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Longitudinal dispersion in wave-current-vegetationflow

The flow, turbulence and longitudinal dispersiomiave-current flow through submerged vegeta-
tion are experimentally examined. Laboratory experits are carried out by superimposing progres-
sive waves on a steady flow through simulated subetevegetation. The resultant wave-current-
vegetation interaction shows strong interfacialasheith increase in velocity due to wave-induced
drift. The increase in turbulence in vegetationigeds found to be about twice than in no wave case
due to the additional mixing by wave motions. Selakperiments are conducted to quantify wave-
current-vegetation longitudinal dispersion coeéfiti (WCVLDC) by routing method and by defining
length and velocity scales for wave-current-vegmtafiow, an empirical expression for WCVLDC
has been proposed. Although increase in vertid¢hlsiVity is observed compare to bare-bed channel,
the shear effect is stronger which increases thgninale of WCVLDC. The study can be a guideline
to understand the combine hydrodynamics of waveentiand vegetation and to quantify the longi-
tudinal dispersion therein.

1. Introduction. The understanding of transport and mixing procekkesd-
vection and diffusion is important to verify thecaptable limit of pollutants that
are released into open channel systems. Apart fr@®e processes, short period
surface waves often exist due to the ubiquity ofdsshear and contribute in mix-
ing of pollutants [1]. Another influential agenttlee common vegetation growth on
the channel bed which hydrodynamically enhancegduh®ilence and associated
mixing processes [2 — 4]. The resultant flow is toenbination of wave, steady
current and vegetation which generally exists iturea Knowledge of the combine
hydrodynamics of wave-current-vegetation is prattio understanding the par-
ticulate sediment transport [5], exchange of vatltimomentum transfer [6] and
also distortion of plant morphology [7, 8]. In thpsper, the flow, turbulence and
longitudinal dispersion in this combine flow fietsf wave-current-vegetation is
experimentally examined. The depth-wise velocitgfipgs and turbulence have
been measured and by conducting dye studies, aimieshpxpression for the lon-
gitudinal dispersion coefficient for wave-curremgetation flow (WCVLDC) is
proposed. The results of this study will improve tmderstanding of the hydrody-
namics and pollutant mixing in the combine waverent-vegetation flow. The
paper is organized as follows. Section 1 providesoduction followed by brief
literature on wave-current and current-vegetatinwliss in Section 2. Experimen-
tal procedure is described in Section 3. Sectionctudes the results on velocity
and solute concentration profiles with proposedresgsion for WCVLDC. Sec-
tion 5 presents the conclusion of this study.

2. Review of literature. After the initial work on modeling vegetation as an
increased bottom roughness [9, 10], recent stud@ss on velocity profiles and
turbulent characteristics of steady flow througlgetated channels [11, 12]. In
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emergent vegetation, whede< hs (d is the flow depthhs is the vegetation stem
height), the increase in the head loss increasesdfetative velocity compare to
open channel [13, 14]. Also, the depth-wise vegetatelocity shows more uni-
formity because of the presence of stems that esdilne shear [15, 16]. Moreover,
the turbulent eddies of stem-diameter scale inerélas turbulence within vegeta-
tion [17] and cause increase in vertical diffugivitver to that in bare-bed flow.
The reduced shear with increased vertical diffixgigct to reduce the longitudinal
dispersion coefficient in the emergent vegetatioreover, solute transport stud-
ies in this flow shows trapping of solute in therstwake regions and causes
«frontal delay» (Fig. 6, [14]) which is the differee between the observed concen-
tration —time C — t) curve and the corresponding theoretical curvewm}-
known 1-D dispersion equation.

In submerged vegetatic(xm > hs), an overflow region exists above the vegeta-

tion region with a strong shear layer at the istegfbetween two regions due to the
large difference of velocities between these regjif8) 18]. Moreover, [19] ob-
served that the depth-wise hydrodynamics in veigetatgion shows two parts,
the vertical exchange zone (VEZ) in the upper péaths which is influenced by
vertical intrusion of mass and momentum from owevfhg water and the longitu-
dinal exchange zone (LEZ) below VEZ till bottom which hydrodynamics is
similar to that of emergent vegetation describefdrge They showed that the rela-
tive depths of these zones depend on the heightesflow. The depth-wise veloc-
ity profile is uniform in LEZ and increases in VBiith strong shear to join the
higher overflow velocity abowvis (Fig. 1).
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Fig. 1.Experimental set-up

