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SUMMARY

A large eddy simulation (LES) model has been developed to simulate the hydrodynamic behaviour of
turbulent flow in an open channel with a domain of vegetation. Vegetation is considered as an internal
source of resistant force and turbulence energy. The model is modified from the LES model of Li and
Wang (International Journal for Numerical Methods in Fluids 2000; 34), and is distinctive in that the
subgrid scale turbulence is parameterized by a k—/ model. The length scale of turbulence / is proportional
to the grid size and the turbulence energy k is obtained from the solution of the turbulence energy
transport equation. An operator splitting method, which splits the solution procedure into advection,
diffusion and pressure propagation steps, is employed so that different numerical schemes can be used
for the solution of different physical processes. The model has been applied to simulate open channel
flow with transverse shear produced by vegetation drag. Some organized large eddies were found in the
interface between the vegetated and non-vegetated regions and the organized structure clearly has a life
cycle. At the interface the transverse velocity profile exhibits a steep gradient, which induces significant
mass and momentum exchange, acts as a source of vorticity, and generates high Reynolds stresses.
The logarithmic vertical velocity variation becomes uniform in the vegetated domain. The agreement
between the numerical results and the experimental data (Tsujimoto and Kitamura, KHL Progressive
Report 92, Hydrology Laboratory, Kanazawa University, Japan, 1992; 21) is satisfactory. The present
k—I LES model is proven to be a useful tool for engineering applications, as it can simulate the dynamic
development of large eddies and the associated intermittent turbulence. Copyright © 2002 John Wiley
& Sons, Ltd.

INTRODUCTION

There is an increasing environmental concern about wetlands, river basins, as well as flood
control channels recently. Growth of vegetation in these areas is desirable as it can provide
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favourable space for various lives. It is common that a watercourse has a vegetated region and
a main flow region without vegetation. In addition to the resistance offered by the vegetation
to the flow, violent transverse mixing due to the considerable difference between the velocities
at the interface of the vegetated and the non-vegetated regions occurs.

Early works on flow in open channel with vegetation are summarized in References [1, 2].
The vegetation was treated as uniform boundary roughness and its resisting effect was re-
flected in the value of the so-called retardance coefficient. No information on flow within
the obstruction was reported. Subsequent works used semi-empirical approaches. Myers and
Elsawy [3] and Zheleznyakov [4] found that the flow in compound channels is affected by
an intensive momentum exchange between the main channel and the adjoining shallow flood-
plain zones. Pasche and Rouve [5] performed laboratory experiments and field measurements
and constructed a theoretical model to study overbank flow with vegetatively roughened flood
plains. They observed the existence of large-scale eddies at the interface between the vege-
tation zone and the main channel zone. Darby and Thorne [6] combined a simple numerical
hydraulic model with empirical flow-resistance equations for gravel-bed materials and vege-
tation roughness elements to estimate the stage—discharge relationship of channels with bank
vegetation.

The experiments by Tsujimoto and Kitamura [7] indicate that transverse mixing is caused
by rather organized and low-frequency fluctuation of transverse velocity, and is in association
of water-surface fluctuation. The existence of horizontal large-scale eddies at the places of
sharp velocity gradient has been reported both in the field and laboratory by Tamai et al. [8],
Fukuoka and Fujita [9], Chu et al. [10] and Ikeda et al. [11].

In parallel, studies of turbulent flow in and above plant canopies have been carried out.
Measurements of flow characteristics have been made by Thom [12], Shaw et al. [13] and
Oliver [14]. Mathematical models for the flow have been proposed by Kondo [15] and others.
These models are one- or two-dimensional and use the conventional eddy viscosity or mixing
length hypotheses. Higher-order closure model of turbulence was proposed by Wilson and
Shaw [16]. A summary of these works can be found in Reference [17]. They concluded that
the simple local-diffusion models of turbulence transport are seriously deficient.

In the water environment, Burke and Stolzenbach [18] presented a one-dimensional numer-
ical model to predict the vertical variation of flow through and above large obstructions, with
special emphasis on tidally inundated marsh grass. The model included the two-equation k—¢
parameterization of the turbulent stresses. Empirical terms were introduced into the model,
and calibration and verification of the model have been done.

Naot et al. [19] developed a steady three-dimensional flow model with an algebraic stress
model (ASM) of turbulence to study the turbulent flow in compound wide rectangular open
channel with vegetated domain. A phenomenological model was imbedded in the algebraic
stress model with the vegetation modelled as an internal resistance that exerts drag force and
produces energy of turbulence. Several new terms to account for vegetation resistance were
proposed. The importance of the pattern of vegetation placement on the shading factors was
highlighted. However, as the model is steady, it is unable to simulate the dynamic evolution
of horizontal large-scale eddies and the influence of flow geometry on the development of
shear layer with large-scale eddies may not be reproduced.

