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| nf |l uence ofv eugnectearttiaonntp
a 2D model

Frederi k Fol ke, Rebekka Kopmamee iHohnschop

Dept. of Hydraulic Enginefadwmlgty of Architecture ai
Federal Waterways Engineering akiadr IRsersiehae clhn il viesrtesinteaugt eo f |
( BAW) Karl sruhe, Ger many
Karl sruhe, Ger many

freder i kaw.od ek e @b

Abstorfalce i mpact of terrestrial veSgoemeatioh i $ hteecomedye choregeget
i mportant Genmiatderwhys foranfdl opdt eordterppdndent For exampl e,
for a natur al desi grmorofesitnlmand m@anttédsemiay $- trees and with t he
hydraulic r essuibsmtea rgceed  -safnbdme m@@gr ow in wi dt h. Bhl obmesr papeel
vegetation, sever al vegeta_tiorbr@%qarnotaec@e%nérea aviagt a8t e c A
Tel eenBc Thegetwadiisonchar actseerliezcetdgdpbgyi v i du al vegetati ownabpared me
R Abroachencmeentaintios in 1 S”%ggda?jﬁ%%%t"ﬁ ofafidnum| ues wit
roughmnessed byr\eesgldetta;tlfchremnhbu%or wzg‘?.‘kedrllsvterd.butlon
variability arfd vielget aegernaadlmheasThe ai m lowatstoheevwmdruat e di ff e
themsel vepapherst he interdependemroidesslospsi det evngntt he influence
vegetation parameters and theigft mghl@emaﬁp@gl\,vpdl@qaqméwéd bry byme
allometric relations are analyg@ag¢.erdfaiihayty®d sa 0 wicethed adigies Bd esh ¢
between hydrodynanmite dnidaemestietry. lﬁﬁ*&hﬂt(wrmeyrtﬁamlnyjoHsEython) devel o
uncertainties of thesuvletglentgatflroglr)gwa Eﬁﬁ‘ﬁbperrsclraan $,| be us
natur al range of variation artenedeiﬁf[muré ofad I{ﬂ'@et\ﬂa?iat
relations and by a I|literature rpeavriae et§¥sme Sfpehcetanroléf Cg " dd &
analysis2bhsihggurmar i c al mo d e | o.f st.roai ht
compound channel, it is appare%Pp?ﬁaatChteth' ulncetthalsntﬁ.regmgfwotrhlf
e at.i f edr_si n, c.om
vegetation parameters outweigﬁngg%tauin%?\’\(/q J 4Whée O?/egtehteatpic'
t ti h . . . . .
vegetation approaches influence of the individual p
l. INTRODUCTI ON The dependencies of relevan

Floodplain and riparian vegac¢h tweipean ayvsee da alnagdr glee sicmp écetd

the flow field and morphol o@ild@meprocesseéqtiomspapsi clrua
occurrence of tefieantigl i n&Fadwd@idd Pmywieywnaumset egated by
hydraulic resistance. A |lotloteratenecal ¢thoametigdentaifis n &t igq
interaction between flow anfocuegetsatoinomatnr aheVv akaisadtidleot
The result of these |nvestﬁiggeibaisntairees,s@vgraIOfme)anSlsl’
approache-subfroerr gadn and submer

fdxi ble vegetation. Sever al Hf V%%EeTNé'Ob'e"’bo@Flast "R VRBETET 'sON

representing roughness ef fectThehaegetbateino ni atpykpeeose ntdribades ria
TELEM2(Q 1alnd are avail abfl fei ¢ iosatitu®leyneeet henhehght of trees
release. As input data diff dreg@rith fvwepdtpathipamsb maa oggredditteirosn ss
vegetation density and heighto abree oemrsieder ¢ d. -s tFlmmé digudsgh el
that vegetation parameters cammehgede conarn ti ome (ce@a.ng.o chce
and width growth), bu ase dllexidubpgileayntadfoctalmer ad disdtucaer b
(e. g. foliage). I n additionhydtrhaeusie’ c e x feish isttt ehimreedeu ¢ ghbersieedsn
variation. However, uncert adatitmheadt c anm e aviistohei snt i tghee e throame
recording of the parameter sstulchyerefore, the question ar
what influence the total ert(glnties 8f t he veget at
parameter st hkbavreesahting rou% Pme g e dfree
vegetati on. assumed that the crown
Ievlenl.th|s case a simplified
el ements to rigid cyl[i3qdered riy
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and Bosméali ebarred t o as P& X u bi metargoedtii & @ dthlme r mor e, a si
vegetati on medidlmefrare dr iveigk trdamee v elpa 9sed edements to rigid
t he hydrodyna@i® Cund®nsmndy th .
di mensionl esswdrfaga cIsoEenfgfhiEci el azyerljt[?]gz]g;a?iil;[ig(s(]lr @tﬁoe rBraede '
hydr odyn ansi Cdedfelnnsadtyasprlolpecs\}a K3 g} e : v V)
areashveeogetat|on el ements di vl V’%t Ieérﬁ% étrc%tg (i %L? b @%\Ider
mUI.t'p |ed .by tEh)e watgerd c"EF">FK~’])[I']'I§‘|'aarccou %% he submerged
cylinde , Ptosimplifies to"Qis needed as input giarfaeret wi
a0 — (D resEect Lo ;Ehe| assumpthonib f
. , . ) wi,thin the Oreley ukhpieH ag ks .
with the sOemddi amets@enweeg ;t h:e ; ;
individﬁmirlhetrdereasg.[dihqe:ifisftciraaiteemthphfsormatIOn about spacing bet

iapproximtely In I'iterature higher values

. bu sbae be found comp@irweas twalt
Li ndnSeimd Pasche[ &]meefRoued; r0 |S|UVI soft woaond faomdesttc
LI NDevel oped a metdodrag qoad futcf\»/(eémag @ 1§$/ofumcg)09rﬂ%(ooI0der)
at t he rdaeh metaloed. assumes;s tﬁ)e (f Samic density.
coefficient of zodoeypemdleronrn nt?t g<e _
coefficienoanwlhmerydeidngtless,i stt ae ¢ @ forestr tFrerf ahius issudy
duef fects of t he amddeatdhehute natys li In@meetsr i ¢ reI tlons for bush
the gravihtey LWNDevegetation 0 el .neeés a s
parameters the stem diamete Fdé'eénlofmhu me [5:9 | § éé?\%ggnﬁrg%
vegetation el ement s. Depending on t species
flexibility of the vegetatlor
0200 resistance @ bdball¥ri eofuerr.r ed t o
0175 i ntrod-bagdr aappr oatshu bfnoerr of e de x
_ submerged vegetation ba[skadl] on
T 01501 To account for[ VYVkepetsat nramedl e
é indégr™@nd the vegetation hei
. 01257 specipesi fic odparanmkebeesneeded.
z
g 0100+ Ref er[elnkpet ended the JAER ap
£ submerged conditions by assu
€077 distribution in the free | aye
§ 0050 approach referred to as HYBR)
- Al l ateigen model s used and
0.025 4 .
vegetation parametelr.s are sun
0'0000-0 02 04 06 08 Lo TABLE 1: USED VEGETATION MODELS AND THE CORRESPONDING INPPUT
stem diameter, D [m] PARAMETERS
Figure 1: Allomet[rihlet wed¢mtstoemf dir a meig@iEiodhibdel Approach Parameters
hydrodynami @al d ®mies trayirc wif tade tiomt erval | of 11 t o113
refer[r8d t o P&B [4] 1-layer, rigid 6,40
The vegetation parameters st éhWEPlamdefiddand 3 Pacing ar «
interdependent 7f]orromu Itahtiesd raen aa lideemmle t  i-layer, rigid 6,4Q0Q
rule HUTH [9] 2-layer, rigid 8,6Q3 Q
5 o & ° @ VANV [10] 2-layer, rigid 6,aQQ
. . AER[11 1-layer, flexible | 6 , ... 6, 0 6,"@
wi t h number of ust,emasndpebrrehaesiti..él.] ot e ebee 0 0 UO
di amé®t Eor t hespegddii eed;e@eddSriteHYBRm] 2-layer, flexible | 6 , ... 6,0 0,'®
all omet rid [c Bdmtcaromi ned a range of variation
from 11 to 13 for stsindg Qh)sarmdiher”; ﬁ;eMrEma -
(2) a relation between the hydrodynam ¢ d?e#@ﬁ?ﬁy and the
di ameter can beFidge.rtihvee d afnogre tokfe evsa.h ulers st uddD amoTEU E MAC a
is shown. compound channel -swacst iuwsne dh adT