This velocity distribution using Prandtl’'s mixingrigth approach was derived in
[20] who also proposed a relation between velaaitgt turbulent intensity. The ver-
tical turbulent diffusion has been observed toigadr around interface and lower in
above and below it [19, 21]. The strong shear eff¢dhe interface is expected to
increase the longitudinal dispersion coefficiensilbmerged vegetation compare to
that in emergent vegetation and bare-bed chanhel pfesence of surface waves in
such flows will have additional wave-associatedtdrelocity [22]. In the wave-
current flows without vegetation, this drift froitmet oscillatory part of the flow field
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is the mass transport velocity that causes fioitgitudinal dispersion [23 — 25]. The
amount of wave-induced dispersion in bared beddldepends on wave amplitude
(a) and wave periodTj which is parameterized by [1] and [26]. The datikry
movement of the particles also affects the mixihgracteristics by inducing near
bed shear [27]. A theoretical study on wave andectiflow in vegetation [28] sug-
gested that the drag coefficient of current-vegatatow is too large to simulate the
flow profile of wave-current-vegetation flow. TheptainedC, = 0.6 to simulate

the profile in flexible vegetation. [29] have prged a 2-layer model to predict the
longitudinal dispersion in flow through submergeshetation in absence of wave
activity in which the dispersion coefficient hasbhequantified as an addition of the
dispersion due to the three scales of mixing,the smaller stem-scale mixing near
the lower part of the canopy, the coherent KH eediscale mixing in the shear
layer and the depth-scale mixing in the overflogioa.

Thus, in general, it can be deduced that the ladgitl dispersion of steady
flow will be affected by the presence of surfacevesas well as vegetation. The
resultant dispersion coefficient will be WCVLDC whiis quantified in this paper.
The laboratory experiments are conducted to medbergelocity profiles, turbu-
lence and solute concentration at selected tramsecbsence/presence of waves
are measured and described in the following Section

3. Experimental set-up and procedureExperiments are conducted in a 15 m
long, 31 cm wide glass wall flume with smooth stesttom. A steady recirculating
uniform current is generated by passing the punfloedthrough energy dissipat-
ers as shown in Fig. 1. The energy dissipatersf@diewed by baffle walls to
dampen the surface fluctuations to get a smootliedmtal surface. Bed slope
S =0.0001 is kept constant and the flow dischak@gi¢ varied to get different
velocities. A wave maker is placed downstream eflibffle walls to generate pro-
gressive surface waves on this smooth uniform flbiae tailgate hinged at bottom
at the rear end allows the waves to pass overthowt reflecting back which
avoids the need of a wave-absorbing beach. A viégetmodel, 7 m long in flow
direction is simulated using thermoplastic rubbmlsr that are glued in the holes
drilled on an acrylic sheet. The height of the mablods i, e. stem height)
hs =15 cm is maintained. This stem height with tbslt flow depthd = 25 cm
(overflow depth is 10 cm) represents a typicalugebf confined submerged vege-
tation in which the surface waves, strong integbshear, VEZ and LEZ are active
in the flow domain [19]. Two vegetation canopiesdifferent densities are mod-
eled by using rods of diameters, 6 mm and 8 mm. ddrestant centre to centre
spacing between the rod8S= 30 mm is maintained in both the canopies to form

a square grid. This provides vegetation denaity= dZ/AS* = 004, i. e. 4% for

ds = 6 mm andvy = 0.07,i. e. 7.1% ford; = 8 mm. After initial transition due to
vegetation interference, flow attains steady saag maintains through out the re-
maining part of the vegetation. This steady state pf vegetation is selected to
measure velocity, turbulence and solute conceatrailihe rods are placed wall to
wall to prevent the streaming effect close to tr@lwrhe secondary flow gener-
ated above the vegetation model can be neglectesube of the overflow depth
being small, the instantaneous turbulent interaitinterface is much larger than
the RMS value [6].
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3.1.Flow measurement. Depth-wise velocity profiles and turbulent inteies
are measured in no-wave (current-vegetation) anth-wéve (wave-current-
vegetation) cases. Ultrasonic velocity profiler ®Mwith vertically arranged five
transducers is employed at mid-width to measuredéph-wise velocity and tur-
bulence profiles along flow direction. The verticglacing between transducers is
50 mm with the lowest transducer is at a distaricgsanm from the channel bed.
Thus lower three transducers measured in-canopgitiels whereas the upper two
measured overflow velocities. Wherever requiredy tw three rods are displaced
to clear the optical path of the transducers freemsinterference. Each transducer
sampled the time series of the velocity profil&@tHz frequency at several points
within 150 mm from its tip along the flow directiofror the current-vegetation
cases, the instantaneous velocities are samplesiifiicient duration and are aver-
aged over time and space to get the mean velddity turbulent intensity is meas-
ured by averaging the fluctuating signals of UVIerothe mean velocity.

