. Yama-
saki et al. [47] also analyzed numerically a flow field with randomly distributed veg-
etation patches and examined the evolution of vegetated landscapes based on positive 
and negative feedbacks (i.e., favorable or not conditions for sediment deposition and 
establishment of new vegetation [48]) that are induced from the interactions among 
patches. They showed that the complicated interaction of flow with the patches leads to 
increased area occupied by vegetation and that flow velocity in the unvegetated areas 
increases due to continuity.

Cornacchia et  al. [36] tested several side-by-side and staggered configurations of 
patches of flexible aquatic vegetation in a field experiment and suggested that patches 
in a V-like formation attain the optimal combination of being exposed to small hydro-
dynamic forces and high nutrient availability. Cornacchia et  al. [49] showed that the 
turbulence that is generated from an upstream dense vegetation patch and gets advected 
downstream can increase the nutrient uptake rate of a neighboring sparse patch located 
downstream. At the same time, the nutrient uptake rate of the upstream dense patch 
correlated well with the high mean velocities that was exposed to, highlighting the 
importance of spatial patch configuration in heterogeneous aquatic environments. To 
the best of the authors’ knowledge, there have been no other studies that analyzed sys-
tematically the interaction of patches of different density, which is important since 
neighboring patches in nature most likely will not have the same density. The aim and 
novelty of the present experimental study is the analysis of the wake of two neighbor-
ing patches of emergent vegetation with equal diameter, D, but with different densities. 
The patches were positioned in a side-by-side and in a staggered arrangement and for 
each case all combinations for three different patch densities were tested.
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2  Methods

2.1  Experimental setup

Experiments were carried out in a recirculating flume at the Hydraulics Laboratory of 
Istanbul Technical University. The flume has rectangular cross-section and is 26 m long, 
0.98 m wide, and 0.85 m deep, with horizontal bed from smooth concrete and Plexiglass 
sidewalls. A honeycomb array of small circular pipes covers the flume cross-section near 
the upstream end to avoid swirl and reduce turbulence of the incoming water. Flow depth 
is regulated by a tailgate weir at the downstream end of the flume, while two pumps were 
utilized to maintain the desirable flow conditions. The flume is described in more detail in 
[26].

Vegetation patches were simulated by circular patches of artificial vegetation rep-
resented by emergent rigid stems with circular cross-section. The patch diameter was 
D = 9 cm and the stems, which were made of steel and were coated with a very thin layer 
of anti-rust paint, had a diameter of d = 0.5 cm. The stems were arranged in a staggered 
configuration and three different patch densities were tested, which for simplicity will be 
referred as sparse, medium, and dense (Fig. 1) throughout the paper. The patch density is 
described by the frontal area per unit volume, � = nd , where n is the number of stems with 
diameter d per unit bed area, and by the solid volume fraction, � = n�d2∕4 (Table 1). Chen 
et  al.  [20] analyzed the wake of such a patch based on a nondimensional flow blockage 
parameter, CD�D , where CD is the drag coefficient, which is considered equal to one for 
simplicity [12]. They considered low-flow blockage as CD𝛼D < 4 and high-flow blockage 
as CD𝛼D > 4 , and according to this definition, the sparse and medium patches from the 

(a) (b) (c)

Fig. 1  Plan view of the a sparse, b medium, and c dense vegetation patches. Patch diameter is D = 9 cm 
and stem diameter is d = 0.5 cm. Flow is from left to right for each patch

Table 1  Summary of vegetation patches characteristics

Characterization D (cm) d (cm) Cylinders 
within patch

� (m−1) �D C
D

C
D
�D �

Sparse 9 0.5 19 14.9 1.3 1 1.3 0.059
Medium 9 0.5 37 29.1 2.6 1 2.6 0.114
Dense 9 0.5 61 47.9 4.3 1 4.3 0.188
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present study correspond to low-flow blockage while the dense patch to high-flow blockage 
(Table 1).

Flow measurements were conducted for three different experimental configurations 
related to the positioning of the patches (Fig. 2). The first setup comprised solely an iso-
lated patch at the flume centerline (Fig. 2a). Such a case has been thoroughly investigated 
in the literature (e.g., [20, 21]); however, the wake of an isolated patch is also analyzed 
herein as a reference case to compare with the wake of the same patch when it is affected 
by a neighboring patch. The second experimental setup consisted of two vegetation patches 
in side-by-side configuration (Fig.  2b) and the third one comprised two patches in stag-
gered configuration (Fig. 2c). The longitudinal spacing of the centers of the two patches, L, 
is zero for the side-by-side and 3.5D for the staggered experimental setup. In the transverse 
direction, the distance between the two neighboring patch centers, T, is 1.5D, or alterna-
tively the transverse gap separating the two patches is 0.5D, both for the side-by-side and 
staggered configurations. The two patches were equally spaced from the flume centerline in 
the transverse direction.

