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Sedimenterosion in flexiblecanopiesby
vortex impact

Qianhui Li andChristophH. Bruecker

School of Mathematics, Computer Science Bndineering. City, University of London, UK

Abstract

A model experiment with a vortex impacting a flexible canopy filled with a thin homogeneous bed of
particles is presented. Flexibility of the filaments increases the efficiency of resuspension by the
amount it allows the effective canoplyeight to reduce due to the reconfiguration of the flexible
structures.aling of the results with the effective canopy height leads to a collapse of the observed
resuspension in the history of several successive ingpdttis further shown that preferential
pathways in the canopy play a large role in resuspension. When comparing a hexagonal arrangement
to a random arrangement of the filaments at the saaerageporosity,one needs to double the
amount ofimpactsto achieve the same average resuspension. Hahieconcluded that the random

path of the particles around the filaments is affected in a4iorar manner by the local resistance.
Regions of locally sparse arrangements of the filaments cannot bataméepping effect of particles
within regions of dense arrangement in their travel history. Flexibility of the filaments again proves a
better resuspension under such conditions.

Keywords:resuspensionyortex ring flexible canopies

1. Introduction

Resispension and erosion of particles by shearing flow widedigt in a series afaturalphenomena
such as sediment transport in rivers and dune formatiothendesert. It also plays an important role

in both industrialand environmentaprocesseso control particle transport(Ouriemi et al. 200) For
example|t requires effective transportation of the particulate mattsuch as granular flow in food or
pharmaceutical procesgia pipeline systems, whereas there is a requirement to prevent sediment
resuspension in sewage sedimentation tardesd dust loss from sSks which reduces soil fertility
(Bethke and Dalziel 201ZI'herefore, it is of great importance to understand the physical mechanism
of sedimenttranspott and redistribution to achieve effective control of Wsuallythe sediment is
nested within larger canopy layers such as the soil in crop fields, the sand lageadrass, or
canopies of larger scales as e.g. in forests. A recent review of turlflders over vegetation was
given byNepf (Nepf 2012 showinghow fluid instabilitiesat the interface of the fluieccanopy layer
modify the transfer of mass and momewithin the canopy A strong interactionis observed if the
canopy is flexible and the elements in the canopy undergo considerable deformation, sumnirarized
the reviewof wind overflexiblecanopiegyiven byDe LangréDe Langre 20Q8However, as mentioned
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in (Bethke and Dalziel 201the Reynoldsiumber of the corresponding fluid flows is often high, which
makes the understanding of particle transport underlying on the turbulent interactidhe fluid flow

with the complex dynamics of the particles and the canopy structures difficult. Thus, a generally valid
macroscopic model of particle transport in such configurations does not exist to date.

Recent numerical simulations of turbulent flaver canopies are able to inclutlee elastic response

of the structuresHowever, most of these studies arkmited to low turbulent Reynoldeaumbersand

for the linearelastic regime. Bottar¢Bottaro 2019 was able to use multiscale homogenization for
canopies consisting of periodic or quasiriodic microstructures, avoiding the numerical resolution
of small details such as the flow around individual elements of the canopy e.g. filankémts.
considered thdlow above solid surfaces with microscopic protrusions, with the wall roughness either
rigid or linearly elastic and developed the underlying equatidiis isrelevant to the interaction of
turbulent flows with filamentous walls, which are of growingeimst for flow control along
engineered aerodynamic / hydrodynamic surfagBsttaro 2019. The work also summarizes the
recent developments in numerical simulations of canopy flows. The simulation most relewvduis to
study was donéby Sundin and Baghe(Sundin and Bagheri 2019vho simulated he interaction
between hairy surfaces and turbulent flows in a turbulenaighel flow configurion. Their work was
inspired by the experimental observation of streak stabilization in turbulent boundary flows over
arrays of flexible filament@rucker 201} This tweway coupled interaction on different timscales
with the fluid flow and the mechanical system is difficult to achieve in numerical simulationguaesia
by Bottaro(Bottaro 2019. Thepointwise approach used by Sundin & Bagli€rndin and Bagheri
2019 may becomedifficult for dense coatingswhen the fluid simulation through the deforming
filaments requires amore microscopic descriptin. Furthermore, additional simulation of the
transport of particles within the canopy may be out of reach at the current computational power of
supeicomputers. Thereforeufther insightmaybe gainedn laboratory experimentsinder controlled
and repeatable conditions.

The experiments presented hessldress thisneed bystudying the vortex-inducedresuspension of
particleswithin a canopyof slenderflexible filamentsaiming to contribute to thgrowing interest for
flow control along engineered aerodynamic / hydrodynamic surfacdsof such filameteous layers

In practical situations, the performance of such surfaces is often diminished by the accumulation of
dust particles oother particulate matterin the layer For effectivetwo-way coupled interactiorof
the turbulent nearwall flow with the filamentstheir typicallength was chosen in the previous studies
of orderof the characteristiccale of thecoherentvortex structuresn turbulent boundary layersear
the wall, the so called hairpin vorticéricker 2011 Sundin and Bagheri 20l 9nstead ofaddressing
the full range of turbulent scales, the presestidy follows the strategy of usiragsinglevortex ring
as a prototype othis elementary hapin vortex structure impacting with the canopy in a headh
collision.Such grototypical modelwasfirst used bySutherland(Sutherland 196)for the study of
resuspension in a sediment layer on a flat pla& haveset the Reynoldsiumber of the vortex ring
to Re=800,which iscomparable to tha of a hairpin vortexnear the wall(Bandyopadhyay and
Balasubramanian 1995The canopy height ishosen equivalent to the vortezore radiusand the
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canopy properties (filament size, spacing, Cauulimyber) are leaned upon theecent numerical
study of Sundin and Baghd€Bundin and Bagheri 20L9Theyhave studied numerically a turbulent
channel flow at similar local ratio of the smallest vortex size to canopy heigll, asour canopy
propertiesare similar, we might observe some similar features of the interactiéowever, vith the
wall-normal impact of the vortex ring we are largely simplifying this turbulent interactimanlyfor
practical, experimental reasonshe aiasicyclic occurrence of coherent structures in turbulent flows
and their penetration into the canopy is simulated herein with successive shoots of the vortex ring at
the same location onto the canopyhs laboratory experirent with a laminar vortexingis therefore
limited in relevance and conclusions to the specific conditions of the catlopyortex structureand

the particlesused herein rather holds as a benchmark test for numerical simulations under well
defined and repeatable boundary conditiorihat those benchmark tests for engineered canopies are
much needednd welcome to this community waecently highlighted b{Bottaro 2019in his review
article.