Recent progress in turbulence model of large-scale eddy simulation (LES) has enabled tur-
bulent flows to be simulated with higher accuracy. LES approach has been performed to study
the aerodynamic behaviour in and above a forest [20] and around multiple windbreaks set

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:919-937
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Figure 1. Illustration of the vegetation model.

within a wheat canopy [21]. Yet little has been done in open channel flow with a domain of
vegetation, except that Nadaoka and Yagi [22] developed a two-dimensional depth-integrated
model (SDS-2DH) to compute shallow water turbulence for flow in channel with vegetation
bank. The ‘subdepth scale turbulence’, including the turbulence generated by the vegetation,
was modelled by a k—/-type parameterization. The horizontal large-scale turbulence was com-
puted explicitly using the technique of LES. They found that the model can account for the
effects of flow geometry on the large-scale eddy development, and the model performance
is better than the depth-integrated k—¢ model. However, the physical reality of the computed
periodic behaviour due to the lateral shift of secondary currents was questioned and the
two-dimensional depth-integrated LES model is only applicable to shallow water environment
with non-submerged vegetation.

In this study, a K&~/ LES model modified from the LES model of Li and Wang [23] has
been developed to simulate the hydrodynamic behaviour of shallow turbulent flow in a rect-
angular open channel with a vegetated domain. The subgrid scale turbulence is modelled by
a k—I model. The length scale of turbulence / is proportional to the grid size and the tur-
bulence energy k is obtained from the solution of the turbulence energy transport equation.
An operator splitting method, which splits the solution procedure into advection, diffusion
and pressure propagation terms, is employed to solve the governing equations. The model
will be tested against two cases of flow with vegetation for which experimental data are
available.

VEGETATION DRAG FORCE AND ENERGY DISSIPATION

In physical experiments (e.g. Reference [7]), vegetation is idealized by placing vertical rods
in an aligned homogeneous array, and is illustrated in Figure 1. In numerical models, the
effect of these rods on the flow is modelled as internal source of resistant drag force per unit
fluid mass and is added into the momentum equations [24, 25]. The expression of the resistant
drag forces per unit fluid mass unit is written as

Fi=Ku; (i=1,2) (1

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:919-937
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where

K =3\/u? +u3 + udNDCyS¢

u; denotes the large-scale velocity in the x direction when /=1,y direction when i=2 and
z direction when i=3; N is the averaged vegetation density (number of rods per unit area);
D is the averaged rod diameter; Cy is the drag coefficient for flow against the rods and Sr is
the shading factor.

In the present work the experimental drag coefficient Cg [26] is dependent on the Reynolds
number R = D/v and is approximated by

Cs=(10%/R)** for R<10°
and
Cp = minimum of 0.976 + [(10 3R — 2)/20.5]> or 1.15 for 10° <R <4 x 10*
For aligned rods the shading factor has been determined experimentally as
Se=(1-/D/S)’

where S=1/v/N is the averaged spacing and /D/S is the velocity defect behind a single
rod. The energy dissipation due to vegetation is written as

NDCgSr - —  —

TCv:72B F(ulz—f—u%—f—u%)w 2)

GOVERNING EQUATIONS

The governing equations used are the three-dimensional grid-volume-average equations de-
scribing the balances of mass and momentum under the Boussinesq approximation. The equa-
tions include additional terms for drag force produced by vegetation.

Continuity equation:

ou;
=0 (i=1,23 3
W0 (i=123) )
Momentum equations:
6t+u16x,__p6xl+gl+v(6x,6x,>_ 6)(7] —F (17]_13273) (4)

Assuming that the pressure is hydrostatic, the momentum equation in the vertical direction
i =3 is degenerated into the following form:

0=—g;—— L, =3 (5)

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:919-937
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The momentum equations include terms for subgrid-scale (SGS) fluxes, which are determined
from the resolved fields and the SGS kinetic energy. The subgrid-scale model integrates a
closed equation for SGS kinetic energy of the following form:

Qo+ L= (nv Ok (G O (OE LGN ety
@t @xj ﬁxj

O ax, (3xj ﬁx,- 5)6, 6X,‘
(,j=1,2,3) 6)