For wave-current-vegetation experiments, progressaves are passed over the
steady current to get wave-current-vegetation ffimld. Waves with wave height
and period between 1.5 cm & 4 cm and 1.5 s & 4spegively, are maintained to
follow shallow wave and short period condition. Th&/P signals for 250 —
300 wave oscillations are collected and averagegketdhe Eulerian-mean velocity.
For the turbulent intensity in with-wave flow, thestantaneous velocityj of UVP
has three componentsjz. the mean of instantaneous veloaifg), the time-

dependent velocityi(z t, and the fluctuation turbulent velocity(z,t) . The phase-
averaged velocit;(u) =u+u, is average of samples taken at fixed phase imthe

N
posed oscillations and is obtained<a§;= %Z“ui (t+nT), wheren is the oscillation
n=0

cycle number andN is the total oscillation cycles. Th(:u) is subtracted from the
UVP signalsy; to get the turbulent intensity in wave-currentetagion flow.
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F i g. 2. Depth-wise velocity profiles in current-vegetatiamd wave-current-vegetation flows
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The measurement is repeated @ 50 M, 75 nil™ & 90 nPH™ in no-
wave and with-wave cases. Fig. 2 and 3 show thesuned velocity profiles and
turbulent intensity in case @ = 50 nilhi™" and 75 mMhA™ for both V, = 4% and

7%, respectively. Looking at the high distortion \@flocity and turbulence in
Q=75 M, the case of = 90 nii is not plotted. For all the experiments de-
scribed above, the surface slo@)(over vegetation region is measured using a
pair of water level gages, each located little ioletghe either ends of vegetation
model. Becaus& >> § in presence of vegetatio§, governs the flow and there-
fore used in place d& in vegetation experiments, wheregds maintained in the
experiments in bare-bed channel.
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F i g. 3. Depth-wise turbulent intensities in current-vegietaand wave-current-vegetation flows

3.2. Solute measurement. A 20% active solution of rhodamine dye is injected
from a constant head tank in the wave-current-aget flow described above,
through a solute outfall. The outfall is a 5 mmmdéder acrylic tube placed width-
wise to form a line source of solute. The tube @& mm diameter holes in four
lines facing the flow direction. The outfall is ptd well before the vegetation so
that solute should achieve cross-sectional unifigriméfore entering the vegetation
region. Some distance after entering the vegetasiorface waves owing to their
large scale depth-wise orbital motions, cause sdluspread uniformly across the
cross section of flow. Solute concentration is mead in overflow as well as
vegetation region and concentration verses ti@et) curves have been plotted
for both the regions. The uniformity is experimeiytdetermined where the differ-
ence in the concentration in vegetation and overflegion becomes less than 5%.
The length of canopy after this cross-sectionafauniity is used to locate sam-
pling transects. Two transecig @ndT, in Fig. 1) are located to apply routing pro-
cedure [30] to calculate dispersion coefficient. b&th the transects, the solute
concentration at mid-depth of overflow,{ and T,) and mid-depth of vegetation
(T andT,) is measured continuously along time, using 10fAldrometer and
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recorded through data acquisition system. The sagpbints are shown in black
dots. Two black dots on each sampling tube aresaingpling points on each tran-
sect. Upper dots sample from the mid-depth midtwaftoverflow region Ty and
To0). Lower dots sample from the mid-depth mid-widthvegetation regionT,
andT,). Thus, there are two transecls &ndT,) and at each transect, the solute
concentration is measured at two sampling poings, solute is sampled at four
locations Tiq, Ti, To0, T2v) @s shown in Fig. 1.

The two concentration — time breakthrough curgs { curves) from the two
sampling points at each transect are used to fiedlifference of 5% stated above.
The time for solute to reach to fluorometer fronachel is estimated to be two
seconds and accordingly, te-t curves are shifted. The dispersion in the small
diameter sampling tube is assumed negligible. Tméribution from the stem scale
diffusion is negligible [14] and hence neglecteleTye study is repeated for five
values ofQ, i. .50 m*-h™, 65 nf-h™, 75 ni-h™, 82 nt-h ™t and 90 M-h™

In absence of waves, wave-induced oscillations afrgent and the 2-point
sampling at each transect provides the magnitudbenfielay in solute transport
through vegetation over that in overflow. This gela percentage form is meas-
ured for various flow velocities. As the conceritmtmeasurement in vegetated
region at transect-24. (. T,,) is required only to measure percentage delay over
overflow, the concentration in vegetation at tratge(. e. T,,) is not measured in
absence of waves.

3.3. Estimation of observed WCVLDC. The solute concentration measured at
both transects is averaged over intervals of thesvpeeriod to get the period aver-
aged steady values of concentration. Thet curves measured at transect-2 from
the overflow T, and from the vegetation regiof,f) are indistinguishable due to
the wave-induced mixing as seen in Fig.4.
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The same merging betwedi, andT,, is observed at transect-1. Because of
this merging, the&C —t curves at eithef,q or T, andT, or T,, are used in the rout-
ing method [30] to find WCVLDC. As the measured cemtrations are period-
averaged, the 1-D dispersion equation is also geeraver a wave period to get
the period-averaged 1-D dispersion equation. Theateon is included in Appen-
dix. Following frozen cloud assumption and supeitpws integral [31], the solu-
tion of equation (A6) is

Cr0=]C0 meﬂ{(ﬁf&‘fﬁi }dr, M

where overbar denotes period-averaged steady v@eis the predicted concen-

tration at second transect which can be estimated the observed concentration
C, at the first transect. is the distance between the two transeg&g,, is the