: . wi dth mfan3dOwas compowiedle orha i
B.Ri gi dswmerged abdsbubmergedyannem ,wiade6Obank with amsl op
The r oughnebsuss heefsf eccan odnl y whede ade cheataeIe)d fl Bawdpl ahe &as
represantedt imbdtei dne b-svelemer ged
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channel l enmgt wi wlas a360@pe b ef osrter evaemiwei sceonsi der ed. I n g
direcbidan of presumed for al | parameters
< di stribut$pbinhg avtaesd ienxwempl ar i |y
= description of a normaandithe
_/—LLLLLLL standard , daerwei ane eded. For th
4:A0 mini m@E gnd ndaddi nvaadl ules of th
- > > - vegetation phalkenet énr o.rmweé invtaer
60m 60m 180m assumed vleget ptahreamet er s ar e
di striTbutdeedd.er mi ne t he standze
Figure 2: Crossection of investigated compound channel assumed ®hat 9|g| 78al ues | ie w
val yThe. mean and st an
The bottom roughness was lll? i on the ur
roughnessqguluiawal @hte ba)rfdtrhoeugﬁlﬁ%w sq}b t¥dle nglIOV\N kg %% Snfu
channel and thembamkdwerfetétet fioodplamin 3
t 6. 0
To consider the additional resistancé caused by ve(481et_at
the principle of linear superpgodintaingPpiysthseg. umTpast aikm
frictiisennsum of the bed asmnodg Pree s&h ¢ v@K ¢kaEiddugie nt  ( FOSM) n
the vegetation form _eesilsnt aMRRErelro ymatthodyr(fMele or -meta
study the vegetation on theénfrehypenmipal jcshapssymgddode |
uni form. without sedlment tran sport

. recommenfd2dl)4]e Tdhi s met hod ne
Three different flow eventpsymperre oif N 5§ Siuil Bati oth Wiuthly f(lt
dept h folnootdhpel ai nm EFP) Dim3 100 ys one for the reference s
(hEP3m) anmdh@P8n) Fl ow depths werethavqlouGdt §th the rangedofotr me

t

to both flow through Taredasowdmestbrr,ubsmtyedveugnecteartt|ao|nn par ame
al ways conssiudbemeerdg eads. nToon ensur e nor mal f|

conditions t hcealdiibsrcahtaerdg euss iwegr Ethiee F/OeSgMe tmeett hoOnd was applied

€
Q
e

P&B with a hydr odymamidc adechsﬁgyasosfun‘@tOEP” of the Ilinear
coefficient of 1.0. The bouneXaenP lcarnidliYt iUsnisn arMC smaintaad .z
Tal. For the wuncertainty anal ysi
i ed WerueseFdor ctat egiogipdiub mer gec

TABLE 2: BOUNDARY CONDITIONS tr,eeseveral casesediviamet arid f

Event Qi houtetmain | Noutorsp considered. The correspomai ng

: ' derived from thé&@hel camegeiry r

h_FP_1m | 1600m¥s | 7m im submerged andweasbmdirgyedebusht
h_FP_3m | 2750m3s 9m 3m cassemal | bush and | arge bush.

3 of flexibiliwganoanllyys ean ef oaa stel

h_FP_6m | 4250mPs 1zm om flexiBsubmeoged and submerged

Al'l simul ations werseo race iceoddf@But s wmmart hesogeire mean va
TELEMRO (va&amsdml) the horizondeVi adifixdimsee vegigbhhti on par ame
turbul ence model . The t ot alc a aRieafbecrre n@fé weaksk oreantt gv aafi et h a
computational tdirei chAvies ab27 hd dandlhsthowesi Svel ocidteyt eu smd ch ei
aroumd 14 specipesi fic vegetation par ame

0.nm/ s.
IV. UNCERTAI NTY ANALYSES

To investigate t he ef fect E?et.fh'enalpcStretpE;rllnnt.iUensan%éPpyI};

t.he 's é nti n provns ded®dnaut
vegetati on par amearearmse toenr € hvwe hl,glgdrtl'algj\)ﬁj. . P

i. ity .of _al.l undaerti aitrer

and di scharare Ldncsarrtldalurttlyonandal Y8 & was ucraerr'reodbabilit =
out .t hH osr, the(tUcnocIerUraamttcypyAnbael Y&d e T%'0'l i% P y-
Pyt hdoenv)el opefd2nats BRAWd. The unique feature
of t hi s st undvye sit swgatsh acbonntdhteht ie d
nat-wma®ed vegetation parameters.

As a first step all vegetation parameters used in th
investigated vegetation | aws (see Table 1) were assume
uncertain Their natwural wvariability was found in |literat
uncertain parametendenteedr tohebe indepe
dependenci es bet ween them must be known. To ensur e
statistical independency the allometric relations descr
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TABLE 3: USED PARAMETERS FOR THE VEGETATION LAWS out wei g h t he uncertainties |

o e L iU g, . approaches in the present <cas
Tree ‘ 0.063m* 1.0 ) ) i i h FP 6m
D=0.10m | 0016m* | 0.2
Tree ' 0.027m 1.0 i ) ) ) 5.85 -

D=0.40m R 0.007m?* 0.2 5.ao-+ +
Tree ' 0020m* | 1.0 i ) ) 3 E 5751 + +
D=0.70m | 0.005m® | 0.2 . + + +
Tree ‘ 0.016m? 1.0 ) ) i i
D=1.00m | 0004m? | 0.2 2651
Bush : 0285m* | 135 | 150m | ) ) >80 ' ‘
small . 0.062m* | 022 | 0.17m h FP 3m
Bush : 0224m* | 135 | 3.50m ) ) )
large R 0.042m?* | 022 | 0.50m 2.95 1
Bush ‘ 0284m* | 1.35 | 3.00m | 2.45 | 0.45 | -0.08 290 ¢ +
flexible . 0.062m* | 0.22 | 0.67m | 0.68 | 0.12 | 0.03 £ 5854 + + + + + +
2.80
V. RESULTS 2.75
Within this section the focus . 20-—F——- ——— 19 water
on t he flloodplain. The' water depth waFSP 1envaluated at
XxX=22M0 Beside the mean wadalhie al ¢ 110
9%probabi |l it ywaosf coocncsuirdreernecde. Th ]
t he di scharge distribution bet o0 ] and mai r
channel was al so evallbhdted and 'E.
= 0.95 4
A.Uncertainty analysis using FOSIOQO_
1) Rigid nonsubmergedtred: n & i ghe res ul ting ossd ® *® st o0 o ®
depths on the fl oodpkEkrgibgiydarreors h«
submerged tree. The results sho ®  lom botom ocosom potoomit er dep
with increasing stem diameter f event s.
can be explained bymibeddest en ¢ P&B mD P&B,mD&Cp @ LIND
with increasing sJI)emwmlllcahneltmzd deoth f th% aid "

: |ue r depth .for.the Category rigi mer or
decreasing roughness. In P fm\%ﬁln(bodo ?Qta%?ﬁmddl ‘éto)echat
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smal | i ncdreevaisaet iiana tit€weet APPE|] MWBUTH and VANVs wintlsy ftohre trhee ¢
shoswesmewhdevli a&dm otnhd hot her t paor ampedteelrss. are varied are sho