Here u; and g; denote the large-scale velocity component and gravity acceleration component
in the ith direction, respectively, g, =g, =0; gs = —g, P denotes pressure, p denotes density,
k denotes SGS kinetic energy, v denotes molecular viscosity, Cp is an empirical constant and
7;; denotes the SGS stress:

Tij :uf j/ — § 14]/{1/[,/(5,:]‘ =—V <5xj + axj>_—2ViS,‘j (7)

The subgrid scale eddy viscosity coefficient v; is assumed to be the product of the turbulence
characteristic length scale (/) and an SGS velocity scale (k'/3):

vi=Culk'” ®)

where C, is a dimensionless empirical constant (C,=0.09) and / is defined for this
problem as

1= C; {1 —exp (y'jﬂ (AxAyAz)'3 9)

where Cs is a constant and taken to be 0.15, / is modified by the van Driest damping with
parameters y;” and A" to account for the effect of solid wall on the suppression of eddies.
vyt = ywu./v, yy is the distance between the computing node and the wall and u, is the
friction velocity. A* is a constant and is equal to 26.

Free surface elevation

The vertical velocity is obtained from the continuity equation

o om 0m
67)63__ ﬁxl - axz (10)

The governing equation for free surface elevation can be derived from the vertical integration
of the continuity equation

on__ o [ _i/"—
o om /_h“ld’C3 o ), 2 (D
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where n(x;,x;) is the free surface elevation and x; = —h represents the bottom. The free
surface elevation is related to the pressure at x3 =0, Py=P(x,x2,0) by

6P0 - 6;7

axi _pgaixl (12172) (12)

SOLUTION METHOD

The split operator approach is used in the solution of the governing equations. At each time
step the equations are split into three steps: advection, diffusion and pressure propagation. The
equations for the advection step are

-n+1/3 -n —_

u; —u —% . .o

A g, (i=1,2; j=1,2,3) (13)
kn+l/3 iy . ok )
A U, U=123) (14)

The third-order backward characteristic scheme (Yu and Li [27], equivalent to QUICKEST,
Leonard [28]) is employed to deal with the advection step in the equations. The scheme is
third-order accurate and thus the second-order diffusive error is zero. The fourth-order diffusive
error term of the scheme is expected to be much smaller than the second-order subgrid eddy
diffusion terms.

The equations for the diffusion term are

s g Pui A(=2vrSy)

At - Ox;0x; Ox;

(i=1,2; j=1,2,3) (15)

an

L A < @k) ¢ (@k

At ~ ox; \og ox; or 0x;

) (j=1,2,3) (16)

In the diffusion step, the simple four-node centred space scheme is used for the second-order
diffusion terms. The equations for the propagation step are

;,]n+1 _ ’,’n+2/3 0 /’1 L 0 /'7 .
L 4T 0 7 - 1
A7 ), uy dxs o ), U, dx; (17)
ou; 10 .
E:_Eaf:-_K”" (i=1,2) (18)

kn+1 _ kn+2/3

Al =2v78,S; + m, — Cok*?/1 (i, j=1,2,3) (19)
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Equation (18) is due to the surface elevation not being level. Equations (17) and (18) are
solved implicitly. They are decoupled through two procedures. Firstly, the unknown flow rates
at time step n + 1 are eliminated by differentiating equation (18) with respect to x and y.
Secondly, the resulting Poisson-type equation with an essential boundary condition is solved
by using the Gauss—Seidel iteration method. Successive over-relaxation (SOR) technique is
incorporated into the Gauss—Seidel iteration method to speed up the convergence of the
solution. The accepted level of reduction of the residuals on each time step is 0.1%. In
the time stepping problem, the choice of acceleration method and the convergence criterion
is not so significant. The solution of the Poisson-like equation takes about 2 computer time
of the whole computation.
The vertical velocity 3 is computed from the continuity equation

. "(ow  Oup
3= /_h (6x1+6x2) dxs3 (20)

For the stability criteria of the scheme, in the advection step, the criterion is given by

At < min( A s A )

b bl
|u1,i,j,k| I”Z,i,j,k| |u3,i,j,k|

where AX; is the grid size in the ith direction. In the diffusion step, the stability criterion is
given by

. [1 (AX)AHAX)H(AX;)?
Al< min {2\} (AX)2(AX:)? + (AX:)2(AX3)? + (AX3)2(AX1)2}

BOUNDARY AND INITIAL CONDITIONS

Periodic boundary condition (PBC) is applied at the upstream and downstream boundaries.
On the bottom, the no-slip boundary condition is used. The magnitudes of the bottom shear
stresses are specified by the Manning equation. Another method of relating the bed shear
stress to the near wall velocity using the log law has also been used. Results obtained by the
two methods display not much difference. The log-layer solution is used in the determination
of the turbulent kinetic energy near the bottom. At the lateral sidewall, similar condition as
that used at the bottom is employed for the velocity and the turbulent kinetic energy. At the
free surface, zero pressure is applied when the Poisson equation is solved. The continuity of
stress condition imposes the zero shear and normal stresses on the free surface when wind
effect is absent.