WCVLDC and U is the depth-wise mean velocity in wave-currergetation
flow. It is calculated from the velocity profiles easured in wave-current-
vegetation flow (for example, see Fig. 2). The obsé concentration at transect-1

(at eitherTyg or Ty) is theEl substituted in equation (1) and theoretiCal t curve
(C_zp) for transect-2 is predicted (line graph in Fiy. Bhis predicted data is super-

imposed over the measured data at transect-2tlatr &, 0r T,,) and the optimum
value of WCVLDC is evaluated by least square metfardfive different dis-
charges@ = 50 i ™, 65 mB™, 75 nPH ™, 82 M *and 90 MA™) and are used
to work out an expression for WCVLDC in Section.4The estimated uncertainty
is calculated using IS code and found to be ardis%. The observed WCVLDC
shows increasing trend with increase in currentngwd the increase in the flow
velocity that causes increase in interfacial stazal at the same time, increase in
vegetative velocity which in turn reduces the tlebae and therefore diffusivity in
vegetation. It is discussed in the following settio

4. Results

4.1.Flow velocity and turbulent intensity (in absence and presence of waves).
In the current-vegetation flows, the mean veloctyd turbulence intensity for
Vy =4% (s = 6 mm) and 7.1%d{ = 8 mm) can be seen in Fig. 2 and 3 for
Q=50 mi™* and 75 mii™. [14] observed that in emergent vegetation, the in
crease iV, reduces the bottom boundary layer thickness up¥ which reduces
the velocity shear in vegetation. The vertical eélp profiles in LEZ in Fig. 2
show the same phenomenon in present experimendsidet EZ replicates emer-
gent condition. However, the constant velocity iBZ increases along depth in
VEZ to adjust with the nearing higher velocity imesflow and displays strong
shear which becomes stronger with increasinffig. 2).

Comparison between vegetation densities showsrtbegase inv, from 4%
to 7% reduces the velocity in LEZ due to the cqroesling increase in turbulence
(Fig. 3) which is maximum at the interface [21].i§ts in contrast to the emergent-
vegetation case in which the mean velocity increagéh V,; owing to the absence
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of overflow region [14]. For highe® = 75 nilli}, the reduction in vegetation ve-
locity is compensated by increase in overflow vig¢yoc
On the other hand, comparison between flow disésafgr a fixV, shows

overall increase in velocity from 50°@™ to 75 niS™, in turn decrease in turbulent
intensities. It is noticed in Fig. 3 that in vedata region, turbulent intensity of
Q=75nh"in V, = 4% is close to its value @ = 50 nili " in V, =7.1%. This
suggests that the increase in drag due to higheran be achieved in low&f, by

increasing the flow velocity.

For the wave-current-vegetation flow, the samerégu(Fig. 2 and Fig. 3)
show period-averaged velocities and turbulent Bitass, respectively (dots only
data). All the trends described above have beeerobd to be followed in the
presence of waves. In addition, increase in thecig in overflow region is attrib-
uted to the additional wave-induced drift velodi®2]. Higher amplitude or lower
wave period generates higher drift. The turbulatensities in Fig. 3 clearly show
higher level of turbulence in presence of wave esflg in vegetated region be-
cause of the additional bidirectional motions ofves [32]. The bidirectional mo-
tions increase the interaction between near-wakefanwake regions which can
enhance the stem-scale turbulent eddies to thepl®iscale ofAS and justify the
increase in turbulence in wave-current-vegetatiow.fNonetheless, increase @
in presence of waves shows decrease in in-canopyléince owing to the vegeta-
tion streaming.

Within a wave period, the flow structure is depegdon the relative ampli-
tude of wave-induced velocity and current. For kBigivave amplitudes, the wave-
induced speed being higher than current speedefldrer the instantaneous veloci-
ties of combine wave-current flow sometimes reversalirection under wave
trough. In such cases, wave-induced turbulencers@itthe front and back side of
stems alternatively. Soon after the flow reversegemporary wake and recircula-
tion region forms upstream of a stem with a tempodaag from behind. In solute
studies, this periodic motion of water particlesymeduce the trapping of solute in
the wake region. On the other hand, if the wavessarall in amplitude, then the
net wave-current velocity within a wave period I&/ays positive. In this case,
stems experience a reduction in drag under wawghroue to the reduction in net
wave-current velocity. The wave structure still e#ns unsteady and reduces the
degree of trapping of solute in the wake regiorusTim the presence of wavesd
wave-current-vegetation flow), the turbulence dmetefore the exchange of solute
between near-wake region and far region enhances.