I'n summaryfot hehe esmakbBrpe@sh and theh FP 6m

bussihow good agreemermtn,si cdrtenb u
Vvegetaptpiroonnches model the veloci 585 e free
surface |l ayer diubmencamstidl.y Tfher 5.80 |
vegen altdioght has a | arge influengms_ ynami c
density and the drag coefficien =" fFl uence
output parameters wateHUTdHKRPpt h. 5.704 t of
for stnhbeuush is an exception, bec 5651 t he
hydrodynamha&t hdemrsdjietfyl uence and 560 .
vegetation height has a relatively smal/l one. lhe range
variation resulting from the urn~nrt~i ReRFPA3mM A+ *he veget
parameters out wei gh t he uncert ndi vi due
vegetation approaches in the pr %]
h FP 6m =37
E 2,954
5.85 1 A 2.90 4
5.80 4 1 2.85
; } +
E 5.75 {* + * 2.80 . .
5.7o—¢+ 1 h FP 1m
565 + + ° + i 1.10
5.60 ' : . 1.05 1
h FRBm _ 1007
E 0.951
2.95 1 0 0d G0 e 50_90_
EEXCETTY I + ° + ] 0.85
E 25851 8 0.80 . , ; .
= BAPT HUTH VANV JAER /
2.804 q HYBR
2751
mD & hp & Cp LAl LAl & Cp,y
2.70 LAI & Coy & x LAl & Cp,y & X & hy
h FP 1m _ .
110 Figure 5: Water depth for the category flexible sobmerged and
' subermerged bush for the evemt$P_1m(bottom),h_FP 3m (middle)
1.05 A 1 andh_FP 6m (top) evaluated on floodplain at x=2260 mean value
1.00 4 | (circle) and deviatiomvithin 95 % probability of occurrencéerrorbars)
Eo.gs- . For alll three events the me
090 {ece e-e eoce le-®e e-e ece approach are | ower than the r
0.85 | | of omubmerged (h_FP-sitimmer gac
' (h_FP_3m) conditions the fle
080 BAIPT HUITH VANV BAIPT HUITH VANV d eviation Of t h € water l ev el
(h_FP_6m) | ower ones compared
¢ mo mD&hy & mD&hy&Co The variatifolne aipplrdacmposed
- 4 Water deoth for the cat id vt 4 and of a large variation)owd at h ao
igure 4: Water depth for the category rigi merged an F - - T
subermerged bush (left: small, right: large) for the evienE>_1m Increase .S pechéi s:p_e eis®st amrce
(bottom),h_FP_3m (middle) anch_FP_6m (top) evaluated on floodplain at a | arge I ncrease in the .vege
x=2200m; mean value (cite) and deviatiomithin 95 % probability of causes a very smal/l c i anwpd eir
occurrenceerrorbars) depth and runoff partitioning
i l ess W.han 1
3) Flexible submerged and naubmerged bushi n
Fig.the resulting water dept hlshef gfestudidise | felxg pil eis e pHeie® e
and -snuobnmer gade bsbbwn. Beside UtSfe NRdd dievi@@age strongly frc
rigid vegetation, the JAER ?n\’)?jrellaf'?/_v-as_TLP§edrfqrhgﬁ:sasé)fofVEhro
submerged vegetation and in“nccngétaé_ptté_GBmeorfgeId %O_H&ig_teit_é‘étl
the adapted HYBR model . ForYMh&' raﬁ'gni d' easpporoacl?w%s'%%'PVI", |
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present case. The approaches differ fumdF®meémtally from e
other due to the modelling of & 1 on the
hand andvegét axiidheon the other 5.851
h FP 6m _ 5801
E 535
F =
5.85 4 5.70
5.80 4 5.65 1
E 5751 5.60 . .
=
5.70 1 h FP 3m
5.65 -
5.60 . . . . 2.951
h FP 3m _ 2997
E 285
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3.05 4 2.80 -
3.00 4 2.75 1
Eoos 2.70
2.90 A h FP 1m
285 1.10
2.80 1.054
h FP 1m _ 1009
1.10 E 0951
1.05 - 0.90 -
1.00 A 0.85 -
E 0.5 | 0.80 : : ‘
s tree tree bush bush
0.90 4 D=0.10m D=1.00m small large
0.85 1
0.80 i . . , Figure 6: Water depth for theegetation types tree and bush predicted by
' BAPT HUTH VANV JAER / BAPT for the eventb_FP_1m(bottom),h_FP_3m (middle) anch_FP_6m
HYBR (top) evaluated on floodplain at x=2260) mean value (circle) and
deviationwithin 95 % probability of occurrencéerrorbars)
mD & hy & Cp LAI LAl & Cp,y
LAI & Cp,y & X LAl & Cp,y & x & hp The busbubbmempend for h_FP_1
i ) the tree, it has sl htl | ail
Figure 5: Water depth for the category flexible fsutbmerged and WT £ 1 m Thi r Ig t ¥ r m
subermerged bush for the eveint$P_1m(bottom),h_FP 3m (middle) 0 . . : S esu S 0
andh_FP 6m (top) evaluated on floodplain at x=2260 mean value dens Ities for the small bush
(circle) and deviatiowithin 95% probability of occurence(errorbars) assumevdal aompared to the tree.
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B.Validation of methodol ogy To discuss the influence o

In order to verifE'OSN/Iemeatprpf?ﬁircaa”beﬂleNtX olfhg pdeviations o
h the oadssampitno@ar ,$neCem'’ %'ehfa\/Y%ur taomdar € @& evveigaerti aotni s
hod was applied for the tPiRd aded £d s rﬂ IdlrOagr’)’d‘alme{rC éjeti1 é
catde grsaunb meirgied and subme? ff@”‘?'heﬁrﬁ't@ QHE” '

the eév &P I6m Unantloaptyi nt hiey p e(¢ hes a rel atlve measure Of
Sampllipngs 0 reduce the numbedNdef I PLHAdAF random
experiments W|thoutlnompeomresegtrel|ahiyb|ty (5)
case, 1000 sdamp laePse dwesssdtel sB AW

have shown that such number Usf ngdiMfvleelsu easr et et usaftact aipt
simple hydrodynami c Neivteu d thiedvreg ®atsatiinont hpar amedgtr s can be
this corresponds to about lnégandnlesssmocrfe .tchoempru taaht si colnu ttei

compared to FOSM, which requir~e ~anlw 7 cimol atinn rynsg f
3uncertain input parameters 0.07
Fi.g shows that thibhesul ascg 2% f
(dabkue) are nearly the shame. 3 gos [ ] ffer
a maxi mum o%whairloeu ntdhe5 mean 2 L
computed sl mgkt®yl&imah | MC rhe & 004
Further mor e, a (1nhifny)sr'[mieaqﬂi:“20-03
normal d{eorwadsjised with tts o
The results ar® (pblesck)t.edAs £ LY o
uni form distribution createc= oot ry B ; ater
as a normbabndi bhpttheeb amaada m gv & | o o
also slightly changed due to 9% Cri b
the uncertain parameter. Wit 0.00 0.05 010 015 020 025 930y al
was calculated slightly sma RSD [ hod
except for |l argeabueh fodmHUaTGaH véahpet
di ff e ren C es ar e | er ger for '__'UomD,bush(submerged) ¢ mD, bush (emerged)  ® mD, tree he hi (
sensitivity o f this vegetatio CD, bush (submerged) CD, bush (emerged) CD, tree
h FP 6m < hp, bush (submerged)
Figure 8: Deviatiorof the waterlevel within 95 % probabilityof
5.851 occurrence on floodplain at x=2200related to the RSD values of the
5.80 - i vegetation parameters for the investigated rigid cases of BAPT
55-75* +* + 1 The vegetation categories t|
5.70 1 ++ three fl ow events were consi (
5 65 | | + show exemplarily for HUTH an
' approaches ar e comparabl e W
560 —r o - o di fferences due to the influe
For -snuobnrmer ged (emerged) cond
, BAPT, HUHT and WANY tchhosespfon
FOSM, normal ® MC, normal ® MC, uni
Figure 7: Water depth for the category rigid +submerged and The h y dr O dy néaOn( kvl gdeepresriattye s
subermerged bush (left: smalll, right: large) f@ évenh_FP 6m evaluated rangdevbbadbronhe water depth.
on floodplain at x=220@n; mean value (circle) and deviatiaithin 95% coef fidc ifoernadn g dh a s Yieu d lemend
probability of occurrencéerrorbars) genematsasal | er dreavrn s omvfat er (
Thus, the i®v aleme ei fl drheer
VI. Discussion 60 valfwe bot h s ubsmebrngeerdg eadn dv engo
The wi devergaentgaet ioofm e @ p ple¢asrr gaem Cc @
variability of vegetattbe phhameedred aQiioomr ¢rey.gthigody
det er mofi &ivee @aet at i orc ama rpa me/teeSrtisb meeged veget atyYIY@ndl,uheastit t 8¢
di fficult The results of tHelwideretl i dtay geen dlaynges pPdr fVE
this work show that the rangempar®@ands.tTihen imdd wletnicreg offr ¢
uncertainties of the veget aiteiiggrht pasambteng! youdeaped gthesntt
uncanrtijaais of the vegetation ap§|rr9(faeChteﬁe IBSfFFEﬂBﬁ f%eturr
of this work is that the ra@@ﬁ]ﬁaroéﬁavna(ﬁ'atdft é)tf e. X589
parameters were included. .
further to be |mweasItU|egactaend bveh

a calcul ation according t o
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ul atiobl Ni2ttWwad dével oped Theiadmirsisgiibd,e use of the mc
ormly arranged cylindergiwethlsaili og. FDibdke ededaheydy iifsto rcsoh
checked whether the <cal cwindtiiramedi Py aktosmpampipdsorawi £h
tural structures. i ndi vitdsualThtiess i s consi[s]lant