2.2  Flow velocity measurements and data post‑processing

Three-dimensional flow velocity measurements were conducted with a downlooking 
Nortek Vectrino Profiler at points across the horizontal plane mid-depth in the patches 
wake (Fig. 2), similar to [20, 21, 44]. The Vectrino was mounted on a custom-made roll-
ing platform, which allowed the accurate positioning of the instrument. Measurements 
were denser close to the patches to properly capture the steep velocity gradient due to 
flow-body interaction. No measurements were conducted close to the upstream patch in 
the staggered setup (Fig. 2c) because the bulky supporting elements that were keeping the 
patches in place did not allow the proper positioning of the Vectrino. The flow field down-
stream of isolated patches and side-by-side patches with same density was considered to be 

Fig. 2  Grid of flow velocity point measurements at the horizontal plane mid-depth for flow through a an 
isolated patch, b side-by-side patches, and c staggered patches. Flow is from left to right
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symmetric around the flume centerline and measurements were conducted only at half of 
the flume width.

Water for the flume was supplied by an adjacent lake, which had an abundance of sus-
pended particles that facilitated the Doppler shift and secured high correlation and sig-
nal-to-noise ratio, with mean values greater than 95% and 30 dB, respectively, for reliable 
measurements. The sampling volume was located 5 cm below the probe transceiver, where 
the geometry of the Vectrino probe offers the most accurate measurements [50]. At each 
point of the measurements grid (Fig. 2), flow velocity was recorded for 100 s with 100 Hz 
sampling rate. Mori et al. [51] showed that high-quality statistics do not always guarantee 
the exclusion of outliers from the data. A few outliers in the obtained time-series were 
detected with the phase-space thresholding methodology of Goring and Nikora [52] as 
modified by Wahl [53], and replaced with cubic polynomial interpolation. All experiments 
were conducted with steady flow conditions, with 30 cm flow depth and mean approaching 
flow velocity, U0

 , equal to 24.4 ± 0.3 cm/s (mean ± one standard deviation). U
0
 was meas-

ured far upstream from the patches, at mid-depth, at a location that was not affected by the 
presence of the patches and where fully developed turbulent flow was observed.

The measured flow velocities are denoted as u, v, and w for the longitudinal, x, trans-
verse, y, and vertical, z, direction, respectively. Instantaneous velocities consist of a time-
averaged ( u , v , w ) and a fluctuating ( u′ , v′ , w′ ) component, according to Reynolds decom-
position (e.g., u = u + u� , for the longitudinal flow velocity). The standard deviation of a 
steady flow velocity time-series expresses statistically the turbulence intensity, as defined 

by 
√

u′2 , 
√

v′2 , and 
√

w′2 for each direction. Turbulent kinetic energy (TKE) per unit 
mass, k, is defined from the following equation [54]:

3  Results and discussion

3.1  Flow in the wakes of the patches

In this section, the results will be analyzed by keeping the density of one of the patches 
as medium and varying the density of the neighboring patch. Three different cases will 
be examined, with the medium patch being: (1) the upstream patch in staggered arrange-
ment (Sect. 3.1.1, Fig. 2c), (2) the downstream patch in staggered arrangement (Sect. 3.1.2, 
Fig. 2c), and (3) one of the two patches in side-by-side arrangement (Sect. 3.1.3, Fig. 2b). 
In every case, the density of the neighboring patch will vary from sparse to medium to 
dense.

3.1.1  Two patches in staggered arrangement: influence of the downstream patch 
on the wake of the upstream patch

When the medium density patch is placed at the upstream position in the staggered arrange-
ment, it can be observed that the neighboring patch alters radically its wake compared to 
the wake of the isolated medium density patch (Fig.  3a, d). An isolated medium patch 
exhibits a well-defined steady wake region with low mean velocity (Fig. 3a) and turbulence 
(Fig. 3d). After the end of the steady wake region, the velocity increases rapidly towards 

(1)k =
1

2
(u�2 + v�2 + w�2)
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flow recovery due to intense mixing and the formation of a patch-scale von Karman vor-
tex street [20, 21], which is manifested by a peak in TKE, 8D downstream of the isolated 
medium patch (Fig. 3d). Although no velocity measurements were conducted down to 4D 
from the rear edge of the upstream patch in staggered arrangement, it can be inferred from 
Fig. 3a that the steady wake region behind the upstream patch is significantly shortened in 
the presence of a downstream patch. The portion of the flow that is diverted by the down-
stream patch accelerates the flow in the wake of the upstream patch, with the density of the 
downstream patch influencing significantly this process (Fig. 4).