4.2 .Empirical expression for WCVLDC. The WCVLDC estimated by routing
method are used to derive an empirical expressiofMCVLDC. First of all, this
functional relationship of longitudinal dispersiooefficient is worked out using
Elder’s longitudinal dispersion coefficient [33] igh is written as

1 d ’z 1 z o
E, = E'([u'[ﬁj-udzdzdz, )

020

whereD, is the vertical diffusivity;u’ (x,y,zt) =u(x,y, zt) - U is the local veloc-
ity fluctuations from the mean flow velocity) . The termu’ makes equation (2)
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complicated to solve. Therefore, a mixing lengttalagous to Prandtl-mixing
length is assumed to represent the fluctuatingcitgiou’ in equation (2), then!'
can be simplified as
ou
u=ly—, 3
13, (3)
wherely is a vertical length scale to be determined andoisthe Prandtl-mixing
length. The direction df; is vertical because the shear velodityn Eq. 2 is in verti-
cal direction. Substitution of equation (3) in efijpra (2), equation (2) is written as

z

d Z
1 oJu 1 Jdu
E,=—-——||l,—||—||l,—|dZ"dZz'dz = f(l,,u), 4
X d '([( d aZJJ- DZ’ '([( d aznj (d ) ( )

0

where D, is also a function df; andu. It is obvious thaty = d for bare-bed chan-

nel. On the same line, for the transverse variadfoshear, the well-known disper-
sion coefficient due to [31] (similar to equatia®))(shall provideE, = f(l,,u),

wherel,, is some transverse length scale which, for badeebannel is the width of
the channelWW. Based on these scales, Eg. 4 in the form of fonak relationship
can be written as

Ex: 1E(Iw’ld’u)' (5)

Equation (5) shows that the accuracy of dispersmeificient is to find the
correct expressions for the distance and velocifyes. Several expressions of lon-
gitudinal dispersion coefficients for bare-bed amelnproposed in the past have
been based on equation (5). These scales are gwthfinclude the effect of vege-
tation and waves and then used to work out a sirepipirical expression for
WCVLDC.

First of all, the longitudinal dispersion coeffiniefor the bare-bed channel is
estimated by usual dye experiments. These obseraksts along with the ob-
served data of [14] for bare-bed channel, are fdorite matching with the empiri-
cal expression of dispersion coefficients giverj3#] as

E W 211 U -106
2 =0253 (Fj [u J S, %%, (6)
qo9 *

whereE, is the longitudinal dispersion coefficient in bdred channelqS, is the
fluid power @ is discharge per unit widthyy/ /R is the aspect rati®V is the chan-
nel width andR =Wd/(W +2d) is the hydraulic radiud) /U. is the friction fac-
tor and U. =,/gRS is the shear velocity. For the present experiments

W /R =0.31/0.095 = 3.24 . For this ratio, secondary currents appear in fowe

magnitude of velocities due to which equation (&restimates the dispersion co-
efficients (see poir in Fig. 5). Also equation (6) is based on labanats well as

field data and thus it includes field specific citioths such as heterogeneity in bed,
river meandering, non-prismatic cross section a&mdls to increase the dispersion
coefficient. For the higher magnitude of velocitisscondary currents are negligi-
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ble for which the dispersion coefficient is nearthg observed value which in turn
shows reduced effect of secondary currents. Silpiltre data of [14] is reasona-
bly close to the predictions of equation (6) beeatiss measured in wider flume
(for whichR =d in equation (6)) which eliminates secondary curedfects.

0.002

*e

Predicted (m?-s1)
3

Data from
Nepfetal (1997)

0.001 4
N

*

+

0 T
0 0.001  Observed (m?s1) 0.002

F i g. 5.Observed and predicted by equation (6) longitditigpersion coefficient (A8™) in bare-
bed channel

Thus Eg. 6 is acceptable except in case of lowagnihade of velocities in
bare-bed condition. This limitation does not exispresence of vegetation where
pure water depth (overflow depth) reduces from @86to 10 cm and for which
W /R = 5.1 is closer to shallow water flow. Therefore, eqoiat{6) is considered
and extended for the effect of vegetation and waVesinclude these effects, the
functional relationship of equation (6) is assessed written as

By _ f(i,wjz f(w,d,u) , @)
9S u. d

where U. andq are function ofw, d andU. Comparison of equation (7) with
equation (5) shows, =d, |, =W andu=U . These scales are to be modified
to include the effect of waves and vegetation inagign (6). For the effect of
wave, a dimensionless wave paramedéfU. [26] is used whera is the wave

amplitude and is the wave period. The effect of vegetation duded by modi-
fying the transverse and vertical length scales @madvelocity scale in equa-
tion (6) as follows.