The initial condition consists of velocity, depth and turbulent kinetic energy fields. The
vertical variation of the filtered longitudinal velocity u! ;. 1s specified as a logarithmic profile.
Small disturbances, which were generated with a set of random numbers with a magnitude
<10% of the mean velocity, were provided in the initial velocity field.

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:919-937
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Table 1. Physical and computational parameters for the two cases of study.

Experiment code CASE-1 CASE-2
Model Al Model C1
Channel width B 40 cm 40 cm
Slope I 1.70 x 1073 1.65 % 1073
Averaged velocity Up 32 cm/s 22 cm/s
Water depth H 4.57 cm 438 cm
Vegetation width B; 12 cm 12 cm
Vegetation diameter D 0.02 cm 0.02 cm
Vegetation density N 30 cm 2 40 cm 2
Roughness n 0.012 0.012
Drag co-efficient Cg 1.988 1.53
Shade factor Sk 0.448 0.416
Longitudinal domain size 60 cm 60 cm
Longitudinal grid size 1.0 cm 1.0cm
Transverse grid size 0.5cm 0.5cm
Time step 0.005 s 0.005 s

The transverse filtered velocities, ), and 43, are assumed equal to zero. The water

depth field is determined based on force balance. The initial turbulent kinetic energy field is
set to zero.

MODEL ASSESSMENT

The present model has been applied to study two cases of open channel flow with vegetation
in part of the domain. These cases are the replication of the physical experiments due to
Tsujimoto and Kitamura [7]. The computed results will be compared with the data obtained
from the experiments and the performance of the model can then be assessed. Moreover,
the computed results from the depth-integrated model SDS-2DH by Nadaoka and Yagi [22]
for one of the cases will be used for further comparison. The physical and computational
parameters for the two cases are summarized in Table I. The definition sketch of the problem
is shown in Figure 2.

The number of mesh points is 60 x 80 x 10 in the streamwise, transverse and vertical
directions, respectively. The shear stress is the greatest at the interface between the wa-
ter and vegetation domain and its magnitude is difficult to determine. Using the bottom
shear stress in the non-vegetated region, the non-dimensional grid size u*Az/v=z"=90 for
case 1 and z* =60 for case 2, where Az is the grid size in the z direction. The present
grid resolution follows those used previously (e.g. Reference [20]) in similar problems. It
is subsequently observed that the largest eddy is of the size approximately equal to 60
grids.

The length of simulation time in terms of the eddy turnover period is 20 for the first
case and 35 for the second case. The time to development of the large eddies is approxi-
mately 10 eddy turnover periods for the first case and 25 for the second case. Flow statistics

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:919-937
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Figure 2. Definition sketch of flow with vegetation.

are collected for the last 10 eddy turnover periods for both cases. A PII 733 PC is used
and the computation time is approximately 12 h for the first case and 25 h for the second
case.

Figure 3 shows the surface velocity fields of the two cases at the instant of initial de-
velopment of large eddies. The corresponding vorticity field and spatial distribution of wa-
ter surface are shown in Figures 4 and 5. In the computational domain one large vortex
formed around the interface region between the non-vegetated and vegetated domains af-
ter the computation reaches a dynamic equilibrium state. The vortex grows in size and is
then transported downstream when the size is sufficiently large. The process of generation,
growing and transport of vortex is repeated in time. For case 2 the minimum vorticity com-
puted is about —4.0 s~!, which is the same as that computed by the SDS-2DH model. The
formation of vortex also causes a decrease in pressure and hence a depression of water
surface. In the computation, the initial velocity is set to the averaged velocity, which is
equal to the total discharge divided by the cross-sectional area. The existence of vegeta-
tion causes the redistribution of the velocity field and the field of water surface elevation.
The velocity in the vegetated domain is reduced by the presence of vegetation, also piling
up of water occurs in this low-velocity region. The transverse velocity gradient therefore
causes mass and momentum exchanges. This leads to hydrodynamic instability and the for-
mation of vortex. The computed transverse velocity profile is close to that of the experiment
(Figure 6).

