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Executive%Summary%%

Aquatic!vegetation!provides!a!wide!range!of!services!to!the!ecosystem:!improving!waterAquality!through!
nutrient!uptake!and!oxygen!production,!providing! flood!buffering!and!coastal!protection!services,!and!
regulating! erosion! and! deposition! patterns;! thus! playing! a! paramount! role! in! habitat! creation! and!
promotion! of! biodiversity.! While! vegetationAflow! interactions! have! been! extensively! studied! for!
unidirectional!flows,!relatively!much!less!is!known!for!oscillatory!conditions.!The!current!study!is!geared!
towards!increasing!our!understanding!of!the!interactions!between!vegetation,!flow!and!sediment!under!
oscillatory!flows.!Direct!Numerical!Simulations!(DNS)!and!Large!Eddy!Simulations!(LES)!through!different!
arrays!of! idealized!vegetation,!represented!as!cylinders,!are!conducted!using!the!higherAorder!spectral!
element! based! computational! fluid! dynamics! (CFD)! solver! Nek5000.! Different! arrangements! and!
numbers!of!cylinders!have!been!simulated!in!2D!and!3D,!with!the!largest!simulation!having!~!296!million!
computational!points,!using!up!to!32,768!MPI!ranks.!!%

Key%Challenges%

Our! study! is! geared! to! identify! fundamental! physical! processes! driving! interactions! between! flow,!
vegetation!and!sediment,!conducting!numerical!simulations!at!unprecedented!scales,!based!on!previous!
and!ongoing!experiments!at!the!VenATeAChow!Hydrosystems!Laboratory!at!UIUC.!Flow!through!random!
and!staggered!arrays!of!cylinders!is!investigated!to!understand!the!effect!of!spatial!heterogeneity!of!the!
vegetation! on! the! flow.! The! study! primarily! focus! on! oscillatory! flow,! though! a! few! cases! of!
unidirectional! flow! will! be! conducted! for! comparison! purposes.! Coupling! the! experimental! and!
numerical! study! will! yield! further! understanding! of! sediment! dynamics! under! the! influence! of!
vegetation.!!
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A!better!understanding!of!the!vegetationAflow!dynamics,!will!not!only!advance!fundamental!knowledge!
of!physical!processes,!but!also!guide!design!efforts!for!scour!protection!and!artificial!wetlands.!Part!of!
the! study! is! to! characterize! dragAcoefficients! of! the! vegetation! array,! improving! accuracy! of! reducedA
order!models!of!flow!through!vegetation.!The!study!will!also!identify!the!ideal!quantity!and!locations!to!
place!instrumentation!on!experiments!through!large!arrays!of!cylinders.!!

Why%it%Matters.!

Seagrasses!are!commonly!referred!to!as!“ecosystem!engineers”!due!to!its!ability!to!modify!and!stabilize!
its! environment! [1].! They!are! a! fundamental! component!of!nearAshore!ecosystems,!providing! a!wideA
range! of! services! [2],! ranging! from! increase! in! waterAquality! through! nutrient! uptake! and! oxygen!
production,! creation! of! habitats! through! spatial! heterogeneity! of! the! flow! velocity,! to! dampening!
erosion! on! coastal.! Past! studies! have! focused! mostly! in! unidirectional! flows,! relying! strongly! on!
experimental! approaches! only! [3,4],! with! limited! applications! to! oscillatory! conditions.! Such!
experiments!provide!ambient!conditions!closer!to!nature,!although!their!measurements!often! lack!the!
spatial!and!temporal!resolution!required!to!fathom!the!fundamental!physical!processes!in!detail.!On!the!
other! hand,! most! numerical! studies! to! date! have! primarily! used! CFD! models! based! on! temporal!
averaging! of! the! NavierAStokes! equations! (RANS),! which! approximates! the! turbulence! in! the! system!
rather!than!accurately!calculating!it,!and!a!few!LES!studies!had!to!settle!for!a!relatively!small!number!of!
vegetation!elements.!!