The influence of the sparse downstream patch on the wake of the medium upstream 
patch leads to a longitudinal velocity profile that is fairly similar to the isolated medium 
patch; however, the velocity increases at a shorter distance (Fig. 3a). When the neighbor-
ing patch is the medium or dense one, it leads to a much different flow pattern such that 
the velocity gets increased up to almost the undisturbed value U0

 at 6D, and afterwards 
gets reduced (Fig. 3a). The initial sharp velocity increase is owed to the increased density 

Fig. 3  Profiles of normalized mean longitudinal velocity, u∕U
0
 , along the longitudinal axis downstream of a 

medium patch when it is a upstream patch of two patches in staggered arrangement, b downstream patch of 
two patches in staggered arrangement, and c one of the two patches in side-by-side arrangement. Similarly 
for normalized square-root turbulent kinetic energy, 

√

k∕U
0
 , in d–f. The downstream edge of the patches 

is located at x∕D = 0 . The legend shows in parentheses the density of the patch that is neighboring to the 
medium patch
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of the downstream patch, which enhances the flow contraction. The subsequent velocity 
reduction from 6D and further downstream is due to the merger of the individual wakes of 
the upstream and downstream patches into one (Fig. 5a). The velocity in the wake of the 
upstream medium patch is considerably greater than the velocity in the wake of the down-
stream medium or dense patch and a steep velocity gradient is formed (Fig. 5a). This leads 
to enhanced shear (Fig. 5c) and elevated turbulence (Fig. 5b), especially from 6D to 10.5D 
in between the wakes of the downstream and the upstream patch.

From Figs. 4 and 5, it can be seen that the transverse velocity gradients at the two sides 
of the wake of the upstream patch are not the same due to the additional flow contrac-
tion that is induced by the downstream patch at one of the sides. As a result, the shed 
vortices from the two sides of the upstream patch are expected to be uneven and of dif-
ferent magnitude. This asymmetry is likely to cause a disruption in the formation of a 
well-defined von Karman vortex street, as can be inferred by examining the power spectral 
densities of transverse velocities at the point of maximum TKE for the isolated medium 
patch at 8D (Fig.  6a). For the isolated medium patch there is a distinguishable peak at 
around 0.5  Hz, which flattens in the wake of the upstream patch (Fig.  6a). The resem-
blance of the vortex shedding mechanism of the medium porous patch to that of a solid 
cylinder of equal overall diameter, D, can be examined with the aid of Strouhal number, 
which is defined as St = fDD∕U0

 , where fD is the shedding frequency. For a solid cylinder 

Fig. 4  Vectors of mean horizontal velocity for staggered patches with a medium density patch located 
upstream and a a  sparse, b  medium, and c  dense patch located downstream. Upstream and downstream 
patches are positioned at y∕D = [1.25 0.25] and y∕D = [−0.25 − 1.25] , respectively, as denoted by red 
dash-dotted lines. The blue, black, and red circles denote a sparse, medium, and dense patch, respectively. 
The downstream distances 0.5, 2.5, 5, 7, and 10D shown in a are with respect to the rear edge of the down-
stream patch (Fig. 2c)
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with diameter of 9 cm (i.e., equal to the patch diameter), the cylinder Reynolds number 
is ReD = U

0
D∕� = 22,000 , where � is the kinematic viscosity of water, and the Strouhal 

number should be approximately 0.20 [55]. The shedding frequency that is derived from 
this Strouhal number is fD = U

0
St∕D = 0.54 Hz, which agrees well with the observed peak 

frequency of the medium patch.
Figure  5c shows that 8.5D downstream of the upstream patch, the longitudinal flux 

of transverse turbulent momentum, as expressed by the horizontal Reynolds shear stress 
−u�v�∕U2

0
 , is much different at the two sides of the wake of the upstream medium patch when 

Fig. 5  Transverse profiles of normalized a  mean longitudinal velocity, u∕U
0
 , b  transverse turbulence 

intensity, 
√

v�2∕U
0
 , c  Reynolds shear stress, −u�v�∕U2

0
 , downstream of vegetation patches in stag-

gered arrangement. The legend shows in parentheses the density of the patch that is neighboring to the 
medium patch, which is held constant at the upstream position. The gray shaded area in between the 
dashed lines at y∕D = [0.25 1.25] shows the position of the upstream medium patch and the dashed lines 
at y∕D = [−1.25 − 0.25] show the position of the neighboring patch. The downstream distances shown at 
the top (4, 6, 8.5, 10.5, and 13.5D) and the bottom (0.5, 2.5, 5, 7, and 10D) of the subfigures in a are with 
respect to the rear edge of the upstream and downstream patch (Fig. 2c), respectively
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the downstream patch is the medium or the dense one. Specifically, the side of the wake that 
faces the neighboring patch (i.e., at y∕D = 0.25 ) exhibits much greater −u�v�∕U2

0
 values com-

pared to the opposite side of the patch (i.e., at y∕D = 1.25 ). When the downstream neighbor-
ing patch is the sparse one, this effect is diminished and the Reynolds shear stresses at the two 
sides of the wake of the upstream patch are similar. Figure 5b shows a similar pattern for the 
transverse turbulence intensities, which is more persistent than that of the shear stresses and 
extends farther downstream.

