TURBULENT SHALLOW FLOW THROUGH VEGETATION
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Abstract. A solid understanding of the flow through planhepies is important to better
understand river and coastal restoration schemethercreation of flood retention
activities. Large Eddy Simulations (LES) were parfed for open channel flow through
emergent vegetation at shallow flow conditions. Tiegetation is idealized with rigid
cylinders of constant diameter d. The results arepared to surface velocities measured
with help of a 2D Particle Image Velocimetry (PIs§stem. The main objective of this
paper is to gain insight into the mean and insteedas flow fields, turbulence and
momentum exchange as well as the complex interadtietween the flow and the
vegetation elements. The Reynolds number basetieoehannel depth h and the bulk
velocity , is approximately Rgx 3,000. Due to flow separation at the cylinder tices
are shed and the formation of a von Karman typeexatreet is visible. However, one of
the major novelties in this flow type is that thertices are strongly influenced by the
neighboring cylinders located in streamwise anchegfee directions and experimental
and numerical investigations are rare. A good mabEtween computed and
experimental quantities, both turbulences inteesigind mean values, was found.

1. INTRODUCTION AND BACKGROUND

Both aquatic and riparian vegetation have beconmraeto river and coastal

restoration schemes, the creation of flood retantjpace and coastal protection
projects. Aquatic and riparian plants obstructftber and reduce the mean flow
velocities relative to non-vegetated regions, ame a&dditional pressure and
viscous drag exerted by plants influences strotigdymean and instantaneous



flow field as well as transport processes and systeorphology. A greater
understanding of the interaction of flow with vesféin is needed in order to
improve our ability to accurately model flow anddseent transport through
vegetation.

Most research activities on vegetation effectshim tiparian environment have
been devoted to laboratory flumes of simple cressisn, and many researchers
e.g."*®have made progress in understanding the meanlfigte surface flow
layer above a submerged vegetation zone, resear¢eey.’) have generally
assumed that the logarithmic law prevails. Howedetailed laboratory studies
of flow-vegetation interaction and the consequermeghe instantaneous flow
field, bed-shear stresses, drag and friction mtstips and the consequences for
transport processes are rare.

Presently, steady Reynolds Averaged Navier StolRSNS) models are the
most practical approaches for high-Reynolds-nunfilbgral hydraulics
applications despite the rapid advancements in atatipnal power and
numerical algorithm development. These steady RANS&dels allow the
resolution of the time-averaged turbulent flowdidly adding a subgrid force to
the RANS and turbulence transport equations to wtcéor vegetative drag
effects. For multi-dimensional flow problems, sunkthods were used By°®*
together with a ke or k-w turbulence closure models to study the mean flow
through submerged vegetatioh®™ ° used a Reynold's Stress model (RSM)
accounting for the anisotropy of turbulence, towdate the flow through rigid
submerged vegetation elements. However, althouglanmeelocities were
predicted with satisfying accuracy, RANS modelseéh@ieen less successful at
correctly predicting streamwise and vertical tugmde intensities, because these
models cannot account for organized large-scalécadmess and asymmetries
(coherent structures) resulting from turbulent fliostabilities.

Recently, Large Eddy Simulations (LES) of such #8othat directly resolve
large-scale, organized, unsteady structures irfltve were presented® 2™,
LES is able to elucidate the large-scale cohettemttsires described above, their
important role in vegetative resistance, and theraction and feedback between
the region within and outside the vegetation layer.

In this paper we present Large-Eddy simulationstusbulent channel flow
through a matrix of cylinders. The flow around thdividual cylinders is fully
resolved by a high resolution grid and the cylingtrix can be regarded as an
idealized vegetation layer. The time-averaged vsidield as well as turbulence
guantities are presented and compared with labgraieasurements.



2. COMPUTATIONAL AND EXPERIMENTAL FRAMEWORK
AND SETUP

The simulations were performed with the code HYDRAST, a successor of
the code HYDRO3D originally developed at Bristolnitersity *2 The code
solves the filtered Navier-Stokes equations on itoear grids. Second-order
central differences are employed for the convectisevell as for the diffusive
terms. A fractional-step method is used with a RuKgtta predictor and the
solution of a pressure-correction equation in tihalfstep as a corrector. The
original Smagorinsky modéf is used to approximate the subgrid-scale stresses
that appear from the filtering procedure. The lp-wall boundary condition is
used at the vegetation stems and at the bottomanelithe free surface is set as
a rigid lid with a slip condition. Periodic bourrgiaconditions are applied in the
streamwise and spanwise directions assuming geicaletand statistical
homogeneity of the flow.