Vegetald 00 g PRRIQGSENES that ¢

For practical application
veget ati ond Opaadr'@ me tvelrisch can be derived
e.g. from remote sensing, have a | ar uence than tl
coeffdchApartt from the LI ND calculat|o|:|?1E EF‘tEH\‘QESdrag
coefficient can only be det dlf ﬁlF?&@éopbgy?Gﬂmaab@wowmmr &m;w?g\;sllttﬁoErLE
makes the effort nbat iwoeltyh wh i |& ree | P s !
influence compared to other vgl'é M&“{A?CAnREE Usgmecto & @olnxe, Tol
[2] GDal |l e Roakianem enm'ﬂBruZleppenUnuertal nt
Ref er[e2Alt mul ated different vm%ﬂemtdtfiGaﬁntlarppOrfofa|COWéB|fHHEnSSf,riC
using the FOSM methothaddwi hl ? EE3284% 1 0 me
normal distribution, ind31ud[3]np J{gr?\’apﬂzﬁSE‘RV'CLIJNDROSa'ﬁéueF’&Ut
Thesyusﬂmcatt Ilnearlty .Of l nput vé edtaBi(bg,tnF?p35|@?£nc § eJrZ% gﬁ
present due to the direct re[%%t aQn%.hIJBpos%szu\éﬁg LNCR 1 o%r
with vegetation reS|[sa]a|ntce|s gereyd Joq,ﬁnanhgf Stthid d iy %xu|19g5D,v
l'i kely that the results gihie, APRM e metﬁl@edr isp, OtmuthSWWQJrks
robust _desplte t he assumed IBrrh%a§C|htwy|gQ 198he met N
conclusion could be mhede img Ehepawpdk rROSVE O ﬁqy\peqtbank flow
assumption of a normal distri bagtheohedofl owed geltagd hdoon J.p aolf a ke
is justified. Further more, [ftL. R.asreitnoek d,e-dees d b\ didmdyed I G reete!
uni form distribution, whi ch dgenrerraat €fs Agrii mu-638y al® &Byelat sh,
|l arger ranges of wvariation, [8lcBPrred gpomdlsigemo der tWe fidwaeh Setuad
dirsitbuti on of the vegetation p3aPraYaeeredds 10@BE628855 2019
O] F. Hut hof f , Dag8 .M. I\Aul—guslt-luuljsncher,
VIl. CONCLUSI ON sol uti on -aovfe rtahgee dd efpltohw vel oci ty in
i i l'indrical vegeuraRd 0.n,0 2 8 NG ier R
The resuhtsramdlinhgi s show tha% 1 olpv@R ofvoBodsusr. A |
uncertainties of t he veget ad k.o RPan avee t &€ S pOUb aVsEsieg h p t F
uncertainties of tThheutshegeguat i ®3t r apipnrge @aecehh @ sand Veget aRliZeA,i n
of thpaiameters shoWludt,bhetrhneor £roodas. 2003
range of application of thelllapprPdravcches fidautoeuimdnag eéonc @ h sfil d
when choosing thePrewiedead i ophatdpPh g ateqd ati onoManang.. 702 1210 Gl v
flow field is influenw:eedhlbgyh[l £ & ¥ 9%emii anda rﬁﬂ“dv%'geétlh't'ﬂ(b%me””"35@‘5
: Z“,OBIOHsa HE%QLL
recommend to eseegetappooprip® ac T 3
use of e.g. Nikuradseods r oul ]h':ne'éos'k?aén - i KD D igemn .'a{‘k?.‘?ja.rF'f
. vegetat e | o-eic avi & h.a - Do nmtxj‘ree S
roughness el ements are in thetrperc&gtrh QA S tgl éﬁnsgrggrga, b£r
the flow depth [14 R. Kopmann,an8l. Buod@Umecterr,t ainty quar
; _ n r.odynamijc no l'i ng usscianlge t |
Wh e n overflowing vegledywe i or1 é‘lé‘f':?ur%’he ac | \ﬁ@lbeo, i mby dr
roach is t be iwxned.t hfeord efgérle%)g'ap)fv@alP\éﬁ(gtestsaés and-lSexf)uerce apoz
Xi Wielcii. sy his work, the rsepnilat antoifpoltirce drlamxé.b

not show signai. f i HemdslcAhaplydé @ edeir dheevh dittied r
e approaches ofvegdtgiidonspagreatmatero-MadesT IEedamedf g
ocal condi €8rognaR),, WMasterHyeadic, KWal ypiBe e

|
ity should Hlé]Jc'@om@df\ﬁfe@%edﬁodnputnedteXperlmentS
St@a$.. Ghosh and R. Rao ed308 EIl s«

HSQQOO

The hydrodynamic density andloolse vegetat|on height have
a large influence on the output parameters. The vegetat
height playssabmenungeéead.l cdhodligt f oms
coeffplcagsnt aolmi,noandr t herefore a constant
assumption is recommended in practice.
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| mpl ementing Effective
Il nto TEREMAC

Yi Ma n, l oan Nistor, Colin . Rle Q €Ccousineau
Department of Civil Englne(brlng1 |
; ; gstCal and River Engi
University of Ottawa .
Ottawa, Canada Nat|8tnta;W§esce::rr];:(;1aCounC|

amanO70@uottawa. ca

Julien. Cousineau@nrc. (

,EPTrM pheasse dused to si mu
o slsayfoludw t ur[bliln.e limst2e
RAGEBpfloBREt @tSea BANS ec
%ola\FéﬁYOSCorﬁﬁ‘B?(h@ldm wi t

Abstd RicuEemrer gy CoRBEVCOr tteyrpst e(d | {t § abe s u
installed in an arratp Mmaxinmeiken wrrhaih
cost effOptemcying the arrangemeanitng
h
|

pl ays a vital rol e in achiegigng

effectiveness. In order to anapys whe Bergfoirfmagadt Py F'fh?) ‘
turblnesd_eflanlhtllgdm_ nu_merlcal simglkgtitogn Uph 89 r@dqgfiohe of turbi
computational grid is th®hemo gty gPIlggCyd Iciafieaooplﬁr?caf‘hea?dwsaetla
Laboratoire de M®canique des Ffl|b e N nard u CI n) actuat
Laval University, Quebec Cit 'S , e

coll aboration with the(NBCanha 3R ngu?r egeéangaf’@pr%d\s uil;tnys [4
mo d e | approach called the Eff i P eerQ) an'ch

Mo d el (EPTM) that accurately Fts fh%mW%;ﬁV%ﬁ erTsfhety
turbines in an array formatlon A‘ID eMERE :Pﬁbe ln?/gl
devel oped using a computationall €JiSd SR &R thi &9 (dJFan & ifo
and vtaeldi dami th | aboratory experlﬁ\énetrsespte P IR B @ Dot eh'g e computa
National Res[lealrdiaw€vem,cidi mul atMdinBt@AdmMifnaGvri grRasonablté eaodd unr ¢
coast al and ocean domai ns, stpmlnﬁlﬁgojs%&' Fal hundred

kil ometarees often out of reach f or CF hi
computatlonthocrossthsaveThuendaeurttakeASé \E' éﬂﬁﬂw&;tré’ﬁm wak
i mpl ement and validat Dt hen EthTe |0%II?'EL toiwoe very
of properly simulating power rﬁ)%l’b §ncﬁp “&'éff}n%Oth&%‘??bl
array turbine formation. Th ea|d'r:1p‘@-F @p)(e ¥ €410 i ti)gL diaborudp e

i mpl ementation of the3DEPWiMhi naHf®UIEMAcCdi amatrer § odilomwnst r eam

exampl e
P Il METHODOGY

. INTRODUCTI ON A EPTM
A wpl Brrnevder enetgyocaodonwettemgbi eEEWVPETM i s a simplified
the begualpirtiyxerati o Hi@gfthi éelbinogyicaded UtrMe turbine rotor b
CFDnumerlcallsmotdheélahn@sen appheagwhkéuegohe ihsuced by the
high precision and flexibilgindy t he tmorddifryd n@bjand sadghae
par &ekelsh.e Laboratoire de MC@anadﬂrlaq?'Jeedffdj@c%l@ﬁddéﬁ@om the fu
Num®r (LiMFo f Laval déwvievempeidt ymwodell ] Yt herefore eliminating
resolved CFD reference si muljantieorhng cwiitdn | bppautt wedOn mi Hd ifolny jc
in -ame2@r simulated fl ume. T hziosn es iimu | raetpiroond udci esdp | bayy emdi maincdk i
described thecsaaedchpawart ert smwletriagnedoff cdr cds t pas stiurgi nk
crossflow turbine in both 2Rijanid a¥D plaZr]la meltheerisr, WioH &k &€t €
Unsteady -AReyagkdStN&eiser (URANS)aged power extracted by t
met hod for flow resolution amdiauseath.ablhyteeb @ umibli Inieomoe el
simulate the turbine anwerteumbdleenca hlee Gixd na.l-A Ff1l eo wa BtBWrisbr i Bns
highly accur at e5% wiitfhf earelnyc etapforpatra et héy 2D DE&RFT aADBDEPTM |1
results obtained by [3] in 2Dh@ndcdpPefor hatik oriaugfaltawnt
and -Bkowlturbi Net sReabu@aaeEansi.rom BPTMT is used.
( NRCamb s e g uestkidielini t h e dmeevnetl oopf
an erdttisimplibbbedr €E&#Dce the i mpractical
computational expenses, which took a couple of months wi
hundreds of cores to resolve, for | arge river energy con
projkfcftescti ve PerformanwasTurbine Model (EPTM)
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B. Drag Force

The dr ag
calcul ated

0

Equati on

force whi ch
using the fol

)

Wherés the denshDmy , &fi st hteh ef
effective drag coeffi@isent héer
area of the tunbi,ne®diss ctemd et ¢

averaged velocity from every
(a7x .