Figure 7 shows the temporal variation of water surface fluctuation for the two cases. The
mean periods of the water surface fluctuation are 2.5 and 3.4 s, respectively, which are close
to the experimental results of 2.7 and 3.7 s. Figure 8 shows the transverse distribution of the
root mean squares (RMS) water surface fluctuation, #y,s. Figure 8(b) displays the results for
the present model, those of the SDS-2DH model, and those of the experiments. A surge in
water level exists near the boundary of the non-vegetated region and the value of #ys in the
non-vegetated region is less than that in the vegetated region. In this region kinetic energy is
partly converted into potential energy. Compared with the result from SDS-2DH model, the
result from the present model is closer to the experiment.

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:919-937
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Figure 3. Velocity field for the initial development of a large eddy.

The present model can predict the vertical variation in velocity. Figure 9 displays the
vertical velocity profiles in the main flow region and in the vegetated region. The logarithmic
velocity distribution due to bottom roughness is satisfactorily reproduced in the main flow
region. In the vegetated region, the resistance offered by the vegetation, which is proportional
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Figure 4. Spatial distribution of water surface elevation.
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to the square of the velocity, causes a significant reduction in the flow resulting in a more
or less uniform vertical distribution of velocity. Near the bed both the bottom friction and
the resistance due to vegetation exert significant effects and a stagnation zone of velocity is

resulted.

Copyright © 2002 John Wiley & Sons, Ltd.
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Figure 10 shows the transverse distribution of the Reynolds stress u],
Although, there is a small difference between the computed maximum stress and the measured
one, the profile of the stress and the location of the maximum stress are similar. The Reynolds
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uy, for the two cases.
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Figure 6. Transverse velocity profile (com: computed results; exp: experiment data from
Tsujimoto and Kitamura [7]).

stress is obtained from the sum of the stress from large-scale term and that from the subgrid
scale term. The contribution to Reynolds stress from the explicitly computed large-scale eddies
is larger than that from the modelled subgrid scale eddies. The maximum of the Reynolds
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Figure 8. Root mean squares water level fluctuation (com: computed results; exp:
experimental data from Tsujimoto and Kitamura [7]).

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:919-937



934 SU XIAOHUI AND C. W. LI

1
0.9

0.8

Velocity in Mainflow

— —a— — Log Law
0.7 9

0.6

0.10m)

0.5

0.4

ZHH

0.3

0.2

0.1

0|||||||||||||||||||||||||

0 0.2 0.4 0.6 0.8 1
U/Umax (Mainflow Region)

——H&—— Velocity in Vegetation

=0.10m)

ZH (H

0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 0.005 0.01 0.015 0.02

U/Umax (Vegetation Region)

Figure 9. Vertical velocity profile: (a) main flow region; (b) vegetated region.

stress occurs at the interface where the velocity gradient is the greatest. Thus besides bottom
friction, the vegetation resistance is another primary source of turbulent kinetic energy. The
computed result from the present model is slightly better than the result from the SDS-2DH
model.

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:919-937



LES MODEL FOR FREE SURFACE TURBULENT FLOW 935

16
14
12
—————— Subgrid scale
— — — — Large scale
10 ———— Reynolds stress (L+S)
o Exp

stress (g/cm2/s2)
o)

o LU IRLLLIL L LI I O O B BB I A |

6
4
2
0 1 | 1 1 1 L ]
30 40
(@)
12 o
11
————— Large scale

— — — — subgrid scale

——— Reynolds stress
Exp
Nadaoka

stress (g/cm2/s2)
N w B [6)] [e>] ~ [e2] © o

(b) Y (cm)

Figure 10. Transverse distribution of the Reynolds stress u{u) (exp: experimental data from
Tsujimoto and Kitamura [7]).

CONCLUSIONS

A k-l LES model has been developed and applied to study the hydrodynamic behaviour
of turbulent flow in a rectangular open channel containing a vegetated domain. An operator
splitting method, which splits the solution procedure into advection, diffusion and pressure
propagation steps, is used so that different numerical schemes can be used for the solution
of different physical processes. The model has been validated for two cases of study and

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2002; 39:919-937
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good agreement between the computed results and experimental data has been attained. The
results show that large eddies occur at the interface between the vegetated and non-vegetated
domains, where significant mass and momentum exchange occurs. The profiles of velocity and
stage of the channel flow are largely affected by the vegetation resistance. The logarithmic
vertical velocity variation becomes uniform in the vegetated domain. The present k—! LES
model is proven to be an useful tool for engineering applications.
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