Thepresent studymight have some relevande nature for Archerfish as they are known fahooting

jets underwater towards the sand floor to expose hidden prey or fmventer et al. 2017 Therein,

the fish use different angles drdistances from the sand layer for generating a washeffect with
formation of a sand cloud. The authors argue that the fish adapt their shots to different ground
materialwhenthe fishexplored for buried prey items; len food is buried in substratéat consists

of large particles, the fish useshortpulse, but they use a longer one when the substrate is more fine
grained(Dewenter et al. 201)/ The work differs from previous studies on vortex rings impacting with
sand layers under watélMunro, Bethke, and Dalziel 20ethke and Dalziel 20)as the base herein

is not a smooth flat wall but is formed as a canopynposedf slender filamentsThesediment layer
consists ohearsphercalsand particlesvith a meandiameterof 500um and relative densitgf 1.36
which are initially homogeneous distributed irharizontal layer within thdorest of vertical postef
diameter 1mm and intespacing of 4mnfthe canopy) A series of repeated vortex impactseried

out while the deformation of thesand layeiis recordedafter each impact under otherwise constant
parameters of vortex size, strength, velocity and travel path in a quiescentlfiuiche experiment,
the pods of the canopy areigid, in another experiment the posts are flexible and allowed to bend
with the penetrating vortex. Furthermore, the arrangement of the pastgaried to study the effect

of anisotropy of resistance and drag within tbenopy We conpared a hexagonal grid of posts to a
random grid at the same average porosifhe results are examined in terms of teffective
resuspension, measured from the attenuation of lightraugh the bed while velocity field
measurementcomplement the flow sucture above the canopy layeuring impact

2. Experimental setip and conditions

The experimental setup is shown in Figollowingour previous study on theortex interaction with
a rough wal(Li and Bruecker 20)8A piston-cylinder nozzl¢nozzle outleliameter30mm) is installed
at the top of theliquid tank togenerate the vortex ring with a radius of L &#at =22 mm at an initial
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travelling speed of7,= 400 mm/s.Theradiusof the vortex core is measured tds= 5mm. The
calculatedring circulation followsA L i i @ N @d/ields 180 cnd/s, resulting in a icculation
based Reynolds numbet AL 4 4= 800.The time is made nedimensional in the formP’ L

P, 45(it multiplies 38/s with the physical time in seconds) and starts at zero whemlagp process

of the shear layeat the nozzle is finished\t 20 cm downstream from the nozzle exitiransparent
canopy layer with 2 mm thicliscshaped bas@adhered on a glass plate is placed horizontally in the
tank, below which a surface mirr@g arranged45°from the horizonand faces to the camer#s the
vortex ring travels downstream, it impacts @énheadon collision with thecanopy layer which is
formed by a forest of slender cylindrical pasWithin the canopy a homogeneous layer of sand
particlesis placedWe observehe erosion of such pécle layerduring theimpact of the vortex ring
when the posts havdifferent flexibility. The nondimensional time of impact in the present study is
defined at the moment when the free travelling vortex passes the origin of the coordinate sgstem
F};’z 15. An additional time scaleé L P'F F};J is defined to compare the different experiments after
impact.
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Fig.1. Schematic of the experimental set@)and picture of the actual flow rig bJhe sketch in a)
shows the laser rotated into the paper plan€amera configuration A is used with a vertical light
sheet to record the flow field in the verticglz plane; configuration B is used to record the flow field
in the radialx-y plane above tk canopy layer Similaty, camera configuration A measures the
displacement othe flexible canopyfilamentsin the vertical xz planewhile @nfiguration B is used to
recordthe ]*% 0 u vsS }( (o A£] o V} %] <y pEftckinplly, $Zsar@ layererdsion
measurements, the camera configurati®@measures the intensity distribution of theght coming
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137 from the top and travelling through the bedithin the transparent canopy and base (glass plate),
138 viewed by the camera through a 45° sudanirror. The coordinate origin is at the centre of the axis
139 of the vortex ring on the surface of tlggass plate