The alteration of the pattern of turbulence in the wake of the upstream patch becomes more 
evident by examining the joint frequency distributions (JFDs) of the longitudinal and trans-
verse turbulence fluctuations, normalized with the respective turbulence intensity, at the point 
where maximum TKE was observed downstream of an isolated medium patch, i.e., at 8D 
(Fig. 7). The JFD of the isolated patch exhibits a distinct bimodal distribution (Fig. 7a), quite 
similar to what is observed downstream of a solid upright cylinder [56] due to the oscillating 
nature of vortex shedding. When the medium patch has a downstream neighboring patch of 
medium or dense density in staggered arrangement, the JFD pattern becomes radically dif-
ferent and uncorrelated (Fig. 7c, d). For the sparse neighboring patch, the longitudinal and 
transverse turbulence fluctuations in the wake of the upstream medium patch appear to be 
positively correlated (Fig. 7b). Despite these, the TKE profiles along the patchline remain rel-
atively similar to the isolated medium patch (Fig. 3d).

The findings of this section agree with the numerical studies of de Lima et al. [46] and 
Yamasaki et al. [47], who also showed that the downstream patch of neighboring patches in 
staggered arrangement can increase the flow velocity in the wake of the upstream patch and 
maintain sediment in suspension. Particularly, de Lima et al. [46] showed that such an interac-
tion between two staggered patches may occur up until L∕D = 6 . Herein, the tested longitudi-
nal distance between the patches was L∕D = 3.5 (Fig. 2c).

Fig. 6  Power spectral densities measured at 8D downstream of a medium patch, i.e., at the point where 

maximum 
√

v�2∕U
0
 is observed for the isolated medium patch, when it is a  the  upstream patch of two 

patches in staggered arrangement, b  the downstream patch of two patches in staggered arrangement, and 
c one of the two patches in side-by-side arrangement. The legend shows in parentheses the density of the 
patch that is neighboring to the medium patch
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3.1.2  Two patches in staggered arrangement: influence of the upstream patch 
on the wake of the downstream patch

Contrary to the upstream patch, the mean velocity in the wake of the downstream patch in 
staggered arrangement is hardly affected by the presence of a neighboring patch (Fig. 3b). 
TKE along the patch centerline is not particularly affected either when the neighboring 
patch is the sparse one. However, for medium and dense neighboring patches the peak of 
patch scale turbulence extends towards the patch (Fig.  3e), shortening the steady wake 
region behind the patch. The peak in power spectral densities, 8D downstream of the 
medium patch, remains similar to that of an isolated medium patch and is not affected by 
the presence of the upstream patch, regardless of the density (Fig. 6b). However, the JFD 
shows that the bimodal pattern of the isolated patch gets distorted due to the asymmetry 
as the density of the upstream patch increases (Fig. 7e–g). This is due to the fact that the 
turbulence generated from the upstream patch influences the patch-scale turbulence of the 
downstream patch. This is evident from Fig. 8, where it can be seen that while the normal 
and shear Reynolds stress transverse profiles 0.5D downstream of a downstream medium 
patch with a neighboring upstream patch are almost identical to that 0.5D downstream of 

Fig. 7  Joint frequency distributions of normalized longitudinal velocities, u�∕
√

u�2 , and transverse veloci-

ties, v�∕
√

v�2 , 8D downstream of a medium patch, i.e., at the point where maximum 
√

v�2∕U
0
 is observed 

for the isolated medium patch
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the isolated medium patch, the cases where the upstream neighboring patch is of medium 
or dense density get differentiated from 2.5D to 7D. This implies that the flow penetrating 
the downstream patch is similar for all cases; however, its wake is affected by the wake of 
the upstream patch.

The small alteration of TKE in the wake of the medium patch at the downstream posi-
tion stimulated a similar analysis for the wake of a sparse patch in the same position, 
which has a longer steady wake region due to enhanced bleed-flow. It can be observed in 
Fig. 9 that while mean longitudinal velocity remains similar in all cases, TKE increases 

Fig. 8  Transverse profiles of normalized a mean longitudinal velocity, u∕U
0
 , b transverse turbulence inten-

sity, 
√

v�2∕U
0
 , c Reynolds shear stress, −u�v�∕U2

0
 , downstream of vegetation patches in staggered arrange-

ment. The legend shows in parentheses the density of the patch that is neighboring to the medium patch, 
which is held constant at the downstream position. The gray shaded area in between the dashed lines at 
y∕D = [−1.25 − 0.25] shows the position of the  downstream medium patch and the dashed lines at 
y∕D = [0.25 1.25] show the position of the neighboring patch. The downstream distances shown at the top 
(4, 6, 8.5, 10.5, and 13.5D) and the bottom (0.5, 2.5, 5, 7, and 10D) of the subfigures in a are with respect to 
the rear edge of the upstream and downstream patch (Fig. 2c), respectively
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substantially in the presence of a medium or dense neighboring upstream patch. A sparse 
neighboring patch has no substantial effect. The enhancement of turbulence in the steady 
wake region of the downstream patch has potential implications on sediment and propagule 
deposition, since elevated turbulence levels can maintain particles in suspension.