The effectived,driag tcroefdi &g ¢
normalized withd @ifif.dbei eéfeetl
vel o@jotry,ot her wi s e ddeifsi kneerda gaesd
vel ocitthtej Gaenids sepvadriaaged vel oci
centerplnmeosth t he turbine obj e
centerplane i illTustrated in

t he
| owi n

w vz

00w

S

Turbine

centerplane

Fi guTruer bcé mt e rilpll asntprldt i on

In Fig.isl,the i nfdiondiwvealtcesi
rotation of thei g utrthé ntedii i ma
the blade chord | eahghhihnadifcathe
the axes.
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Figueprsents dirtag efofed dti icy @ nCo nmpauptpaetd onal Domai n

on thefrtamlei EBOICOWTsul t. The noOptaatyign i
GShShS are the same effective gderToognsetg%;%?Mﬁ%gh%;@?%;q%glﬁ%nsMGI
abowe .( I nditrheechtek omghgit@amces tihe 30 meter s long, 1.68 meter
incomi rhalsat gew negativeefefflif @iggim™® (4T HYne di ameter being 1
indicatedvhihnfeerteodp and bottompgregi g@seN@Ver Y€yl ockage rat
low magnitude of effective Idsra0 ecoefihel ephrsm siTREI atyirPnl
experienced Iarge positivey ggfp |e|cctaitvee_ i@ 9spaerabh! mb8RE
indicatkeduedii cttheny and a %Iogjméﬁ ntjgegati viep 0. 021 n
value was ob rved on the sgagmaiod, t)hieelthirrpd ng dl ader odn
l ower half of the actuatingphd@@Pd|OnNhasMor §0Ve&l .sukPadde E
diredtieort,ip of tRahbbadi@eand (shaftare dedfiwadd . asThsoli nf
val ues, siimiuldaer biunt noang nt he Oﬁ)rpé)ssdrnigbesd dceo nOsft atht® water el e
bl ade alnhdniosthiacfehaalt| et har yowt el ot h& ogpen boundary with fre
chasogfe t he posi t.iThres m@fdeﬂhccqﬂaulqabdi,weesor,g,n is set at (0,0
the meamnf faricengarotno me interv@adat Itffhe Ns€pan -G oh 2@ ml ame xi s
changes happenn ttheeo er dpsi tal goeh aygnhegeg tfHag ot Peeg m. 1@ yn dordct
interval will not capture thg chhange s in the fortes and
the stabiliiR2y of the model

Bl ueKisnae dat a sosf swalezdewveh

. IMPLEMENTATITAENL E M-A O Nati onal CoRescadr dfiam attaol supp:
A Dr a Force as Source Termdata i NPRELEMAD® Msi mul a.t i dar iroeu
' 9 choiocfesper sepneacht!iemt s steagwreapd i c a
S1U%R(), SIV%R(), an &1IW%R()ar e def i nreedp raeSsef ntt shtej aseesruMitrsg as a sop

the implicit source terms ondated ocnadlyysins.U, V, and W dire
in 4] aftde$&@] ter msTEArEeMBDs@d by
update wybeaubBlkoaitt each time step. IVSi £QREMRLEMENTATI ON
source term is set to behdar ag f,Qr.c i i \ volume, a
volume of the turbine objecf?'hsglillopﬁ]%%erﬂteq% qVFq_dduvqgierU&ﬁtm%n%H
study, the "PYuUQicE® if@iQm .i sThe N K t h ¢ ¢
compl ete formula is as foll ows:nNo wor W.' ou suppor '
modul es contain functions t
Yo - 808 Twé a 2 geometry, objects, etc., ena
YO i s the source meéQ@ai h, tihe tedi f e t?j gnPcEecbnmaseean
a\pnd'ﬁls referring to (ne]ac)r: fhb?vﬂ&uélhen Ods%t fmpqrtant S|
TELEMAC Mmeshthe densiQm pf PifnoeP et i€f dimul%tion
6° is the effective dragx coéffiPeci ednntd o"f/h ecahchsc’n'ovdeer ifgqua
direction obtaineddifsomredeSEPMMEMBdel NPuUt, andedoundar
turbine center plYdrse tshheownl uii®t Breegiorcg .tfyi | e a{sorwmaltltedﬁbdaate
in the x aBHiyecuaimadns (the sumpatf. TFEWEMACread the data |
discretised mesh node vol unset owiet tihremt ha mermhad myehdé ntp ut rnlepir ri
regiaon ( use. The for mA ties al att @axit &f iel
B. Turbine Volume and Mean Ve‘?’b%ﬁQXf cTom@pe rotpeerr tT(heisn cfl iuldee s

EPT-BIDCRTakteh e averdipeed ofm thECOS nz(ijme, d'?metef' tdh|h09kne‘
center pl anas alfvheelrlageuiumalmrilhmendetoyma'an rotations in egree;
bef 8fvél' i nddfcpd s DaE

expersi ealel owing the same | of g ‘I[’; Cﬁ))} )
f odrhder ag f or aned hsepu attieo n emurs te uanlulloan oFF htitse's Ve &1 ael i
al e tehasneio ctihe tos‘lrmmheeeturbﬂr“ﬂ@PTlﬂabﬁhe effect|ve drag c
comprised of differ@BLEM®fGHhUTrphiima sOhenecotahleues are pres
simulation domain, ilefisr cawee a®® qrgd (itrhadti avse;¢ btely@Ttmeo nzadi us al
mesh point inside the turbi nwei lolbjiglcetep axBunybsi mec hdeamod v ell 0 T ¢
be callowlpatngd.t hr ough aaldil ugsheomebh @dofhesent goompomeant f
inpoly functcbaeaictk ot he mesh poiwrmtyliadiincaldecddredi nate systen
tur milne turmpo inaertceme b @beed ol umeyotfem, as i tThaxcgmpbinestt he cad
turbdne,is the sum of the volum«s$ so facfatelre ttgheomesmankideg t
inside theutrbrimieneneah bel obispiamxddmegonent stays the same
by dividing the sum of all tthe fvledwcdtiestidn.thTiee done
from each mesh point to the gnusmbeenf 0afl oPnogi Nwtist-h rotati on,
turbine obd edatdfor mo dhainal eTo i
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if a node is located within tthkknefOor bi aerespoenseé bitined itfvodo bue
of TECOGs XY and XZ Qpul.io® n,t atnur bsiindee wbijeevt)t.can be consi der
adopt e@h ulrliosn used to draw comMiv@exr ammi B gTrhéi gsn gtgyemeeisagnt ai ns
the two planes. Sinkce sdret ed@pisnes aFGEagORrit al so contai
ascendi rogt heer drerd uff @encti on, taWwd oguiuslkegsrtt o modify its spe
modul es wearned audtanpbtietdeddi, meemesi bhanslation, and scaling.

array and awomearsi dAor amway Nghinds.f90 is set as an overall

funclodolp90 t heneineistthe @oven 4§ §rppnemation. THRIEomgduhei nta
wi tthhein 0 awbyotolf pFeanishen thisgRpoiRE Wi b e hcehoafr aTcE @ raAsuniec s
beconsi dered when calcul ati gg mdmMmsi oEEGDLSwhay®h UMD | @9 d obj e

average velocities. A |ist or{bifedPBOWEEkifr atetdd thrifin@doavii & (Nt od epsec
is presented bel ow: di fferent tubines® f)r.omThere ar
T Agsortfo0 : provides quick $@BtoJtUinceudhines.fad Ot eadTEC and
given array. AA_0 was ad@®dD.fe®TECTRlAEHMAE hteo nluor®dtrh eonf
this file first, as thiet ROFEMR Wit Kkeszel Neql ad e o
al phabetically each el emMEC() i wi pfunhpea@ i niti
. Checkfo0 : checks if a is egeqleheiebicthibalediefll feair enntt h i np
el ement types. frd@lreadClDf ol |l ows the same | og
1 File_csv.f90 : writes complutt £ de &2ddh atrurabyi me $llvjad awte BOf rroeama d t
in an .csv file. B. Ma,iSmurce File
1 Geometry.f90 : handl es t he trans)l ati on scal e,
rotation, and transform,Thf'StHneOdlfI‘?blfHQCt'bO#nsctaS t
represented a 3D array f%|rrﬁl]téltat|on as 1t (owseerfwrsl adersc &
1 Inpolyf : checks if a pointTiEé‘EMﬁAg‘H U3FSa aglf\PeWn |I3r%:r|n5|

pol ygon DECLARATIONS SPECIAL and

1 Mat4.f90 handles a four b)PEclLASQﬁ-I;IONﬁ—rT'%LE'\g/A‘g%D reset,
tnalation, scale, rotation,) gadbihenshotmaffinati o@m.

T Math.fo0 : uses gsort.f9o0, uniAfutee.rf 9dec luadiqug 2vaPDalliTes,
to handle their function@&Q.ilt)telse program chHOLKG) idf t
- Polyarea. f: computes thet uarbdaneophosi tgii o ntameen ddmgaage dcifoie
polygon. pl aacned, wielrlr osrenndlessages and ca
T OQhullfo0O : computes the conwswexphulhlotkddtBCammgad@earr e t hen ca
array.f dSreemdr8d i nformati or.ad t hetdahteam ainndt o memor vy. \
1 Quicksort_include.f03 : calcul at es aveagneshidd@s ray if a given mes
before calling quick sorthleedCd bloas nfdar yo p thi @l vd peve d .

T Tut;b_me.f90 : 3ef|nes Iand Crzatfﬁzlnt\/rbers ubpgpgn e Wei |
oplect and Lis values and 1o terd"'sthb”%oéﬂ&llé‘tgobr&ag?ﬂf'

values from input f"l’lgLEMAC i vital to use

T  Turbines.f 90: creates t he forrhrgats|p%qlé)|f|yt rU‘?stHbuted dr a
turbine objects construciteds the coarser mesh grid o

1 Unique.f03 : Used by Math.f9Q pw mehedaol iwfast heBmpl oyed to
value is unique in a givgwaeged i 86ag coefficients aro

1 Unique2.f03 Used by Math. f 9t0urtbd neh dcokc ait i o a Eraetdu robmersen T
point is unique in a 2D modaygathers dsagt tcovedldu € EWit t

1 User_condi3d_uvw.f over wr iatud g tthhee dé¢dfi ned sear dist batdwasn g3

TELEMBO input boundary eoandi of oleEFLTEMARHdw i s cal cul a

vel ocit in uvw direction. Q,r ﬁ—n—c—o—n—]—u—n—a—t—l—on wi t h
y WQlowe(me

steering file.