140

141  Two canopylayers with the same dimension and structure but differdféxibility are comparatively
142 investigated One type is composed ofigid filaments (rigid cylindricalposts of diameterd=1mmand
143  height h=10mm) and the other iscomposed offlexible filaments of the same cylindrical shapés
144  mentioned in the introductionthe height of the canopy layés chosen equal to the charactdigssize
145  of the vortex core { 4= 10 mm).The canopy layewith flexiblefilamentsis cast from transparent
146  silicone (PohDi-methytSiloxane PDMS, Wacker Silicon@®ungs modulustE , 1.24 MPa) poured
147 into a rigid mold whiclis perforated by laser drilling, see the method describe¢Sohmitz, Briicker,
148 and Jacobs 2005After curing, the cast with the filamers peeled off. The rigid one is made by 3D
149 printing with ransparent resinThe working liquid is water- glycerolmixture (70/30 % by mass
150 density é L s& zC ? 17, kinematic viscositya L tt avHsr? | & @which matches the refractive
151 index of the silicone materiah€1.4).Fig. 2 shows thdimension andstructure of the canopy layer
152 and theparticle layerTheslender postare distributedin aregulargrid ,y;) with ahexagonapattern
153 or alternativelyin a random patternforminga porouscanopy layewith anopeninterfaceat the top
154 and closednterfaceat the wall Theaverage porosity of this layés calculated by the ratio of void
155 volume to total volumeyielding &0.94.With the given conditions, our filamentous canopy structure
156 is of similar structure as the filamentous wall used in the numestady of Sundin and Bagheri
157 (Swndin and Bagheri 20)9in theirsh/d=5,5/d=2 and 4, in our studi/d=10,5d=4). Furthermore,
158 with the given material parameter of the silicone we reach the séiltament Cauchy numbesf Q*
159 11, see belowFinally, the canopy height in themrbulent flow simulations is chosen such that it
160 compares to the scales of the smallest coherent vortex structures (hairpin vortices) near the wall.
161 Therefore, ousstudywith the vortex rings at a similar ratio ofanopyheightto characteristic vortex
162 size, which let us assume stronger interaction with the bigdilar as observed in their study

163 Sand particles( Q L s& rt %o... » (dry)) with the averagesize of @ L500 um are uniformly
164 distributedwithin the canopy layein a looselypacked arrangementGreat care was taken to achieve
165 a flathorizontallayer of thesedimentwith constant thicknesgprior to the impactexperiments.
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Fig.2. Dimensionand structure of the canopy layer. a) SlendBlaments arranged ina hexagonal
lattice and b) in randomlgistribution, with the same number density) Flaments with constant
diameter d= 1 mm are spaced in the hexagonal grid as shown vath4 mm.d) Coordinate systems
in the bed with diameteD,e=10 mm, for comparison the torus of the vortex ring with diameter
D=44 mm is indicated as a dashed circle. e) Picture otémepy layer witHilaments (initialheight
h=10mn) protruding out. The tips othe canopy layeare fluorescentlabeledby fluorescen dye. f)
Bottom and side view of the sand layeniformly distributed within the canopy.

Following the discussion of flexibdall-mountedfilaments inflow (Brticker, Bauer, and Chaves 207
(Sundin and Bagheri 20%9the mechanical systenof the filament can be described in first
approximation as a clamped cantilever beam and is described byuteeBernoulli equation
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‘iME" E"'OGML (eq. 1)
Y e Y B axi :

178 Here,q(t)is thefilament displacement in the horizontal plane in direction of the horizontal flow vector
179 at the filament locatior(later in the article the displacemen@ at the tip of the filament isneasured
180 as a vector in the horizontal plars the surface of the canopyThe first term represents the force
181 due to theelastic bendingof the filament, whereas the second describes the inertial force of the
182 acceleratiorand the third is thefluid-inducedbody force per unit lengttBychoosing proper reference
183 values, the system leads to two nalimensional numbers, namely, thheduced velocityT* and the
184  Cauchy numbe®* (Sundin and Bagheri 2019The first is

~ 6 S e H#ET
VL—=L— LD
& & +

185 where é4ds the densityA the crosssectional areaE SZ z}uvP[e u} pthe«area moment of

M (eq.2)

186 inertia of a filament. The constaritrepresents the added mas§he numerator64ds proportionalto
187 the period of natural free vibrations offdamentin the fluid environment, which we measurad120
188 ms in theworkingliquid. Thecharacteristic time of the fluid fluctuatiorigis herein the inverse of the
189 velocity of the vortex ring divided by the diameter of the vortex ring, which calculates to 1T0nns,
190 the filaments adapto approximately the same timescale as the flow changeBhesecondnumber
191 represents a Cauchy number, which describes the static detowmander load

-3 A
U, _— .
3 L@tL,+t (eq.3)

192  where A As theacting integral forceThe typical average bendi@pf the filaments during the impact
193 is about onetimes thefilamentdiameterd, therefore bothT* and Q* are ofthe order of 1, indicating
194  a strong fluidtstructure interaction in the canopyote, that the averageis takenover impact time
195 and over the area of the vortex ring impact zok¢hile the average is dhe order of onetimes the
196 filament diameter, peak values of the deflectifox some of the filamentsan reacHocally around 4
197 5-times the filament diametersomeimes morethan thefilamentinter-spacing

198 Thesediment resuspension is commonlgscribed in terms of the Shields parameter

aL i ké F éoC@ (eq.4)

199 where iis the bed shear stregdlunro, Bethke, and Dalziel 200 ertical liftoff of the particles

200 occurs when thdift force (4 L & i@exceeds the particle buoyancwe couldnot measureherein

201 directly the bed sheastress within the canopyneverthelesghe velocity fieldcapturedabovethe

202 canopy surfacallowed us to track the vortex coduring impact Since the canopy height in our study
203 is of the same order as the size of the vortexe, we can expect a stronger correlation between the
204  bed wallshear, the strength of the vortex and how far the vortex penetrates towards the bed when

8
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impacting the canopyWe will look later in our results for possible correlations between regions of
largerpatrticle depletion highradialvelocity at the canopy surfagengential to the tips of the forest
of posts)and closest distance of the vortex core to the wall during the impact

The measurements contain three parts as follows: firstly, the metffddmeResolved Particle Image
Velocimetry (THPIV) is used to obtain the flow field above the candgcondly, the bendingf the
flexible filaments in the canopy is measured dutingimpact of the vortex rindpy trackingheir tips.
Finally, the deformation of thesuspensionis measured by dight attenuation method similar as
described inBethke and Dalziel 201.2n the following the methods are explained in more detail.