3.1.3  Two patches in side‑by‑side arrangement: influence of the neighboring patch 
on the wake of a patch of medium density

For patches in side-by-side arrangement, the mean velocity along the patch centerline 
in the wake of the medium patch is not substantially influenced by a neighboring patch 
(Figs. 3c, 10), which agrees with the findings of Meire et al. [44]. Only the sparse neigh-
boring patch induces slightly higher velocities near the patch within the steady wake region 
(Fig. 3c). TKE exhibits two distinct peaks, similar to an isolated patch (Fig. 3f). The first 
peak, immediately downstream of the patch, is induced by individual stem generated tur-
bulence and the second is due to patch scale turbulence [20], with both of them remaining 
relatively invariant with changing density of the neighboring patch in side-by-side arrange-
ment (Fig. 3f). The JFDs of side-by-side arrangements indicate that the von Karman vortex 
street downstream of a patch with a side-by-side neighbor (Fig. 7h–j) is not as well organ-
ized as that of an isolated patch (Fig. 7a) given that the velocity gradients at the two sides 
of the patch are different (Fig. 10a), causing the vortices to be asymmetric. This change 
also manifests itself by the reduction in the peaks of power spectral densities in Fig. 6c.

3.2  Flow in between the patches and merger of the wakes of neighboring patches

In this section, results for flow in between the neighboring patches and the associated 
momentum transfer are compared by examining all possible combinations of patch densi-
ties for the side-by-side configuration (Sect. 3.2.1, Fig. 2b) and for the staggered configura-
tion when the downstream patch is held constant (Sect. 3.2.2, Fig. 2c).

3.2.1  Flow in between patches in side‑by‑side configuration

Meire et al. [44] considered the flow in between two patches of same density in side-by-side 
arrangement to be similar to a turbulent jet, when the patches are close enough to affect each 

Fig. 9  Profiles of a normalized mean longitudinal velocity, u∕U
0
 and b normalized turbulent kinetic energy, 

√

k∕U
0
 along the longitudinal axis downstream of a sparse patch when it is the downstream patch of two 

patches in staggered arrangement. The downstream edge of the downstream patch is located at x∕D = 0 
(Fig. 2c). The legend shows in parentheses the density of the neighboring patch that is located upstream of 
the sparse patch
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other. In such a case, the longitudinal velocity is increased in between the patches to satisfy 
continuity and two shear layers are formed immediately downstream of the patches due to 
velocity difference between the induced jet and the slower moving water at the near wake 
region behind each patch. Normalized mean longitudinal velocity profiles given in Fig. 11 
show that when patch density is kept constant for one of  the two patches in side-by-side 
arrangement, increasing density of the neighboring patch initially elevates the longitudinal 
flow velocity in between the patches and leads to a lower minimum velocity further down-
stream. The initial increase in velocity in between the patches for denser neighboring patch 

Fig. 10  Transverse profiles of normalized a  mean longitudinal velocity, u∕U
0
 , b  transverse turbulence 

intensity, 
√

v�2∕U
0
 , c Reynolds shear stress, −u�v�∕U2

0
 , downstream of vegetation patches in side-by-side 

arrangement. The legend shows in parentheses the density of the patch that is neighboring to the medium 
patch. The gray shaded area in between the dashed lines at y∕D = [−1.25 − 0.25] shows the position of the 
medium patch and the dashed lines at y∕D = [0.25 1.25] show the position of the neighboring patch. The 
downstream distances 0.5, 2.5, 5, 7, and 10D shown in a are with respect to the rear edge of the patches 
(Fig. 2b)



Environmental Fluid Mechanics 

1 3

is an obvious effect of enhanced flow contraction, since a dense patch diverts laterally a 
larger portion of the flow compared to a sparse patch. Additionally, the flow in between the 
patches is enhanced by the flow that gets diverted by the neighboring patch.