Setup and boundary conditions were selected in ogwpalto laboratory
experiments carried out to provide validation datathe simulations. Surface
velocities were measured with a 2D PTV systemoltsists of a double-camera
setup with 10 Hz frame rate and continuous floddligas used as illumination.
Floating 2mm round-shaped black polypropylene pladi on a white
background were used as seeding. A PTV-algoriths thhan applied to derive
velocity vectors for each single particle and af@ds a standard bi-cubic
interpolation algorithm was used to redistributéoegies on a regular grid for a
better comparison with results from simulations.

The Re number, based on the channel ddpthnd bulk velocity uyis
approximately3000. The computational domain spa?@D in streamwise 10D

in spanwise andh (which is the full water depth) in vertical diramt,
respectively. The grid consistedafotal of approximately 7 Million grid points.
The grid spacings in terms of wall units in stre@md spanwise directions were
AX"= Ay* = 50-60 in the region between the cylinders and= Ay" =~ 1 near
the cylinder surface. In the vertical the grid wsieetched towards the free
surface and values @z~ 60 near the water surface and’ =~ 1 near the near
the channel bed were obtained.

3. RESULTSAND DISCUSSION

3.1. Mean Flow Statistics

Figure 1 presents contours of the mean streamue® &nd spanwise (right)
velocities at the free surface. For comparisomtkasured values are overlaid as



black contour lines. The vegetal elements obstthet flow and reduced
velocities can be seen in an area behind the @idmdiaximum streamwise and
spanwise velocities are found where the flow acaéds around the cylinders.
Overall the agreement is fairly good; the obviousmatch near the vegetal
elements can be attributed to the sparse partielsity in the recirculation
region close to the circular cylinder.
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Figure 1. Distribution of mean streamwise (leftflapanwise (right) surface velocities.

Figure 2 presents contours of streamwise (left) sahwise (right) turbulent
fluctuations at the free surface. High streamwigdbulent fluctuations can be
seen on either side of the cylinder where the fimparates from the cylinder.
The peak of the spanwise fluctuations is found jbshind the average
recirculation region. Again, the overall agreeméntfairly good; Near the

cylinders the fluctuations are underestimated leyRh system due to the lack

of resolution.
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Figure 2. Distribution of streamwise (left) and spése (right) turbulent fluctuations at the free
surface.

3.2. Instantaneous Flow

The distribution of the instantaneous streamwidecity is presented in Figure
3. Immediately apparent is the formation of a loamentum wake behind the
elements which is a result from the formation ofaKarman type vortex streets.
Also apparent is the in-phase shedding of the elesraigned perpendicular to
the flow.
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Figure 3. Distribution of instantaneous streamwisdace velocities.

3.3. Bed Shear Stress Distribution

Figure 4 shows the distribution of the mean (laftl instantaneous (right) bed-
shear stress made dimensionless with the total rshe#ress
7(mean) =/ pgh = dp/dxh. Maximum values which are in the order of 20% of
the total shear-stress are found close to thedstswhere the flow accelerates
around the stems. Negative values can be detetthe recirculation region and
in front of the cylinders, where downwards directedd along the cylinder
surface generates a fairly strong reverse flowtahtaneous bed-shear stresses
have maxima in the order of 25% of the total stst@ss. Larger patches of high
shear-stress are found near the elements as wialltias shear layer of the wake
and are a result of the formation of the horseslwéex wrapping around the
vegetal elements as well as von-Karman type vatibat are shed from the
elements.
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Figure 4. Distribution of mean (left) and instargans (right) bed-shear stresses normalized with
the total shear-stress.



4.

CONCLUSIONS

Large eddy simulations were performed for turbulBotv through emergent
vegetation. Additional PIV measurements of surfeelcities were carried out
to provide validation data for the simulations. @lefairly good agreement was
obtained for the distribution of surface flow qu#es. Instantaneous flow
structures such as von-Karman type vortices andgelsboe vortex formation are
responsible for bed-shear stress peaks, however afidee energy losses are
shown to be due to the drag exerted by the plants.
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