2.1 Velocity field measurements

The transparent flow chambeoffers full optical access to different planes from the side and the
bottom of the tank.A timeresolved PIV imaging system is useoinprised of ahigh-speed camera
(Phantom Miro 310/311Ametek) with CMOS sensor of 1280x800 pixels recording at 2000 frames per
second, equipped with a lens (Tokima Ma@®o100 mm, F 2.8). The imaging magnification factor is
/ = 0.15 A continuous wave Argelon lase (Raypower 5000, 5 W power d@i= 532 nm, Dantec
Dynamicsholdsasanillumination source. The output laser beam is about 1.5 mm in diameter and is
further expanded to a sheekor the experimentghe laser sheet is arranged in two variarite flow

field in the verticak-z plane is recorded witlthe camera configuratiom asshown in Figl, looking

from the side onto the flow in the vertical planEor configuration Bthe light-sheet is orientedn a
horizontal xy planeat a fixed heighiimm above thecanopyin the fluid Now, the camera looks from

the side through a 45° mirrdrom the bottom of the tank in vertical upward directighrough the
transparent canopy onto th8ow in the horizontal crossection As the sand particles now dibgct

the optical access to the horizontal ligblhieet plane above the canopyye took these flow
measurementsn configuration Bwithout any sand particleWe assume that the presence of the
looselypackedthin sandlayer at the floor ofthe canopy(max 3nm thickness)s of secondorder
influence onto the flow fieldf the approaching vortexing above the 10mm high canopyhis is
because e denseforest of thelOmm highpostsoppose the flonmuch strongetthan the movable
particlesclose tothe floor. Comparative lbow measurements above the canopy in the vertical plane
(configuration A) withouaind with a 3mm thickooselypackedsandlayerat the canopyfloor showed

no discernible differences under the given flow conditioNgutally buoyant particlesvith a nominal
diameter of 30 um are chosen as flow tracBne data posprocessing contains image ppeocessing,

2D crossorrelation of successive images to calculate the vectors following an iterative grid
refinement method. For the flow field dat&je final interrogation window has a size of 32x32 pixels
and processing is done on a grid with 50% overlap ratio. The resulting vector grid is then used to
calculate the ouof-plane component of the vorticity vectoFor the case of the radial measurenten
plane the equidistant Cartesian velocity grid is later interpolated onto a piylae grid with constant
spacing in radial and azimuthal directiaith the velocity componentsR: NdlJ;and R : NaJ;.
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2.2  Filament bending motion

The detection of the(]o u ve@mfling motionduring the vortex impacis done by imaging the tip

motion from the sideandfrom below, see camera configuration A and B respectivetythe camera

configuration Bthe canopy isagainnot filled with the sand suspensiomith the same argument of

optical access as givendaction2.1. Again, we assume th#éhe presence of the thin saddyerat the

floor near the foot of the filamenis only ofsecondorder influence on the bending motion compared

to the contribution to the tip bendingdue to theflow-induced load along the free enéirstly, he

particle layer at the floor is loosepackedand free torelocatewith the motion of the cantilever beam

(filament) near the walltherefore themechanical behaviour of the calever beam (see eq. (1) and

(3) is basicallynot changed.Secondly, the bending of a ois&ded clamped cantilever beam is

dominated by the forces acting along the tip, while the forces near the foot contribute much less to

the balance of moments, and thefore to the tip displacement. dnparative measurements of

filament tip displacemenfrom the side view{configuration A) without and with a 3mm thick loosely

packed sand layer at the canopy flpfinally, showed no discernible differences under thigen flow

conditions.To detect the tipsthe filamentsare fluorescentlabeled at the tipwith afluorescent dye

containingFluorescent Polymer Parles (PMMARNhBFrakPaticles Dantec DynamicsYhe peak in

the emissionspectrumof the fluorescent dyés at awvavelength 0684 nm while maximum absorption

is near the wavelength of the illuminatidgser light The camera lens is equipped witHang pass

filter (transmissiorwavelength:560 - 1650 nm, Edmund Optics L)dwhich blocks all light from the

laser and reflections from the canomnly transmittingthe light ofthe fluorescentlabeledtips. Thus,

the tips of the filaments appear dgight dotsagainst a black backgrounfleeHg. 4a and 4b for a

comparison of images with and without tfiier. In addition the cameraconfigurationBis equipped

with a telecentric lens (Sill Opticsyhich offersparallel lines of sight when captuing §Z 5] %o |

displacement from a bottom vievl hisensures that the image has constant magnification over the
%SZ }( $Z S o VvSE] & vP X &}E Sdachimege is ¢rdzwrelatedwdith S U

the first reference image, i.e. the resting condition before the impact of the vortex ring. The 2B cross

correlation processing is then done in small ibgyation windows around the original positions of

each spofx,y;) in the reference image. This provides the tip displacement vector field in each instant

of the recorded seriesTo display as a contour plothe §]%oe[ ]*% 0 u V3 KRAUGAFEE »

interpolated onto a equidistant Cartesian gridNote that the tip[ displacement is assumed to be

proportional to thebed shear stresgnposed by the radidlluid velocity componentR : NiLJ; above

the layer surfaceAs argued b¥unro et al.(Munro, Bethke, and Dalziel 20%he bed shear stress

isexpected to banaximum directly below the vortex core

2.3 Bed surfaceleformation

The measurements applied herein follow tiight attenuationmethod documented earlier bethke

and Dalzie{Bethke and Dalziel 20)12The bedf the paticlesisrecorded with a camer&tom below,
throughthe transparent glass wakl\ light source is placed above the tank, illuminating the sand layer

10
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281  from above Amirrorlesscamerawith 35mm fuliframe CMOS image sengttCE7, SonyLtd) is used

282  to capture the intensity fieldThe attenuation method assumes that the intensity of the diffusively
283  scattered light travelling through the thin bed is inverse proportional to the bed héighthis has