Further downstream, the near wake flow characteristics of each patch affect the lateral 
momentum exchange between the patch wakes and the jet in between the patches. For side-
by-side patches with equal density, lateral turbulent mixing occurs at the same rate at both 
sides of the jet due to symmetry. However, in nature it is rather unlikely that two neighbor-
ing patches will have exactly the same density. As a result, the velocity in their wakes will 
be different and the momentum of the induced jet will be dissipated at different rates at 
its sides. The effect of this asymmetry around the jet is mostly visible in Fig. 11a, which 
shows the mean longitudinal velocity profile along the axis in between side-by-side patches 
when the sparse patch is held constant. It can be observed that close to the patches, flow 
velocity gets reduced at a similar rate for every density of the neighboring patch. How-
ever, at 4D downstream of the patches the velocity gradient gets steeper as the neighboring 

Fig. 11  Normalized mean longitudinal velocity, u∕U
0
 , along the longitudinal axis in between the patches. 

All possible combinations for side-by-side arrangement with respect to the a sparse, b medium, and c dense 
patch, and for staggered arrangement with respect to the downstream d  sparse, e  medium, and f  dense 
patch. For patches in side-by-side configuration, the downstream edge of the patches is located at x∕D = 0 
(a–c) (Fig. 2b) while for patches in staggered configuration, the downstream edge of the downstream patch 
is located at x∕D = 0 (d–f) (Fig. 2c). Legend shows the density of the patch that is held constant and in 
parenthesis the density of the neighboring patch
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patch density increases. This is owed to the fact that the lateral shear layers have grown 
and started to dissipate the momentum of the jet at different rates due to variations in shear 
layer thickness and velocity difference between the jet and the near wake region of each 
patch. The denser the neighboring patch, the steeper the velocity gradient becomes and the 
lateral mixing is enhanced. This leads to lower minimum velocities for denser patches. The 
two individual wakes of the two patches eventually merge and form a unified wake, with 
the velocity at the centerline at 10D downstream of the patches being considerably lower 
than the velocity observed at the side of an isolated patch (Fig. 10a).

Different flow patterns are expected for the tested arrangements when comparing the 
mean longitudinal velocity along the axis in between the patches, unp , to the mean longitu-
dinal velocity at a transverse distance of 0.25D from the lateral edge of an isolated patch, 
uis . For the side-by-side patches, unp is initially greater than uis until 2.5–5D downstream 
of the patches, with the difference becoming more notable with increasing density of the 
neighboring patch (Fig. 12a–c) and enhanced flow contraction. Afterwards, unp becomes 

Fig. 12  Relative difference of mean velocity along the longitudinal axis in between neighboring patches, 
unp , and mean velocity from respective points with transverse distance 0.25D from the edge of an iso-
lated patch, uis , with same density. All possible combinations for side-by-side arrangement with respect 
to the a sparse, b medium, and c dense patch, and for staggered arrangement with respect to the d sparse, 
e medium, and f dense downstream patch. For patches in side-by-side configuration, the downstream edge 
of the patches is located at x∕D = 0 (a–c) (Fig. 2b) while for patches in staggered configuration, the down-
stream edge of the downstream patch is located at x∕D = 0 (d–f) (Fig. 2c). Legend shows the density of the 
patch that is held constant and in parenthesis the density of the neighboring patch
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lower than uis , with increasing density of the neighboring patch again amplifying the dif-
ference, but this time showing the merger of the two neighboring patch wakes into one. In 
general, the difference of these two variables, unp − uis , ranges from 0.05U

0
 to −0.08U

0
 

when a sparse patch has a sparse side-by-side patch, and from 0.39U
0
 to −0.39U

0
 when a 

dense patch is placed side-by-side to another dense patch.
The presence of a side-by-side patch alters both the maximum value of TKE along the 

axis in between the patches and the point where this occurs (Fig. 13). Specifically, TKE 
increases with increasing density of the neighboring patch, while its peak is shifted down-
stream with decreasing density of the neighboring patch. This can be associated with patch 
scale turbulence and the strengthening of lateral turbulent mixing due to formation of a von 
Karman vortex street behind each patch, which can affect the flow beyond the patch trans-
verse width [44]. The required distance for the interaction of the two shear layers that are 
formed at the sides of an isolated patch is longer for sparse compared to dense patches [20, 
26]. The enhanced lateral mixing that occurs in side-by-side patches eventually leads to the 

Fig. 13  Normalized square-root turbulent kinetic energy, 
√

k∕U
0
 , along the longitudinal axis in between the 

patches. All possible combinations for side-by-side arrangement with respect to the a  sparse, b medium, 
and c dense patch, and for staggered arrangement with respect to the downstream d sparse, e medium, and 
f dense patch. For patches in side-by-side configuration, the downstream edge of the patches is located at 
x∕D = 0 (a–c) (Fig. 2b) while for patches in staggered configuration, the downstream edge of the down-
stream patch is located at x∕D = 0 (d–f) (Fig. 2c). Legend is same with Fig. 11
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formation of a single wake and reduced longitudinal mean velocities and Reynolds stresses 
at x∕D = 7−10 , when compared to measurements at the same lateral distance from the side 
edge of an isolated patch with same density (Fig. 10).