ISSN 0233-7584op. cuopoghus. sicypu., 2009,Me 1 59



Transverse length scalg,fl The extremities of vegetation density are consid-
ered, non-vegetation and very dense vegetatian,complete blockage of flow
through vegetation region. For non-vegetation ddse 0), |,, should bew. For
full vegetation-blockaged{ = AS), the transverse scale should still Weas full
channel width is still exist in overflow region fdre water to flow. Based on these
limiting conditions, dimensionless vegetation dgnsidgis used as vegetation

parameter and an expressionlfpis formulated as
I :W_[ds(l_asds)]nl' 8

Equation (8) can be tested for the two extremitidwus, for non-vegetation
case,d; = 0 and equation (8) providek, =W . For the full vegetation-blockage,
alds=1 and for which agaith, =W . Parametef2 is used to represent the trend of

equation (8) between these extremities. As only vegetation densities are stud-
ied in this paper, linear relationship of equat{8his assumed by assignifig = 1.
Vertical length scale,] The two extremities explained above are appled t
find I,. For no-vegetation cask,should bed. For the complete blockage of vegeta-
tion regionV, =1, |, should be the depth of overflow regidre. d — h,. Based on

these valued, is formulated as

2 \Q2
|, =d-hy(ad,)® = d —h{ ESJ . ©

It can be verified that, for no-vegetation cade= 0), equation (9) provides
I, = d whereas for full vegetation-blockage case<AS), equation (9) becomes
[, =d —h,. Linear relationship of equation (9) is assumedssigning, = 1.

Velocity scalgdenoted as |). The flow discharg®) is a known quantity and
is kept constant in absence or presence of vegethii maintaining constant rate
of pumping. For the bare-bed channel, velocity esgalU =Q/Wd whereas in
presence of vegetatiotl, =Q/I,l, . Thus, using equations (8) and (8),can be
written as

R o TR e TR TR 4o

It can be seen thét, eventually depends on vegetation density and a&gat
height. In the absence of vegetatidgp< 0), U, reduces tdJ satisfying the required
condition for bare-bed channel. For the full blag&acondition, equation (10) pro-
videsU, =Q/[W (d - h,)], i. e.discharge through overflow region.

The above defined vegetative scales are replace@qumtion (6),i. e.
W =1,,d=1, andU =U, to include effect of vegetation. TH&, is replaced

by S; and shear velocity. = ,/gl,S; whereg = 9.81 ni§?. Also wave pa-

rameter as mentioned before is included for thecefiof wave. Thus, equa-
tion (6) becomes
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B y )
%:a b | (Y s 1+qi , (11)
a9s l, U. TU,
where a = 0.258, 3 =2.062,y = -1.121,{ =-0.956, ¢=17.08 andg = 3.31
are the regression coefficients (correlation ceoedfit is 0.96) computed by least
square method. The magnitude @f ~ 17 suggests that the magnitude of wave

parameter should be higher by an order and thugskaether scope for trying
different combinations of wave parameter. Nonetgl¢he proposed WCVLDC
(see equation (11)) provides first hand informatioriew of no work on the pol-
lutant dispersion in combine wave-current-vegetatiiow field. The observed
values of WCVLDC from Section 3.3 are used to abtguation (11). The ob-
served [equation (1)] and predicted WCVLDC are showFig. 6. For the bare-
bed channela and ds are zero and equation (11) reduces close to equéb).
Equation (11) is based on limited data due to Himidatory constraints. How-
ever, it can serve as a preliminary guideline &segsment of dispersion in wave-
current-vegetation interaction.

l

o
—
L

0.011

Predicted WCVLDC (m2s7)

0.001 T T
0.001 0.01 0.1 1
Observed WCVLDC (m2s1)

F i g. 6.0bserved and predicted WCVLDC (equation (11))

In absence of wave activity, tl@—t curves in vegetation and overflow re-
gions separate and become distinct (Fig. 7). Tharaéion is caused by the delay
in vertical mixing of solute between the two regidmecause of the absence of
wave-induced oscillations. The delay in percenfaga is measured at the ends of
the C—t curves. The interfacial strong shear causes Kehdtelmholtz coherent
vortices at the interface [35] that are thoughtrdstrict rather than support the
downward spreading of solute across the interfaég Because of the delay, the
necessary condition of cross-sectional uniformitysa@ute could not be achieved
and hence equation (11) is not valid in absenceanks.
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Fig. 7.C—t curves in current-vegetation flow f@ = 75 n?li* showing % solute delay in vegeta-
tion: measured in overflow regio(, measured in vegetative regian),(theoretical profile by rout-
ing method =)

However, in practical situation like in coastaldie a combine hydrodynamics
of wave — current — vegetation exists in which beeaof the surface waves, the
pollutants are always vertically well mixed. Motiveg from this, wave activity is
used in this laboratory study to get uniform spiegaf solute across the combine
cross section of vegetation and overflow regioriedfof increase in wave ampli-
tude on WCVLDC can be studied as a further extengiothis study. Increase in
wave amplitude may increase WCVLDC because of agzen drift velocity [22]
that causes additional shear [25] and also beddgsecale of wave-induced en-
hanced eddies in vegetation is limitedAfy, increase in wave amplitude could not
increase turbulence and therefore diffusivity beyancertain limit. Experiments
can be extended to verify this possibility.