I User_mesh_transf.f : overwrites t BienTcded EMWNIGts an i ntrinsic co
TELEMBO mesh transformatéanh node, and EPTM node coo

1 Usersourcef90 : the main sourfiemsptet | ¢hehicoakldeils 0 3 in the
explained| owi hbeséction in meters.

All supporting files can be Adoiusntda nocnedistifiimeshatd ht dilsch dreidfp otshde

[9https:// giChws.inem/udwleinemiedd 3¢ ance bet ween two nodes i s
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of the EPTM node is used, instead &f PBirmucedriveg t o obt ai
value from the | DW method basele OPE B hr&eéu“lg}\ﬁér@é’r”éjﬂhé‘(ﬂaﬁrﬂdte&
within theTBeadehi nadi thr eshjod dgemasscmuIP2t’itofrdd®l t st wiet h
variables that can be invesgEpg®beEdBisheRBensrBWI f1 YWk Xt &
This procedure is to ensure 3t h7esnsr.@awietst BCcae8 T mcyY nand dtthh
efficient use of computing pelwevatairentafkemn intm @Z.cd4nmh .|
is no need nagp WESPTM DIVEltue i nitos FELEMACs, which is the re
grid if the two nodes are wistimun aa i deafribrBede ladiadviesoreceet etshtree
Furthermore, in order to maimotsdi nprtohmne sieiegghelt aiaftedir wbgno
approximated value, the cloEpst! EPTMOG®lde Vhiset isbuwlsen
However, in most cas$ddM ntoldesset tairred nkhotnheah ®fyi Zzont al and
within the disthecethér seicoWdr dsr dedr 3| DW the steering fi
method is employed to calcu?ﬁt‘@t‘t%'&s mfe @ T tn‘brdié“h)eéﬂatlélem"]‘erroﬁ
interpolating nodes within tthe seetaerrc”h'neaotllpg‘ Peiad § esdgnv
for tdedsulE, as in
B — The Ibaovufoofmct|on in threoci;&bleer
0 — 4 which i sle# hledan®it tihek friction ¢
at hdeef ault .value of 60
I n Fotrhiirsaeaycend by cal culating the sum of both
numer ator and denominator on the x, vy, z direction for
node, tihrethh edhhei dearch radius is the most
i mpact f ul variable in | DW method, and it is crucial for
users to deter mi neprtdjee chhe snteerdasdi us for their
| ogi cointsifRangey i s set to check i f there are any
points within Shmpkeacoderadlus the appendi x
from lIline 4 to 37
Parameters are reset at the end of each | oop going
through the nodeé.vallausetsl yal anhge weiftflect i ve
their node | DupdateArray o dode dv etl o cti ey
updat e.
c) Source term updat e
The velocity of each node is wupdated by <calculating tF
drag forces as implicit source terms using the drag coeff
obtained é@r4"véo .uslTihreg i mpl icit source
terms are defined by the drag force on each node dividec
the volume of the turbine. Therefore, the drag force it:
the implicit source term multiplied by the volume of t
turbine object in atiengitmhué ait mphi diotmai n. Upd
sour cealtoankgless azknd t he collection of drag forces
are cothedvnasn t he-4dbppendix |l ine 38

Q

In ths8lbdpds8lvVvV, S1W are the implicit source terms

n u, v, w f PoBrwe pdrissrseesnttiBai hsu e a n d

he specification o¢éffiXt,éff¥f , node | D being updated.

neffZ are the effective drag coefficient i mported and

calcul ated fr cericentdrganeBAP T M dshwe f i |

turbinebs c e MECAWQYW ITBGAegV, a raenad.

TECAvgWr e t he turbine objectivebs average velocity in u, v
and w direction THCValu stthaen disa sftorti me st ep.

t

he turbine objective volume in the mesh.
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FigBtae) and (b) are the reédicegknhcmetrerssldowmstnreed arm eaf btyh

LFMN. Figure f3(dae)| iitsy tChFeD Isiigchhbatcieonfr esubu] endel mgdel deT
and Fig. 3(b) is the EPTM veurmiifoomr mf anle 3> scrtosshuloevnt uw
whicbopsedsto be replikiadderde ueisnud t FEELEMACCconst amatmoeli scolsa
5, @mdkseented luhiengi'anLEMAGnaande Ilcoonlgoerr  wake. The simul at
|l egends bandhei lefaeeTEDODEMACelsut havvalomUni versity; howeve
figures. {fEpgildnumedeK whilehahet FegTEBEMAG Gener ated wi
empl oyed t he constant Vi scbsbmy HRgMbOesdpiwiet hu sdinfgf etr leen t
di ffusion coefficients. The csdenfufldactfiifeent emar a me tbairl £ nacree mod:
for all di f fi enree ®dti Spclein ag e mwsnwdask efso.r Therefor e, t he bal an
108@ eps, yi el dsiinngul5at is@heathidnseeassfour ces and the accuracy of
of ttuhrebsneet at the origin (0f O0O)heSpaseanghdr manertodonige

v/D=-2 D=0 __ x/D=2 _____xD=6 x/D=8 x/D=10 x/D=12 x/D=14

(a

0.9 1.2 15 T,
_ Urof
Fi g8Hiegh d €Fitnyd EffT &Mrsemobkat i(oThopr evsiwelw) [ 1]

VELOCITY UVW
1.5
142224 J N S E—

34091 T
s H ———
1.20319 | p——

1.13466 h I E———

1.06827

1.003%4

g:gﬂg;; Fi guTreempdor al eswd rt a-Bipsd immgd &I (Top View)
881
0.822717
0.766027
0.711099

0415607 Fi guTreemp5or al resswsd iteogediasndo s idit fyf wa dé fiiffnipc pan(tTop Vi ew)

0.171144

0.134719

0.0994265

0.0652318 Fi g@Treempor al reswd regedviasgdo s idit fyf wa é fiiffnipc pan(tTop Vi ew)

80321007
t he upstream and downstream of actuating cylinder
representing the -bOl:adesdlae=0.IlDcated at x-=
reduction of the velocityg |just upstream of the turbine
indica thlevebloofcknadgetheefflenctteraact|on bet ween
the turbine structure anodf the fluid. And the slight incr
fluid meedrocljctty-kiiwaik:ﬂth;mhmesult of the
fluid and bounhe ey u @tiit evnea cotciiotny. T
downstream of téamrey ulrobsisnei ni ntdh ec aftleui d
whi ch i s t he ené&C gyThextrafce rean ckey T
simul ated w@k€ fakbes 3® short di stance to
recover, and the s3IDMlHTatrealgwmiarkees o f EPTM
more time to recover, resulting i n a Jlonger wake. The
TELEMAC rewulwiakef réhohes to about seven to
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15 xD=1i xD=5 x/D=70 xiAD=15
1.0 :lj-:llg"-lsf—j;l)u-"r| J g =
05 | s | Er= e et e 1
oy ot ~ i
ost o L | jEy. { i/
0.0 = i
-=\;:—---‘_t::_—__—:n. ﬁ }\ A
035 F | I | ' | I I . \l\ | ;‘\\ .
-I-OU.U 02 0.4 0.6 08 1.0 L2 0.4 0.6 0.8 1.0 0.8 1.0 0.8 1.0 1.2 m
Figure 7 High -FDCART imeanmngdt rEePalntVi vel oci t yv eprridiifai @let iad @ inbdsdvte
direfct] on
0.75 l ‘ﬂ l’w :/:
asa _7_7_7_7_,_,———7—7") — - /</’/ /,//
£ oas S ~ -
fal ) - £ (
£ J ~ N\
202 1 - \\\ \
0.50 _7_"*—ﬁ—*—7_,‘ —— ‘\\_\ \\\‘
| L ~.
Fi g&veel ocity profile ufsiBEgaesNrﬂi@Lr‘rEdeAEereSuhlsdirection
10 j _J"/ I.J‘J
" - rgf‘ | / {
P
%Du \,\ ,_‘71_\
gm \\k N | \‘x \
—— | — —_—— I "—\,__‘_\ \\1
. e - ! D
Fi g®Wvel ocity profile usinEgseiNToEnLErMAtt]'roachsmEtse direction
Figure 7 showed the -ied®lIcii iy @@hpCfLL,éseONof the high
refnecree si mul at-3D@F BndelE®PTiMy profile 1,
5, 10, and 15 meters down sTthrj esangtcufdkygvlqus ®ti rkdré ptruorgbri annemi
placed, given in thisOasse bhemddamet eB8 DT E biEMS @iiucr btimee , r e
meter. The black solid |Iine ufseiprfﬁ-‘izﬁmteﬂghrye g|:e|j°enﬁ0e0neqe S odnt
while dbétbbuéine -3Db6WS phef EPT| . Actuati indric
Fig.8, and Fig. 9 are the vigl 9gdd Y PAQbilhd e tmﬁré‘eeodTéEfoElM
S MLt nemsliino et o0t i gpd enfe [OFAET AR Tnvegse
l'ine in Fig t8h aits tdhuee dtaot at hp Cang%s%ihna dt Lo -bée ! I
gi P t o ensur_e
extrapolated from the 40 verialcain ayef s % iyned. rM)Oerfefch‘
|l ayers mean the result wi || l?v.? Wr?e ]{.erflifeéj g % const
computational power . Both FfECLQ 8 S'Eq9 .ePC?.@ eﬁ'lq}/@‘ tf
vel ocity pro%iDIC@TobnebéoER‘Ta'vﬁl A reduce sTtmulation I me
WO uvin the transverse direcCOMRUIANI ROWELLCRAPt PEealt | BRA
the profiles, the simulated WA&K&E®  fgprfaithel glyhne Fiipi deelts g vBnD
notably longer to recover. FheWBrROPOKctsB¥KEL ! vapoHdihsy UsSs
promi nendfO ag mamaitoh p v supercomputer c3eD1CIFrTe.monleeI ErF
about 24 hours wusing 100 cor e
TELEMADO model were achieved
l'ittle more than hwai $§casday o
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TheQ f model adds about 25% to 40% of ARPBEMDbIaxt i on