Flow through side-by-side solid circular cylinders has been analyzed thoroughly and has 
been observed that for T∕D > 2.2 two parallel von Karman vortex streets are formed while 
for T∕D < 1.2 the two cylinders act as a single bluff body forming a single von Karman 
vortex street [41]. In between these thresholds, the wake of the two cylinders is asymmetric 
with the flow exiting the gap being biased towards one of the individual wakes, reducing 
the wake length and increasing the vortex shedding frequency of one cylinder compared to 
the neighboring cylinder [41]. For side-by-side porous obstacles ( L∕D = 0 ), such as those 
tested herein, Meire et al. [44] observed that such biased flow occurred only when the two 
patches were connected, i.e., for T∕D = 1 . When the two patches were not connected, they 
observed flow acceleration in between circular patches for T∕D ≤ 1.63 . In their numeri-
cal study, de Lima et  al.  [46] noted that when T∕D > 1.25 for side-by-side patches, the 
wake of each patch is similar to that of the corresponding isolated patch. Vandenbruwaene 
et al. [43] observed that squared patches of Spartina anglica in side-by-side arrangement 
begin to interact from approximately T∕D = 3.3 up until T∕D = 1.1 at which point the two 
patches act as one. They observed that in between these two limits the flow gets accelerated 
and argued that this should lead to a negative feedback that hinders the lateral expansion 
of the patch, provided that the incoming velocity is high enough. Their findings were also 
validated for patches with circular shape. In the present study T/D was set equal to 1.5 and 
it was observed that flow in between the patches was much different than flow around an 
isolated patch (Fig. 12), which means that the patches interacted with each other.

Meire et al. [44] observed in their experiments that the flow velocity in between side-
by-side patches was initially steady along a region that is called the potential core [57] 
and after the lateral shear layers had grown enough to affect the centerline velocity, the 
velocity decreased towards a minimum, which signified the merger of the wakes of the 
two patches into one single wake. A potential core was not observed in the present study 
but instead, velocity started to decrease immediately from the first measurement point, 
0.5D downstream of the patches (Fig. 11a-c). When compared to the experiments of Meire 
et al. [44], the absence of a potential core region could be attributed to enhanced turbu-
lence that is generated from the significantly greater incoming velocity herein, which was 
equal to 24.4 ± 0.3 cm/s, which is almost 2.5 times greater than that of Meire et al. [44]. 
Enhanced turbulence presumably facilitates turbulent mixing and could lead to faster dis-
sipation of the momentum of the jet. A relevant observation was made by Meire et al. [44] 
who observed much greater values of the kinematic spreading coefficient (i.e., deceleration 
occurred at a faster rate) compared to values for free planar turbulent jets from the litera-
ture and attributed this difference to elevated turbulence. Finally, the diameter of the porous 
obstacles herein was 9 cm, which is much smaller than the 22 cm wide patches used in [44] 
and as a result the flow contraction was different.

3.2.2  Flow in between patches in staggered configuration

The mean normalized longitudinal velocities along the axis in between patches in stag-
gered arrangement also depend on the density of the neighboring patch. When the down-
stream patch density is kept constant, the density of the upstream patch dictates to a large 
degree the longitudinal u∕U

0
 profile along the flume centerline. For example, at the first 

measurement point at 0.5D downstream of the downstream patch, or alternatively 4D 
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downstream of the upstream patch (Fig. 2c), the u∕U
0
 velocity is always higher when the 

upstream patch is the sparse one, followed by the medium and dense patches (Fig. 11d–f). 
This is the opposite trend to that observed for side-by-side patches (Fig. 11a–c). The min-
imum attained values are lower when the downstream patch is influenced by the dense 
patch, followed by the medium and sparse patches, which is in agreement with the side-by-
side patches.

When considering the difference between the velocity in between patches in staggered 
arrangement and the velocity at the side of an isolated patch, it can be deduced that the 
latter is greater (Fig. 12d–f). This difference increases with downstream distance when the 
sparse patch is considered at the downstream position of the staggered configuration and 
decreases with distance or remains invariant when the medium and dense patches are kept 
constant at the downstream position. Similarly to the side-by-side patches, the density of 
the neighboring patch (i.e., the upstream one in this case) dictates the difference between 
the velocity in between the patches and the velocity at the side of an isolated patch, with 
denser patches increasing the difference. In fact, the density of the neighboring patch 
appears to be more influential in staggered arrangement than in side-by-side arrangement.