284  been proven by testing with three differethicknesses of homogeneous particle layers, which were
285 taken for calibration and validation of the method, see also previoudiegmns of the method

286 reported in(Munro, Bethke, and Dalziel 2009he first image before any impact of a vortex ring is
287 used as a reference when the particles are uniformly distributed and form a horizontalwWither

288 constant thicknessn the quiescent flow tankThe corresponding intensity field is denoted as
289 B @y : TAJ,. Theexperimental procedure is a follows: from the initial condition with quiescent flow we
290  start with the first impach = 1 The corresponding first snapshot imagss: TAJ; is captured vinen

291 all filaments are back to their original location (straight vertical) and any residual flow in the chamber
292 has ceased to zero. Successive impacts are then studied in the sanamdvagapshotsg : TdJ; are

293 takenone after the otherWith each shootthe nearsurface particles ithe region of maximum shear

294  stress directly below the ringprearetransported resulting in the formation of a circular mourtte

295 radius of which increases as the vortex is stretchede alsqMunro, Bethke, and Dalziel 2009

296 Therefore, the intensity in the region of the mound decreases and the image gets darker there.
297 Meanwhile, at the region of highedted wall-shear the particle erosion leads to increase of the
298 intensity. We stop the experimentsvhen we observe first signs (small empty patches) of local
299 complete particle depletion in the evolving erosion craieg. the crater has reached the floor

300 In the image pocessing, we blank the circular areas at the filanfeot positions and use only the
301 regions between the straight filaments for data processifige nondimensional intensity field is
302 calculated for each shoot as+:TaJ, L >5:TaAJ, F i :TdJ), 2E:TAJ, and transferred with the
303 calibration function into asurface deformation ¢ D:4 : TAJ; of the bed. The uncertainty of the given
304 values in¢gDyis r 0.1mm, whichis obtained from the calibration proceduré/e define hereiné; as
305 an accumulatedresuspensiorvalue, which is calculated dke standard deviation ofD:4 : TdJ,
306 equivalentto the RMS roughness tiie deformed sirface Therefore it taks into accountnot only
307 particle depletion but also redeposition in the impact regiorboth contributing to thesurface
308 deformation.

309 For comparison, we take the flexible case as a referafiegs the number of impacts until the eroded

310 crater reaches the floor. The measured resuspension value at this stage is used as a reference for the
311 rigid case and we look in the data how many impa¢ig: were needed to reach the same level of

312 resuspension. These data are then collected in a table to illustrate the difference of the configurations
313 tested. Quantitative data are shown as normalizeddues, plotting the normalized resuspension

314  B$L &; &, pver the rormalized impact number defined a8=n/Npex.
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2.4 Bed and Canopy configurations

A series of configurationsith different particle bedcheighthp, filamentstiffnessandarrangementare
investigated as shown in Table A pair of cass with the samebed height but different filament
flexibility such asCaseRH20and CaseFH20works as a comparison paifhe table provides also the
total impact timesN until first empty paches occur in thesedimentat the valley of the craterThe
resultsshow thatN is always smaller for the flexible filaments configuration compared toritne
ones

Table 1.Geometric and dynamic properties of the configurations that are investigated.

Filament Filament hp h
Case ] hpo/h N
traits arrangement  (mm)  (mm)
RH10 Rigid Hexagonal 1 10 0.1 10
FH10 Flexible Hexagonal 1 10 0.1 8
RH20 Rigid Hexagonal 2 10 0.2 32
FH20 Flexible Hexagonal 2 10 0.2 24
RH30 Rigid Hexagonal 3 10 0.3 62
FH30 Flexible Hexagonal 3 10 0.3 44
RR30 Rigid Random 3 10 0.3 104
FR30 Flexible Random 3 10 0.3 80
SH Rigid Hexagonal 3 3 1 17
FW Flat wall - 3 - - 4
3. Results

The flow evolutiorabove the canopys shown in Fig. r the flexible filaments configuratiorThe
left column preserd the vertical flow fieldwhile the right column displathe corresponding radial
flow evolution at thehorizontalinterface between the main flow and canopy lay€he initial phase
of approach and first contact with the canopy layer occurd=l. The the primary vortex ring
expands to a radius 010.6D at T=1 when impacting andhereafterslightly expandurther over1.9T
time period.As the vortexapproaches th canopyit generatesa strong radial velocity parallel to the
canopy surface below the corgducedby the tangential velocity at the edge of the vortex core

48:e4y;. Thelocation ofpeakradial velocityoccursdirectly below the vortexcore and shifts from
r/D 1045 at the first contact tor/D 10.6 when impacting and further tor/D 10.65 at T=2.9 The
tangential velocity as well as the core vorticity decrease during the penetration into the canopy layer,
indicating the effect of dissipation imposed by the posts within the porous layer.

12



342

343

344

345
346
347
348

349

350
351
352
353
354
355
356

357

Under consideration for publication Journal of Fluids and Structures 13

| T=-1
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Fig.3. Vdocity field in the vertical plan®verlaidwith vorticity contoursare shown in the left column

The right column displaythe meanof the radial velocity(averagedover the circumference) plotted

over the radius in the horizontal plane 1mm above the canopy (blue solid line). The colored dots
illustrate the variation of R,: N&J; over the circumference.

Fig 4 shows thdrack of thecentre of theprimary vortex core over time for the different canopy
configurations flat wall, 210mm rigid canopy, 10mm flexible cangpplotted as the walhormd
distance over time This is derived from the crossctional vorticity fieldin each timestep by
searching for the peak location in the vorticity fiekke Fig. 3The data at the maximum are fitted
with a 3point 1-D Gaussian fit bothx- and zdiretion to achieve higher precisiofhe majoroutcome
for the canopy withflexible filamentsis that the vortexcore during impacgetscloser towardshe
wallthan for the rigid onébefore it rebounds again
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Fig. 4 History of the walhormal distance of the vortex core position during the impact of the vortex
ring in the vertical centre plane-¢ plane). The grey dastiot line denoted the location of the surface
of the canopy relative to the flat wall.