4.3. Vertical diffusivity in wave-current-vegetation flow. The vertical diffu-
sivity in wave-current-vegetation flow is difficuto measure experimentally.
Therefore it is estimated by back calculation of Egf Elder’'s dispersion coeffi-
cient [33]. Equation (2) is averaged over a waveopeto get wave-current longi-
tudinal dispersion coefficier(E,, ) as

L R
waz—av([u'([ﬁj;udzdzdz, (12)

z

where overbar represents the period-averaged tjeanthssuming constant diffu-
sivity, the wave-current shear terincan be separately calculated<£ E,, D, ). If
the period-averaged velocity and the solute data frig. 2 and Fig. 4 measured in
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wave-current-vegetation flow is used, then equatidf) provides WCVLDC
(E,wy) and can be written as

d Z
E, = —lju'fiju'dz”dz'dz = uor (13)
" d D ’
0 0 "0

z ZWev

wherel ., and D,,.=D,=const are the wave-current-vegetation inducedarshe
and the vertical diffusivity, respectively. The ebged WCVLDC estimated by
routing method in Section 3.3 are substitutedEjp, of equation (13).1,,, is es-
timated from the depth-wise measured velocitieva@tve-current-vegetation flow
and using equation (13), the magnitude@f,., is calculated. For example, for
Q = 50 nili™ and wave of height ~ 2 cm and period ~ 1.5 s, meseWCVLDC =
=78 cmiS™ is estimated from the routing procedure. Thg, ~8800 cni'S?is
calculated from the corresponding depth-wise v#jocprofile provides
D, ~113 cnfS™ which is about two order higher than the valuebare-bed
channel O, =006M.d~ 32nfS", U. is shear velocity [36]). Table
showsE,,,, |, and correspondin®,,., in Q = 50 mMHi™ for both the stem den-

sities. The increase in the vertical diffusivityepthat in bare-bed channel is attrib-
uted to increased turbulence in presence of stee-seegetation and wave-
induced enhanced eddies. Table also shows dispersiefficient in bare-bed
channel that are lower in magnitude than WCVLDC ahhsuggests higher influ-
ence of interfacial shear on WCVLDC than vertidéugivity.

Vertical diffusivity, shear and WCVLDC for Q =50 nili™, V4 = 4% and 7%

\ Stem density (%)
Value Bare-bed (no wavey 70 | =1
D weCNT 57 3.15 112.5 150.0
lwey (M 57 8.64 8794.0 9720.0
Emx(cn?S™) (observed) 14.40 78.2 64.8
Ew(cn? 87 (predicted) 11.00 102.0 55.0

5. Conclusions.This study presents characteristics of flow, tueboke and
longitudinal dispersion in submerged vegetationeungaves and current. As the
combine wave-current-vegetation flow field is conmrio real wetland flows, the
results of this study may be useful in context tofdging exchange of CQdis-
solved nutrients, sediment dynamics in submergegte¢ion. Presence of waves
increases the magnitude of steady current in am@rflmproves the exchange be-
tween overflow and vegetation regions and also éeduenhanced-scaled turbu-
lence in vegetation that is favorable to biologitahsport like larvae [37] or pol-
len dispersion [38]. The resultant turbulence isignis observed to be around
twice the intensity in non-wave flows. The wavedndd increased turbulence and
exchange between the two regions help releasinigtpots trapped within stem
wakes which results in cross-sectional uniformritigtion of pollutants, a neces-
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sary condition to assess dispersion coefficiene fdsultant WCVLDC estimated
from dye experiments shows increasing trend wittréase in the wave-current
velocity. This is attributed to the contradictorgrid of increasing interfacial shear
and decreasing turbulence under increasing flowcigl. If compared with bare-
bed channel, the shear effect in wave-current-atiget flow is stronger. There-
fore, although vertical diffusivity increases inepence of wave and vegetation,
WCVLDC is always higher than that in bare-bed clenin absence of wave,
trapped pollutants in stem wakes could not be sel@an the flow direction and
together with reduction in the vertical exchangeneen vegetation and overflow,
results in delayed vertical transport of pollutaitsus, due to the lack of cross sec-
tional uniformity of solute, dispersion coefficiecduld not be assessed in the pre-
sent design of experimental set-up. The outcomthisfstudy, though based on
limited experiments due to laboratory constraings) serve as a guideline for the
possible applications and advances in wetland nmechavhere wave-current flow
through vegetation is ubiquitous.

Acknowledgementhis work was supported by a grant from the Researc
Grant Council of the Hong Kong Special Administvati Region (Project
No 5048/99E, GT-649) and a grant from Beijing IS & University
(NSFC10671023).