time varying on the mesh r as gtlpDSORIMESHIDWXWRIGDI ng ti me st
selection and the number of 2V enpledoysK 1) 2EVWESHBDHYWRAZF SuUggest e
the running time, the efflc|3ertemp}teC%\X)eZ(K2))3*2+(ME»SH3D%Z%R(I$)tIy i mpr o

magnude by several hundred fBTELVZEKBRE simul ation was
vi sualized using Bl ueKenue d Nati onal
Research Council, Canada. R%sl%?j'téjcps%hfeﬂ‘?%}bg;'aia\\{vere similar
the refer®M@RT EPaE but exhg bo oy

wake r eFguirotnh.e r sensist i v imtoyze |eﬁxn—§e||np‘t’e§%cd(K,1)

i mprovemamd geomet rryen eaedd euds t gneefivt=3%emptaccd(K,2)
achieve ath®omtse hreurl el i@dngsed 9. effZ=temptec¥%ecd(K,3)
10. ELSEIF (dist .LT. closest) THEN
11. closest = dist
REFERENCE effX = temptec%cd(K,1)

[1] Bourget, S®bastien. fADevel elr?’t &emgtgc gél%zr%ent of a modeling
met hod for hydrokinetiQOtllB rlj-és pt&emﬁtqcr/‘)‘ﬁ arrays. o (

2] Gauylirembl a o. , Ki nsey, T., Dumas, G. ,

2 201ALI DATI ON OF A 'SIMPLIFIED Nguréﬂi'gc@ﬁ! '—TMﬁﬁérE*ﬁ?"?EN
USI NG LABORATORY TESTI NG RE slé.LpostsinRange R.TRUER
HYDROKI NETI C TURBI NQE e ARRAYCS t y8. ID@WBWNX= IDWSumX+
Laboratory-5LMRR, 6pip. 2 (temptec%cd(K,1))/(dist**2)

[3 Boudreau, M., Dumas, G. 201719 IDWHBW =i lBWISUMotHf the wake
recovery -bfowhanaxtabssflow tur bi ftemptechscd(k D)W (gist**2) .
Wi nd Eng. I nd. Al D>.dy n .d o 20l {ORNSELMBZ’= IDWSumZ +
10.1016/j.jweia.2017.03.010. (temptecY%cd(K,3))/(dist*2)

[4] Antoine-Tu®ny Ph@m, Marc ndfeeV\Qﬁ.kIDWSlﬁWD'lst/ﬂIIDWSuﬁlE)MtHQl‘/dlst**Z)

LaurFiahlkot . Using the DRAGFO sybgnpygtine to model Ti dal
Energy Conv ’\%

ert&ms |Tr’ELlEEIIQE3MAJ(3e2r3 13 clddbst EQ - 1.D0) THEN
2015, Oct.2015, Warr|0nlg7t002nSOGUnj4 T:pOIntsll"{h%nge)rq'HEljﬁaq .
[5] Provan, Mi t chel & Cornett, And5ew &+1 nox Paul & Cousineau,
Julien & Fergus&EmR,|l MENARAL (SZ'&JD‘)é p'fzi 6r é ELS
THE WA KE PRODUCED BY SI NGLE N (i .
CROSS. OW TURBI NE. Journal ef 087e&Hdafﬁéréab{h%)l—&D%/\}ﬁUm&/'DWSWD'St
20-Joly et al. (2015) 28. updateArray(L,3) = IDWSumY/IDWSumDist
[(] Bourget STremBhayi nO. , Duma s 29.dipdateAnay(i.4))=IDWSumz/IDWSumDist
iHydrokinetic turbine array mo#deBNDIFng for performance analysis
andepl oyment dptainmiazat omso,of 3l.hELSECSME
42:38B@ttp://dx.doi-2010®/8B0. 113 93P.tcsLmel
[71 Wi ki .opent el elisaecr. oMEgE U BEKAA0Q 0 ..  33. updateArray(L,1) =13
Open TEEMBAMBACARET. [ onlliene]at :84. apdaArray(L,2) = effX
<http://wiki.opentelemac. org/ d3gkypddhRay(Ld)y=%kffyer _manual _tel ema
c3d#model |l ing_turbulence> [Accﬁsﬁp‘?ﬂteA?r&y(LAtl)J:géﬁft 2020] .
[B] Qhul |l . orQhul 20 2lo.de for Convexg7. ENDR . Del aunay
Triangul ati on, Voronoi Di agr am, and Hal f space I ntersection
about .o oRdii mte] Avail able at: <httop: [/ ww ghull orgl >
[ Accessed 16 May 2020]. 38. $1U0})R(I3) \Q/O?'\%E?:A U**(ZIDe(f)f)S;('I)'I;CVI
- . ce p vg olu
[9] Man, Y., and Cousi neJaud,i en Pa?
Cousineau-épe@Giemdel3 d :;’9 SlVé *SDO* **-ef'fY)*
<https://giChubinemiBpkemegatsd TcenterplaneA * TECAvgV**2.D0)/TECVolu
(Aug. 20 2021) . 40. SIW%R(I3) = (0.5D0 * ( - effz) *
* k%
[10] Ph a m, c. . & JEILACMo.de(20hg) .SystT%emerplaneA TECAvgW**2.D0)/TECVolu
[ Ebook] (3H5b)ed Opempel édnac. org. Retrieved from
http:// www. opentel emac. org/ downl oads/ MANUALS/ TELEMA
C3D/tel emam8Bmuallsev7pl. pdf
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Case | Number of Constant Passing ship Variable overground Deceleration Separation when | Current Current
ships overground course speed deceleration point (upstream | Ship 1 is passing speed direction

speed (knots) profile (knots) of Berth 3) berth (Nm) (knots)