Fg. 5 illustrates exemplarytte deflection of theflexible flamentsalong one row through the cerd
for T=1 As seerby the strong deflection of the tipghe surface can quickly comply with the vortex
impact, opening up its interfac&hus it allowshe core to penetratdurther towards the bedhs in the
case of the rigid canopgeeFig 4. For mechanical reasons, strofegeral bending of the filaments
also leads to a considerabtmvering of the tip in vertical directiomffectively seen by thindentation
of the interface most pregnantat time T=1in regions of maximurtateralbending at abouk/D 10.5
0.6. Comparing the flow fieldtathe same timeT=1 thisregion is atthe radial position where the
vortex corepenetrates into the canopynd where the maximum radial velocity isbervedat the
interface see Fig. 3The effective heighof the canopyis there reduced down toch*=85%h. As the
size of thevortex coreis similar to thecanopy height in our studyye expect an increase of the bed
wall-shear the deeper the vortesanindent the interface angbenetratetowards the bedWewill look
laterin our results fom possible correlatiobetween regions ofargerparticle depletiorandfilament
bending {nterfaceindentation).
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Fig.5. a)Image of a row ofiexiblefilamentsin the verticalx-z plane before vortex ring impact. When
putting the longpass filter on, thaeflectionsalongthe filamentsare filtered out and only the tips
appearasthe bright spotsin b). Inmpacting of the voréx ring on the canopy layer cause thending of

the flexible canopy) $Z 3]%oe[ ]*%0 u v3 }( AZ]The plbtof ¢i}eifective heidht
h* profile of the flexible canopinterface (denoted bythe red solid line), compared with reference
heighth before the impact (denoted bthe black dash line).

Fig.6 displayshe bottom view of the tiplocations before (T= f) and after the impacat T=1by Image
A and Image Beparately ByoverlayinglmageB on Image A, we obtaaxcombination image showing
the tip displacementvectorsQ(xi,yi) in the hexagonal patten. Also, from the zoorn view, one can
see thatmaximumtip displacementcan reach the distance of thieter-spacingpetweenneighbouring
filaments
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Fig.6. Imagesof filamenttips beforethe impact of the vortex ringithageA, T=-f) andat the impact
(imageB, T=1). The combination imageA+B) ofimageA and B shows the displment of the tips
with denoted by red arrows in a zoom view.

Since the vectors are pointing approximatedgially outwards fromthe centre of the canopy (the axis
of the impacting vortex ringthe dominant componenof Q(x,y,T) is the radial component. Further
information is obtainedrbm contour plots ofQ(x,y,T) over several time steps, s€égy.7.
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Fig.7. Evolution of thecontours of thetip displacemenfor flexiblefilamentsconfigurationat a) T=1,
b) T=1, ¢)T=2.9and d)T=4.8. d Z 3] %0 [acenmefdt)(x,y,T) is normalised by the filamertiameter
d.

The contours of the displacement field are not perfeazisymmetricbut show a footprint of the
hexagonal structure of the canopy. Previous studies in our lab haven proven that the vortex ring
deforms into a hexagonal pattern after impact due to a Wtkffect of the azimuthal instability with

the hexagonal grit#Li and Bruecker 20:}8Interesting|y, the peak values @ occur not along the

preferential pathways alongUL r*E FUxr*:FL sd& & ; but in between at angles olU L urE
FUxr:FL sd & & ; The average radius of maximum radipldisplacements atabout 0.50.6 D at

the beginning of impaand it expandso 0.8Dat the late phase when peak values of bending decrease
down to the order of .
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When repeatig the experiments with the sadAdyer inside the canopy we see the evolution of a
similar hexagonal pattern of the deformegdiment A comparison of the typical distribution after
=44 shoots for therigid and the flexible canopy is illustrated fig 8.

Fig.8. Images showing the crater pattern eroded by the impact of vortex aiibgr n=44 times of
impact for case RH30 a) and FH30 b). Correspordinmigpurs of the bed surface deformatiam mm
are shown in c¢) and dg) Contour plot of difference in local bed dace height between FH30 and
RH30; f) br chart of the differencén percentage of the total bed volume within the impact region (

18
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421  d1.3D) The values are obtained by integrating the contours ioveY different circular ring areas of
422  g=0.2D(yt's).

423

424  Similar as observed {Munro, Bethke, and Dalziel ZOP@Jr a single shoot experiment on a flat wall,

425  we observe after several shootseslowformation of acrater. Maximum particle depletiooccursat
426 a radius ofN &1r &(ring of dark blue)just in the region below the vortex corehere theradial
427  velocityat the interface othe canopyis maximumOn the other hand, particles are accumulatadc
428 ringat a largr diameter N &1 say building the crest of the crateFurthermore, we also se& small
429 moundof uneroded particles remaining at the crategntre below the axial stagnatiopoint of the
430 vortex ring These resultslemonstate that the ringlike region of maximum particle depletidiat
431 N &1r & agreeswith the location ofpeak mdial velocity at the surface of the canopy during the
432 impactin Fig 3b, thereforeregions of elevated levels o€l wallshearare seeminglycorrelaed with
433  regions of highradialvelocity at the canopy surface

434  As astriking featureof our experimentthe crateris notperfect circular it showsa hexagonal pattern

435 of the crest orientated in the same way as tlhexagonal pattern of the canopy (spfi and Bruecke|r
436 ). The local maximalong the crest of the crater araligned with the orientation of the
437  preferential pathwaysn the canopy Comparinghe results forthe flexible casé-H30with the rigid

438 oneRH30shows that he diameter d the hexagoal crest is a bit largem addition the magnitude of

439 particle depletionin the crater is more pronouncedhe difference between the bed surface levels of
440 FH30 and RHBRBis included as a subplot in Fig. 8er further clarification, weshow in Fig. 8f the

441  percentage of bed volume which the flexible case is able to further resuspend compared to the rigid
442  one. The valuesntegrated along differentcircularring diameters show that more particles have

443  eroded from the crater valley region and relocated at thder crater crest than for the rigid case.