Why%Blue%Waters?%

The!study!pushes!the!limit!of!the!scale!at!which!highAresolution!simulations!are!used!to!study!complex!
multiAphase! flow! in! environmental! fluid!mechanics,! requiring! computational! resources!with! sustained!
computing!power!at!an!unprecedented!scale.!The!number!of!computation!points!required!to!model!the!
whole!domain!is!near!1.2!billion.!While!such!simulations!are!still!tractable!on!a!petascale!platform!like!
Blue!Waters,!the!computational!cost!is!abhorrently!high;!resulting!in!reduction!of!number!of!cases!one!
could!run,!thus!constraining!the!insights!a!broader!range!of!parameters!could!yield.!To!increase!variable!
space,! a! wide! range! of! conditions! are! first! simulated! in! 2D! for! the! whole! domain! (~! 4! million!
computational!points),! to!get!an!overview!of!the!effect!of!different!parameters! like!Reynolds!number,!
Vegetation!Density,!Period!and!Amplitude!of! the!Oscillatory! flow,!and!spatial!heterogeneity.!Once! the!
effects! of! different! parameters! are! well! understood,! 3D! simulations! will! be! conducted! for! partial!
domains,!big!enough!to!accurately!capture!the!general!dynamics,!but!within!manageable!computational!
costs.! Without! access! to! petascale! HPC! like! Blue! Waters,! completing! the! study! within! a! realistic!
timeframe!would!be!impossible.!In!addition,!since!visualization!of!a!phenomenon!is!an!effective!way!to!
understand!and!explain!its!mechanics,!we!will!work!with!Blue!Waters!project!staff!to!create!animations!
of!the!phenomenon!using!data!from!the!simulations.!
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Accomplishments%

HighAresolution! Large! Eddy! Simulations! (LES)! and! Direct! Numerical! Simulations! (DNS)! of! the! flow! at!
different! configurations! of! the! idealized! vegetation! are! conducted! using! the! openAsource,! spectral!
element! based! higherAorder! incompressible! NavierAStokes! solver! Nek5000! [5].! The! Spectral! Element!
Method!(SEM)!combines!the!accuracy!of!spectral!methods!and!the!flexibility!of!Finite!Elements!Method!
(FEM)! [7].! In! the! planned! simulations! with! sediment! transport,! sediment! would! be! modeled! as!
Lagrangian! particles! using! a! novel! semiAimplicit! time! stepping! scheme! developed! to! simulate!
polydisperse!sediment!accurately![8].!!!!!%

2D!simulations!have!been!conducted!for!the!full!domain!on!different!configurations.!Two!cases!having!
the! same! vegetation! density! and! Reynolds! number,! but! different! array! configuration,! are! presented!
herein.! The! velocity!magnitude,! along!with! the! pressure! field,! are! shown! in! Fig.! 1.! For! the! staggered!
case,! in! contrast!with! the! random!array,! a! vortex!being! shed! from!a! cylinder! is! impeded!by! the!ones!
behind!it.!This!is!evident!in!the!pressure!plots,!where!more!and!larger!lowApressure!areas,!indicating!the!
lowApressure! core! of! rotating! vortices,! appear! in! the! random! case.! For! comparison,! the! random!
configuration! was! subjected! to! unidirectional! flow! at! the! same! Reynolds! number! (Fig.! 2).! HighAflow!
zones! near! the! walls! are! noticed,! resulting! in! stronger! vortices! being! shed! from! nearAwall! cylinders.!!
Compared!with! the!oscillatory! flow!case,!more!highAspeed! regions!are!also! found!among!cylinders!on!
the!unidirectional!case.!

!

!

Figure 1: Instantaneous velocity magnitude (a,c) and hydrodynamic pressure (b,d) for oscillatory flow at 
Reynolds number ~ 10000. For staggered (a,b) and random (c,d) configuration of cylinders the flow has 
been captured while accelerating from left to right. For the staggered case, the vortex being shed from a 
cylinder is impeded by the ones behind it, which is not the case for the random case. This is also obvious 

from the hydrodynamics pressure plots, where the random case present more abundant low-pressure 
regions, characteristic of the low-pressure core of rotating vortices.    
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Figure 2: Instantaneous velocity magnitude (a) and hydrodynamic pressure (b) for a random array of 
cylinders with unidirectional flow of Reynolds number ~ 10000, flowing from left to right. Notice the 

high-flow zones near the walls, which results in stronger vortices  being shed from near-wall cylinders.  

 

!