Appendix
Wave-period-averaged 1-D dispersion equation for samerged vegetation
The one-dimensional dispersion equation for agiitaand prismatic channel
is written as

oc,olue) i[Exa_cJ , A1)
ot 0 X 0 X 0 X

wherex, t, U, C, andE,are the longitudinal distance, time, cross-sectiamaraged

longitudinal flow velocity, cross-sectional averdgmncentration and longitudinal

dispersion coefficient respectively. In the preseraf linear periodic surface

waves, equation (Al) is averaged over one-wavegers

oC,,9C _ 9 (E acj'

ot ox ax\ ox

(A2)
where overbar denotes the period-averaged valwe pidduct termJ [0C/0x can
be decomposed into the following forms by applyihg Reynolds averaging pro-
cedure as

0L -G +un2Cre) (A3)
ox ox

whereu'(t) andc(t) are respectively the temporal deviation of thioeity and the

concentration from the corresponding period-avatagdues. If steady current and

progressive waves coexist in the chanaamay be the wave velocity which is sinu-

soidal. The frozen cloud assumption can be useah e dynamic steady state of
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the concentration distribution is attained. Thecsmration cloud will be advected
back and forth by the sinusoidal velocity. The fiorc C(x,, t), alsoc'(x,t) and

<3c‘/6><|X .» Will be periodic and 90° out of phase with theusioidal velocity. Under

this conditionu'C ~ 0, u'c’, u'dc’/dx ~ 0. Equation (A3) can be simplified to

U—=u—. A7

Similarly, the dispersion term can be written as,

0x 0x 0x

a(E acj_ 9 (E—X+E.X)a(c+c') _ a(E—ac £ oc

r'w X Ao X Ao + X A~ | (A5)
ox o0x 0x ox

where E,(t ) is the temporal deviation of the dispersion cedfit from the pe-

riod-averaged dispersion coefficient. Sifige~U?/ &, where¢ is the turbulent
diffusion coefficient,E, will be a periodic function of period and is in phase

with U. Consequentl;E;(g—C is expected to be very small in magnitude. Theawav
X

period-averaged mass conservation equation carbthemitten as

6_C+UG_C:2 waa_c , (A6)
ot ox 0x 0x

whereE,, :EX is the wave-current longitudinal dispersion caeéint and in the
presence of vegetation, it iE i. e. the wave-current-vegetation longitudinal
dispersion coefficient.

WVX?
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OKCMepUMEHTaIbHO HCCIIEOBAaHO BIMAHIE PACTUTENBHOCTH B )KUAKOCTH Ha T€UeHHE, HHTEHCUB-
HOCTH TYpOYJICHTHOCTH W TPOAOJIBHYIO IHCIIEPCHIO B CHCTEME BOJIHA — TedeHHe. B mabopaTopHbIX
SKCIIEpUMEHTaX B yCTAHOBHBIIEMCS TEUEHHH CO3J[ABAIUCH KOPOTKUE BOJHBI, TEHEPHPYEMBIC BOJHO-
MPOJYKTOPOM, U HMHUTHUPOBAJIACH IOJBO/HAS PACTUTENIBHOCTh (Bereraiys). 30Ha BEreTaluy pacio-
Jarajach B HPUJIOHHOH 00JacTH W MOJENINPOBANAch CUCTEMOH BEPTUKAIBHO ITOJBEHICHHBIX PE3UHO-
BBIX XT'yTOB. OOHapy»XeHO BOSHUKHOBEHHE OOJIBIINX CIBHTOB TOPH30HTAIBHON CKOPOCTH TEUCHUS B
30HE Mepexoja OT 00JacTH BETeTallK K YHUCTOi Boje. TypOyleHTHOe nepeMellnBaHie B 30He Bere-
TallUM B J]Ba pasa BBIIIE, YEM B CHCTEME BOJHA — TeueHHe Oe3 Bereranuu. IlogBoaHas pacTUTelb-
HOCTb NPUBOAUT K POCTY AUCIIEPCHU IBHXKEHHS BJOJb KaHala. YBETHMYEHHE CKOPOCTH TEUEHUS BbI-
3bIBA€T yBEINUEHNE BEPTUKAIBHBIX CIBUIOB CKOPOCTH M YCUJIEHHE IPOAOIBHON aucnepcuu. BepTu-
KalbHOE TepeMeIINBaHIe ¢ YUYeTOM BeTeTalluy Ha JBa MOPSIKa BHIIIE, YeM IIPH e¢ OTCYTCTBUH. BEI-
TIOJTHEHBI CEPUH IKCHEPHMEHTOB C LEJIBI0 KOJMYECTBEHHON OIEHKH BIIMSHHS BET€TallMH Ha JIHCIEp-
CHIO JIBIDKCHHS BJIOJb KaHala B 3aBUCUMOCTH OT CKOPOCTH TEUCHHS, €ro ITyOHHBI M KOHICHTPAIUU
TIOJIBOAHOI pacTUTEeNbHOCTH. [Ipe/uioxKeHs! annmpoKCHMAIMK JUI SKCHEPUMEHTAIBHO HaliIeHHBIX
3aBHCHMOCTEl K03 (HLIEeHTa TPOIOIBHON JUCTIEPCHUH OT IapaMeTPOB 3a1auH.
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