444  What can be seen is a surplus of about 13% of bed volume more removed from the crater, and 4%
445 more added to thegrowth of the crest.This demonstrates thdtexibility of the posts hapromoted

446 particle resuspensiorunder otherwise identical initial and boundary conditiohote, thatsurface

447 levelsatr >1.9Dare not capturedn the image processing and particles mayendft their original

448 region completelytherefore the percentages in Fiff in sum do nohecessancancel out to zero.

449 Rather,it shows thatthere is also a surplus imet radial outfluxof the bed volume at the canopy

450 border for the flexible casevhich is abouB%higher.

451
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452

453  Fig.9. a)Plots of theaccumulateceffectiveresuspensionégover the amount of impacts of the vortex
454  ring for rigidcanopy and flexible canopy for three sets of bed thicknesBes details of configurations
455  are listed inTable 1. For each comparison pde effective resuspensiois normalised byéc . of

456 the flexible filaments configurationdis the normalized number of impagidefined as impact number
457 ndivided by the total number of impactsx of the flexible filaments configuratiorb) Plots of mean
458 normalized resuspension of rigid canopy dietible canopy respectively with error sar

459

460  Wefurther plot the history of theaccumulatedesuspensioné; over increasing number of shodis
461 allexperiments in a single diagraisee Fig9. When we initially didhat, we saw that the profiles look
462  selfsimilar. Therefore, wehowthe profilesin a normalized fornby plotting L &; €, Qver the

463 impact number$=n/Nsex (recall that the characteristic impact numbBirfor the flexiblecanopy is
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always less than that fahe rigid canopy) Firsty, the normalization shows that the profilésr the
flexible casesollap® into approximatelyone single curvéor all differentbed thicknessesThe same
holds for the experiments with thegid canopiesthough thescatteris somewhat largerSecondly,
plotting the average for the different bed thicknesgegether with the errorbars illustrates that the
scatter is well within the range of the measurement uncertainty, therefore the observed behaviour
clearly demonstrates a physical reason for the different trends in both cuflreyshow for the same
values of &$constantly @ approximately20% higher accumulated effective resuspension for the
flexible canopy. Alternativelpne can interpret the data along the horizontal axise @bserve for the

rigid canopyabout40% lower resuspension rafaccumulatedesuspension per impacts), highlighted
by ¢&& 0.4 at&%= 1 in Fig9b.

Fig.10. Images showing the crater pattern eroded by the impact of the vortex ring in configuration of
particle layer thickneshk, =0.3hfor a)flat wall afterN =4 impacts, bJFH30 afterN =44 impacts and
c) FR30after N =80impacts.

Finally, acomparison of the intensity field fahe random arrangement in Fid.0 proves that the
hexagonal pattern of the crater in Fis indeed aconsequenc®f the underlying canopy structure.
With a random arrangement of the posts in the forest, the crater approaches a rather circular shape.
However, the necessary humber of successive shimoteach the same effective resuspensioas
increased about a factaf two, see Tab. 1. Nevertheless, the fdxicanopy again reaches this state
much earlieras seen from Tab. 1

4 Discussion

Comparing the resuspension of particles in a caradplie same geometry with rigid posts and flexible
posts of the same spe concludes that flexibilitypf the posts has improvedesuspensionWhat can

be seen is a surplus of about 13% of bed volume more removed from the crater in the region
ravQ "o& Q s& which agrees with the region of consideralie displacement of the fiments
radially outwards with valuesf 3 R s@luring the impact of the vortex rindit the inner part of this
regionin r &Q "8& Q r &is wherea) the strongestndentation of the canopy surface is obsery&jl
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493 maximum radial velocities at the interface are obsenzedl c) the vortex core penetrates closer
494  towards the bedUnder the given conditions afanopy heighkequal tothe vortexcore size andhe
495 given canopy properties (filament size, spacing, Cauulrpnber), these results prove the strong
496 correlation between locations of pedded sheasstress (maximum of particle depletion), peak radial
497  velocity at the interface to the canopy and peak indentatiBased on these resulise proposea
498 conceptional modefor the given situation, which assumasfirst approximatiorthat the bed waH
499 shear is proportional to the strength, of the impactingvortex andinversely proportional to the
500 canopy heighh*, see Figlland eq. (5with dasthe kinematicviscosity othe fluid.

L 49 €4y,
DX

501 The expression of theortex strength in form of ,1:é4x; describes the radial velocity at the

o

(eq.5)

502 interface when the edge of the vortex core reaches the canapyich was measured in our
503 experiments.In addition the heighth* indicating theindentation of the penetrating vortex was
504 measured optically, too.Following thehypothesis given in eq. (5) one can compare the curves of
505 effectiveresuspension between the rigid canopy and the flexible canopy iRigne takesinto

506 account the effect of the indentation of the canofihe strength of the vortex is unchange®ecall,

507 the effective height shows gypicalvalueh*=85% at maximum canopy indentatigrwhich is radially

508 moving over the course of impaairin r/D 10.5 tor/D 10.8. Thereforefollowing eq. (5}he wall-shear

509 stress acting on the beat this locationis aboutl7%higher than irthe rigid caseWhen aplying this

510 correction to the flexible casdreducing the &$values about 17%), dbh curvesof effective