1 1 4 Outbound n/a 0

2 1 3 Outbound n/a 0

3 1 Outbound 8to3 1.5Nm 0

4 1 Outbound 8to3 2.5Nm 0

5 2 4 Outbound n/a 0

6 2 3 Outbound n/a 1 0

7 2 Outbound 8t03 1.5Nm 1 0

8 2 Outbound 8to03 2.5Nm 1 0

9 2 4 Outbound n/a 2 0

10 2 3 Outbound n/a 2 0

11 2 Outbound 8t03 1.5Nm 2 0

12 2 Outbound 8t03 2.5Nm 2 0

13 1 4 Inbound n/a 0

14 1 3 Inbound n/a 0

15 1 4 Outbound n/a 15 Ebb

16 1 3 Outbound n/a 15 Ebb

17 1 4 Outbound n/a 15 Flood

18 1 3 Outbound n/a 15 Flood

19 2 Outbound 8t03 1.5Nm 1 15 Flood

20 2 Outbound 8to3 2.5Nm 1 15 Flood

Table 1 Scenarios modelled
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Fig 1: Berre lagoon extent and location of the measurement stations.
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Fig 3: Salinity at SA3 in September 2006. Measuramgoints), LIPS, PC and PSI schemes for tracers only (solid lines).
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Fig 5: Salinity at SA3 in Septeber 2006. Measurements (points), LIPS, PC and PSI+MOC schemes for tracers and velocities (solid lines).
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Fig 7:Velocity in the Caronte channel in January 2008 (LIPS t = LIPS for tracers only and MOC for velocities, LIPS tv = LéeSrioaird velocities).
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Fig 8: NorthSouth velocity in the lagoon (SA3), January 2008 (LIP&IPS for tracers only and MOC for velocities, LIPS tv = LIPS for tracers and
velocities). In blue are shown events with strong mistral where a circular current appears in the lagoon.
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Fig 9: Salinity at SA3 from September 2006 to Au@@7. Measurements (points), LIPS and PSI schemes for tracers and velocities (solid lines).
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Fig 10: Salinity at SA3 in September 2006. Comparison between results with different time s{&s(50s, 180s).
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Fig 11: Salinity at SA3 in September 2006. Comparison between results with various mixing length models combined with
Munk and Aderson damping function.
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Fig 12: Salinity at SA3 in September 2006. Results with mixing length models combined with Toorman damping function.
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Fig 14: Salinity at SA3 in September 2006. Results with or without the modifiaaitithe production term and with or without the Yap correction.
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VI. RESULTS
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VIl. CONCLUSI ON
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4512
Number of vertical nodes 12 threedimensionamodel)
o Version TELEMAC TELEMAC-3D (goblinshark
51 branch based oversion 8.1)
£ v Salt transport On
3 32 34 36 38 4 42 4.4 46 48 -
Longitude Wind Off
Figure2 The computational mesh of the Scheldt model. Roughness formula Nikuradse
The model c odnotwanisntsr eaanm obpoeunn |[dBgdfoyghnegsyaluey 1y o | Spatially varying roughness field
sea mout h oanf c 3t ¢hbed éWegshtte r u p s t| Keid@l frbulence model 6: GOTM (using Kepsilon
boundari es. Ti me series of water | e v e | smodel withee¢orgl @der tlopure|s ar
salinity ardoivmp opedmnmd atrhye |The for the buoyancy flux)
time series of water |l evels aH’brﬂontthlﬁbhleﬁc@rﬂOdell esSm&g@iiske T rom|t he
scalltouisre developed . i CTEMs mm —
S X h f 1; ch h
simul aaerd Wi deeémrents in the ﬁ,e?;{drﬁdve@ono a nj g charactenistienethod
ot her parts of the fcoode&yd nent al shel Lt is
hydrodynamic data mao@7flohe Erhee/forragyegtipn oftracers 13: Leo Postma for tidal flats
astronomi cpaoln etnit daéad redornmy omi clasbverd at a 7: GMRES
(wind velocity and air Pressuv+rer—obtatnredFromt+the ERA
met eorol ogi cal model . From t he i CgM rﬁ?[?’ReODvNAWﬁLbIMtlSONOf
water | evalveramge depdgtolci ti es are interpo ted on )
the open downstream sea bounddh§ BMS$0W8 WAt pderd gt @ WRld R-¢ 1 v 9
an -hiomse boundary nesting dt&dl€E. 20rh7 iFad OMK gstBachagd bien not
precondition for salinity HA8WnpSatsieedamMgpareti thfert hey gmogdged
representative valtidsalore meagUd@d Val QGEabt to 0.408 ][ m] oa
Raan. There are eight upstr etalh® pasftdUaeAmdwh iwhhk ries 1 hey 3 raq
and saI|n|ty are imposed present Nea the Put van *
measur ement statlon of Hanswe

I'nitdatioas of the model cojnssicSotn sOifdyeSrieddd ledd Iher YT Yniam @ e .

conditions famtdha énem i ev alss o f
velocity and salidetgrmihesgdeooconhtdeti ons are
basis -ap aabpuhation of one day. An initial field has
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Figure3 RMSE [m] of the water level obtained for tharious measuring
points along the estuary, for the period 15/05/2002/06/2017

Diepe_Put_Hansweert_20181220_Dwarsraai Transect 6
Vertical velocity profile at 20-Dec-2018 08:01:15 [UTC]
T T T T T T

| |
04

I
0.6

Model
ADCP |

I .
1 12
Velocity magnitude [m/s]

1.4

WL Hansweert

07; 56

L
20-Dec-2018 04:20 11:33 20-Dec-2018 1

Time (UTC)

Figure5 Top: Gomparison of vertical velocity profiles between

510

measurement velocities (ADCP campaigrx:2018 06:54:29, Diepe
put van Hansweert) and simulated velocities. Bottom: Comparison of

measured and simulated water level at Hansweert. The black line indicates
By using the model gual i ficat i onthermoaestef @mpagseninthetide R MAE
rel ative measnt atbiswotl iudStel ewbrroarrne]-t ?erhrdhemenbehaaiou he s
includes the accuracy of ﬁgrv\pa“o &tye aRnl neardr
dlll’eCtIOI’], comparisons petwet?n%a ?%'&\)’eeb Sﬁ %%Een-n |
si mul at-aderdeegpeach vel ocities Ontg@ 018 a
RMAE statistics between i a{ | nd m%ﬂ)ﬁ%fh%r‘gs‘heol Qsclth'a
werceael cul at ed forcatmpealtghnlsrtreesaart{&ﬁt S f the simul ated tr :
proj ecval s'el_semm_)fdellt hqual i foi catj png g Seenfjen?”wi th the measur e
RMAE ar e prFriogwiTdee ddtiere n avai I alipulrei t é‘cﬁ‘ﬁ@?th%s tide after s |
weruesed for t he compari son sai”nqul Itle’d ﬁﬁﬁepnéasfd)rredt % ans
00sseni sse 200wWalr0s4rOa7aiSpri ngo tdr|arrbscecce'idhe%li‘g9ﬂ’r"e1% en¢ and at
RMAE with the qualifiBatihen 0 Rgp“bgh oExcellent
calculated RMSE and RMAE values of 9he five ADCP
transect comparisons at the DN epenpput soanofHatnisnmessearti easr e
showhalblne 2 salinity near the water surfe
of the Put van Hansweert, s h
Madel qualification RMAEL] | amplituderlatopt veanOvHeansweert
Excellent by approximately 1 [psu] Up s
P—— at Baalhoek, both the amplit.:
soor T salinity ar e yvell represente
™~ s using _statlsTatc?.;ié shawamdtharns
Mot AppRatis s!gn|f|cant part of the Sche_l
simul ated well and that ma X i
Figure4 Model qualification based on RMARB]. 0.93 [psu]
TABLE 2 COMPARISON OFRMSEAND RMAE OF VELOCITIES ALONG THE TABLE 3 STATISTICAL ANALYSIS BETWEEN SIMULATED AND MEASURED
SELECTION OFADCP TRANSECTS ATDIEPE PUT VANHANSWEERT. SALINITY VALUES (PERIOD15/05/2017 02/062017)ALONG STATIONS IN
- THE SCHELDT ESTUARY.
Campaign RMSE | RMAE][ -
[cm/s] Nr Station Correlation RMSE Bias
Diepe_Put_Hansweert 20170720 17.4 coefficient [psu] [psu]
Diepe Put_Hansweert 20181214 Dwarsraa 15.0 R[]
Diepe_Put_Hansweert 20181214 Langsraa| 18.0 1 Overloop 0.91 0.51 -0.11
Diepe_Put_Hansweert 20181220 Dwarsraa 13.0 Hansweert
Diepe_Put_Hansweert_20181220 Langsraal 11.8 2 Baalhoek 0.96 0.93 0.82
3 Prosperpolden 0.93 0.46 0.01
4 Liefkenshoek | 0.93 0.67 0.50
Figuslkows the comparison bes we g Dostegveelmuold7at e do.9la n d 0.65
measured vertical vel ocity |pbr of ileraksem a 998 t h e 054mi dld44e |of t
ADCPransect during dthte trhiesisnlgapmpd the tide. B
of the velocity profile and its magnitude are well repre
in the model
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Figure6 Comparison between simulateeinsversé | ow vel oci ty along transect i n trahseersédou t
velocity (ADCP) along transect (top right). Red colour (positive velocity to the right (outer bend)), blue colour (nejatitete the left (inner bend)
The bottom figure shows the measured (blue) and simulated (red) water level, the black vertical line indicates the themdCBimeasurement

Mi dd gllgpectat i onFii goulrineda#ré & hitn s u
V. HYDRODYNAMI C RESULTS o fjgure 1

o S o s b e Yo RS PR Ak ddiarah by o

secondary @iatc¢celratsi mear the B d R g W - dU’dﬂal
multlpl_e transects along thebetrbaeln%%gs \g ttfbdm?)ﬁanF BFYn?FH
velocities for spring Fiigduarle tCHod éf%f'aé’dﬁt?sui’rﬂ/oet I odt
7. It shows that t he upslopei %tltaqrgdv?lr%%'srvc'eh‘?a sg?e@sgléﬂléfél
along a | arge paagft toHet(hhaaane ersfg\ﬁé‘dat, att e t ADCPdo e
Hansweert. The most pronoun¢ged gy Lf éﬁ(’it‘vcg b & {e eriNPaqyrye
observed at the sharp bend of, vgf"fal"a\?esl%%&ﬂql &Lt I?&ﬁl
9. Further mor e, it is observ n i]é“etrttrsamosﬁcthsat 1mJI'?i]i|pl
show similar tide averaged Eggf i Eﬂﬁuai?st QePH'PStvr F
transects. This is Ilikely dug HeP ggeajna t“yep”iccealc’fhetlhiecoatl'c
coming from and sg|d1|eragwchow>a‘rd hethe
Scheldt model output Transect PVH
Mean transverse velocity: 09-Dec-2018 06:30:00 till 10-Dec-2018 07:30:00 01
0.08
0.06
0.04
0.02
0.02
; 0.04
e 0.06
X Rijksdriehoek [m] ;;‘ 7”7/(7”7777;,,,,,——**i""'ﬂﬁ/ S o i
o asts " Y Rijksdriehoek [m] 01

Figure7 Simulated mean transverse flow velocities (for spring tidal conditiomsjyat t i pl e transect perpendicul ar
Red colour (positive velocity to the outer bend), blue colour (negative velocity to the inner bend).
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