The normalized TKE profiles along the axis in between patches in transverse configu-
ration have some differences compared to the respective profiles for side-by-side patches 
(Fig. 13). Specifically, the 

√

k∕U
0
 values at the first measurement point are considerably 

higher while the turbulence peak occurs at a shorter distance downstream of the down-
stream patch. In general, when the dense or medium patch is located at the upstream posi-
tion, they have similar influence on TKE along the axis in between the patches and the 
profiles overlap to a large degree for all cases (Fig. 13d–f). The placement of the sparse 
patch at the upstream position leads to lower TKE and the peak occurs farther downstream 
from the patches.

When considering two solid cylinders in staggered arrangement, the spacing tested 
herein for the staggered configuration ( L∕D = 3.5 and T∕D = 1.5 ) constitutes a boundary, 
albeit at a slightly lower ReD of 20000, between the immediate unification of the wakes 
of the two cylinders into a single wake or the occurrence of two separate cylinder wakes 
with individually developed vortices [58]. The two patches in staggered configuration ana-
lyzed in the present study form two separate wakes and exhibit a tendency to merge at the 
downstream (Fig. 8), similar to the side-by-side patches (Fig. 10). The two wakes appear to 
merge at a shorter distance when the density of the patches is increased, while the density 
of the neighboring upstream patch affects the wake of the downstream patch mostly at its 
side that is closer to the longitudinal axis between the patches at y∕D = 0 . When compared 
to side-by-side patches, transverse turbulence in the wake of staggered patches remains 
fairly elevated at 10D downstream of the downstream patch and is relatively similar to that 
observed behind an isolated patch of same density.

Contrary to the side-by-side configuration, a denser neighboring patch (i.e., the 
upstream patch) in the staggered configuration induced the lower velocities throughout the 
longitudinal axis in between the patches, including the section close to the patches, until 
the two patch wakes merged into one (Fig. 11d–f). The reason for this is that the wakes of 
the two patches begin to interact at a shorter distance when the upstream patch is denser 
(Fig. 8a). Flow through an isolated dense patch recovers at a shorter distance and generates 
more patch scale turbulence compared to flow through an isolated sparse patch [20]. This 
fact in combination with the flow that is diverted from the downstream patch towards the 
wake of the upstream patch may explain the faster mixing and the lower centerline veloci-
ties that are observed, despite the enhanced flow contraction owed to the increased density 
of the upstream patch.



 Environmental Fluid Mechanics

1 3

Cornacchia et al. [49] highlighted the importance of turbulence in patches with dif-
ferent densities in staggered configuration. In their flume experiment, they observed 
that when a patch of vegetation with denser and taller canopy (Callitriche) was placed 
upstream of a patch with sparser and shorter canopy (Groenlandia) the ammonium 
uptake rates were increased for both of them, compared to the opposite configuration. 
This was due to the fact that the dense patch at the upstream was exposed to higher 
mean flow velocities while the sparse patch at the downstream was benefited from the 
turbulence that was advected from the dense patch. As a result, understanding the inter-
action between patches with different densities is imperative not only for patches of 
same species with varying density but also for the interaction and coexistence of differ-
ent species in a heterogeneous aquatic environment.

4  Conclusions

Neighboring vegetation patches affect each other’s flow pattern, nutrient availabil-
ity, and scour pattern. While a few recent studies have analyzed the effect of spacing 
between two vegetation patches on the flow field, the wake of two patches with different 
densities has not been thoroughly investigated yet. To this end, the present experimental 
study analyzed the flow pattern in the wake of two neighboring patches of emergent 
vegetation with combinations of three different patch densities (solid volume fractions 
equal to 0.059, 0.114, and 0.188). The patches were tested in side-by-side ( L∕D = 0 and 
T∕D = 1.5 ) and staggered ( L∕D = 3.5 and T∕D = 1.5 ) arrangements. The most notable 
differences were observed in the wake of the upstream patch in staggered configuration, 
which was significantly shortened due to flow diversion induced by the downstream 
patch, with the density of the latter influencing the mean velocities in the wake. In 
addition, the presence of the downstream patch distorted the von Karman vortex street 
that is otherwise observed downstream of an isolated patch. On the contrary, the mean 
velocities in the wake of the downstream patch in staggered configuration or in the wake 
of a patch in side-by-side configuration were hardly affected by the presence of a neigh-
boring patch and both wakes were similar to the wake of an isolated patch with same 
density. However, TKE was significantly elevated in the near wake region of the sparse 
patch when it was placed in the downstream position of the staggered arrangement. This 
can potentially maintain sediment in suspension and inhibit the longitudinal expansion 
of the patch. The flow pattern downstream of two side-by-side patches with dissimilar 
densities was characterized by two asymmetric patch wakes with a jet stemming from 
in between the patches, the momentum of which dissipated at different rate at each 
of its sides. The wakes of the two patches interacted and eventually formed a single 
large wake with minimum velocity and suppressed turbulence at the axis in between 
the patches, which can potentially favor propagule entrapment and the establishment of 
seedlings for patch extension.
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