511 resuspensiornn Fig 9b can get tanearoverlap The so achieved overlap supports the conceptional
512 model and the assumption in eq. (5), although the exact functional description therein is not known
513 yet. Asin a porous medium the velocity exponentially reaches a Darcy flow (e.g. Brinkman layer), more
514 acwrate estimation is only possible with direct measurements inside the canopy. However, it is
515 reasonable to argum our casdhat the bending of the pillars increases locally the permeability of the
516 bed, allowing fluid to more easily penetrate, which imrtuncreases shear stressundin and Begheri

517 [Sundin and Bagheri Zo}leoncluded, that such surfaces witbft filaments in turbulent channel flow

518 increase he entrainment of free fluid into the bed and may be useful in application where mixing and

519 entrainment are beneficial. The present results confirm the enhanced mixing in the flexible canopy.
520

521
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Fig.11. Canceptional model of the impacting of the vorteixg on thecompliant canopy layer: a)hte
primary vortex ring (PRV) with the core radRyapproactesthe tips ofthe canopy layer. Theorticity
induces a strongadialoutwardsdirect velocitycomponenty; at the interfaceunderneaththe vortex
core, inducinglocallystrongfilament bending b)the indentation of the interface effectively reduces
the height of the canopy laydr* and allows the vortex core tgpenetrate deeper towards the bed
floor.

The crater measurements herein show in general msimilarities to the result®btained in single
shots of vortex rings on saddyers on a smooth flat wa|IV(unro, Bethke, and Dalziel zopgNith the

underlyingcanopy structureit requires much more shoots achieve considerable resuspensidue

to the resistance within the canopy layer, however the global pattern resembles those with a single
shoot in a plane wall. If the canopy has preferential pathways due to anisotnopitgements of the
posts or other structuratlements the overall performance of resuspension improves and the crest
of the crater deforms awrdingly. Aproofis given by recoveringlteexagonal structure of the crest

the crater after several shootsvhen the underlying grid of posts hashexagonal arrangement.
Interestingly, if a canopy of the same porosity is studied with a random arrangement of the posts, the
effective resuspension is largely reducddis isprobably because of theortuosity of the particle

paths while moving through the forest of postedthe non-linearcharacteristics of bed resistance in
local unitcells of posts with different mean porosity. It is assumed that particles remain much longer
trapped in regions of posts with highdal density than they are free to move in spanssgions.
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544 5, Conclusion
545

546  The followingconclusions are based dime above describethboratory experiment under well defined
547 and ideal conditions of the impact of an axisymmetdaminarvortex ring on thecanopies.Most
548 importantly, the heightof the canopyhere corresponds to the siz&f the vortexcore. This is not
549 directly transferableto the situation of turbulent flows over natural canopiebut it's being
550 investigatedhere as a benchmark experimemnd understand theinteraction of vortical flows with
551 poroelastic layers such digamentous wallsthe necessity of which was recently emphasized in the
552  review of Bottaro for the purpose of neawall cantrol of turbulent boundary layer
553 flows using engineered poroelastic coatingjheresultsfor the filamentouscanopies studied herein
554  (see Tab. 1) hawehown three major aspects of the vort@rpact induced regspension

555 x Flexibility of the postsincreasesthe efficient resuspension by the amount it allows the
556 indentation of the compliant interface (reducing theffective canopsheight) due to the

557 bendingof the flexible structuresXaling of the results with the effective canopy height leads
558 to a collapseof the curves foithe observed resuspension in the history of several successive
559 impactswhen comparing the rigid with the flexible canofis resulshould beindependent

560 of the arrangemenbf the filaments in the canopyt is interesting to further investigate if the

561 observed effect can be predicted alternatively by an effective increase of the local
562 permeability of theflexiblecanopywhere filaments bend away from each other (the paize

563 opens up locally)Ths can baestedassuming roughly that permeability scales with psize

564 squared, exact relations can be found8angni and Acrivos 19§2

565

566

567 x The pattern of resuspensionfan initially homogeneous saddyer in the canopy is

568 determined by the local structure of the canopy. In the experiment with a hexagonal
569 arrangement, the preferred pathways in this anisotropic (mastic) layer change the
570 transport paths of the particles. Although the head impacting vortex is initially a symmetric
571 structure, the observed crater pattern transforms quickly into a hexagonal shape. Stronger
572 transport is observed along the preferéait pathwayswvhere the filament bendlessthan in

573 the directions of higher canopy resistance. Note that the impactingexoring generates a

574 pattern of sixradial jets which are aligned with the preferential pathways in the hexagonal
575 pattern, as shown iour previous studyLi and Bruecker 2018

576

577 x Comparing a layer with randomly arranged filaments with the hexagonal structure at the same
578 average porosity show a dramatic decrease of the overall average resuspension efficiency. It
579 needs roughlyloubleamount ofimpacts to obtain the same amount of pte redistribution

580 on average in the impact region. This proves that the preferential pathways in the canopy play
581 a large role in resuspension. The random path of the particles around the filaments is affected
582 in a nonlinear manner by the local resiste@. Regions of locally sparse arrangements of the
583 filaments cannot balance the trapping effect of particles within regions of dense arrangement
584 in their travel history. Nevertheless, flexibility helps again to improve resuspensions, similar
585 as observed ithe hexagonal arrangement.

586
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Restrictions in the choice of material for the filaments to obtit transparencyof the canopy and

the associated special manufacturing conditions have so far not enabled us to examine a larger
parameter spaceNeverthelessthe resultspoint to the fact thatmeasurements of the local effective
height of the canopy layanay be useful to includesto models forparticle transport in canopiessa

the dataoverlapwhen scaled with the effective height of the canopy layer as dharacteristic
reference scale. In addition, statistical measurements of the effective canopy layer height in turbulent
flow over flexible canopiescould be hgbful to find correlations to local differences ierosion
processes.
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