Figure 3: Results from 3D simulation of turbulent flow through a random arrangement of cylinders. 
About 296 million computational points are used. Instantaneous velocity magnitude at different 

elevations. Planes at (a) 0.5 %, (b) 1 %, (c) 10 %, (d) 50 %, (e) 75 %, and (f) 95 % water depth. Notice 
the length of the vortex being shed increases with distance from the bottom.   
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Results! from! 3D! simulations! of! turbulent! flow! through! a! random! arrangement! of! cylinders! have! also!!
been! conducted! (Fig.! 3).! A! quarter! of! the! full! domain! is! simulated,! with! ~296!million! computational!
points.! Fields!of! instantaneous! velocity!magnitude!at!different! elevations! show! that! the! length!of! the!
vortex! being! shed! increases!with! distance! from! the!bottom.! This! simulation,! being!one!of! the! largest!
highAresolution!eddy!resolved!hydrodynamic!simulation!in!this!field,!is!to!provide!yet!unseen!details!on!
the!physical!processes!involved.!!!

References%%

![1]!Koch,!E.!W.!(2001).!Beyond!light:!physical,!geological,!and!geochemical!parameters!as!possible!
submersed!aquatic!vegetation!habitat!requirements.!Estuaries,!24(1),!1A17.!

[2]!Nepf!H.M.!Hydrodynamics!of!vegetated!channels.!Journal/of/Hydraulic/Research.!2012!Jun!
1;50(3):262A79.!

![3]!Nepf,!H.!(2012b).!Flow!and!transport!in!regions!with!aquatic!vegetation.!Ann./Rev./Fluid/Mech.!44,!
123–142.!!

[4]!Tinoco,!R.,!Coco,!G.,!2016.!A!laboratory!study!on!sediment!resuspension!within!arrays!of!rigid!
cylinders.!Adv./Water/Res.!92,!1–9.!!

[4]!Dutta,!S.,!et!al.,!Application!of!computational!fluid!dynamic!modelling!to!improve!flow!and!grit!
transport!in!Terence!J.!O’brien!water!reclamation!plant,!Chicago,!Illinois,!J./Hydrl./Res.,!52:6!(2014),!pp.!
759A774.!!

[5]!Fischer,!P.F.,!J.W.!Lottes,!and!S.G.!Kerkemeier,!Nek!5000!webpage,!(2008),!
http://nek5000.mcs.anl.gov!

[6]!Deville,!M.,!P.!Fischer,!and!E.!Mund,!HighAOrder!Methods!for!Incompressible!Fluid!Flow,!Cambridge,/
England:/Cambridge/University/Press,!(2002).!

[7]!S.!Dutta,!P.!Fischer,!M.H.!Garcia,!A!novel!semiAimplicit!Lagrangian!particle!tracking!model!for!efficient!
computation!of!particle!transport!at!low!Stokes!number,!under/preparation/for/Journal/of/Scientific/
Computing,/Springer.!

List%of%publications,%data%sets%associated%with%this%work.%

{1}!S.!Dutta,!P.!Fischer,!M.H.!Garcia,!A!novel!semiAimplicit!Lagrangian!particle!tracking!model!for!efficient!
computation!of!particle!transport!at!low!Stokes!number,!under!preparation!for!Journal!of!Scientific!
Computing,!Springer.!!

{2}!S.!Dutta,!P.!Fischer,!M.H.!Garcia,!Large!Eddy!Simulation!(LES)!of!flow!and!bedload!transport!at!an!
idealized!90Adegree!diversion:!insight!into!BulleAEffect,!under!preparation!for!Journal!of!Scientific!
Computing,!Springer.!!



!

! 6!

{3}!Dutta,!S.,!Ranjan,!P.,!Mittal,!K.,!Fischer,!P.,!&!Tinoco,!R.O.!“2D!HighAresolution!numerical!study!of!
emergent!vegetation:!characterizing!drag!on!unidirectional!flows”,!under!preparation!for!Env.!Fluid!
Mech.!

{4}!Dutta,!S.,!Mittal,!K.,!Ranjan,!P.,!Fischer,!P.,!&!Tinoco,!R.O.!“2D!HighAresolution!numerical!study!of!
emergent!vegetation:!The!impact!of!vegetation!layout!under!oscillatory!flows”,!under!preparation!for!
Env.!Fluid!Mech.!


