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ABSTRACT § 22=2
This study carried out extensive numerical studies on a refined “One dimensional (1-D) Reynolds Averaging gi g 3 %
Navier-Stokes (RANS) Model” for vegetated open channel flow. In the 1-D RANS model, the Spalart Allmaras g é’ < ;:%
closure model was used to model the turbulence caused by eddies within the vegetation zone and the interface 2 g i @)
between the top of the vegetation and the clear water zone. In this work, numerical simulations using 1-D RANS % = i L
model are carried out using dataset obtained from the laboratory under different hydraulic conditions of varying é N § %
areal vegetation densities. Three classes of highly flexible vegetation densities were simulated: low, medium and B § =
highly dense vegetation. The model predictions in terms of mean vertical stream-wise velocity profile and Reynolds R* O
Shear Stresses were compared with the laboratory flume experimental results. The 1-D RANS model performances |-'|_-|
were satisfactory for low and medium densities. However, discrepancies were seen in the model prediction for

highly dense vegetation. Hence, the hydraulic roughness parameters in the numerical model has been modified for

model re-calibration to capture the position of zero-displacement of velocities. Using the modified parameters, the

velocity profiles and the Reynolds Shear Stresses were predicted with very low uncertainty.

Keywords: Zero-displacement parameter, 1-D RANS model, Reynolds shear stresses, areal density, flexible

vegetation

INTRODUCTION significant impact on the efficiency and equitability of

water distribution (Di Stefano et al.,, 2022). Thus,
increasing the density or distribution of vegetation in a
channel, reduces the flow and attenuate the downstream
flow and consequently the upstream will be subjected to
flooding.

In spite of the above, vegetation has the ability to
increase bank stability, reduce erosion and turbidity,
provide habitat for aquatic and terrestrial wildlife,
attenuate downstream floods, present aesthetic properties
and filter pollutants (Ferro and Porto, 2018).

Sequel to the above ecological functions, efforts are
now being made at the global level for restoration and
rehabilitation of the waterways, flood plain management
and restoration of river ecosystems. To understand the
impact of vegetation roughness on inducing frictional
resistance to flow, more research is needed and to achieve
this, both experimental study and numerical simulation are
performed considering the effect of vegetal density,
plants’ flexibility, and channel slope on flow structures by
incorporating a zero-displacement parameter to capture the
scale of turbulence vis-a-vis the position of zero velocity

The importance of vegetation as a component of aquatic
ecosystems cannot be over-emphasized. It has ecological
benefits in improving water quality and reducing soil
erosion by altering the flow magnitude (Truong and
Uijttewaal, 2019; Abdullahi and Busari, 2021). Numerical
simulation is an effective approach to show the flow
structure in a vegetated channel when the right turbulent
modeling is combined with continuity and momentum
equations (Li and Busari, 2019; Manko and Busari, 2020).

In-banks vegetation or emergent and submerged
floodplain vegetation in rivers and streams have
significantly affects the lateral and vertical velocity
distributions of flow especially on the turbulence statistics
(Chiaradia et al., 2019).

Accurate quantification of the bulk effects of flow-
vegetation interaction is a significant challenge in the field
of eco-hydraulics as well as of great importance in the
design of flood protection or stream restoration schemes
(Errico et al., 2019). It has been established that both
density and distribution of submerged aquatic weeds had a
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near the bed. To this note, the paper presents a 1-D RANS
model that includes all essential hydraulic parameters to
enhance the accurate prediction of the flow structures in a
shallow vegetated watercourse. More so, the study
provides an extensive dataset for the validation and
subsequent recalibration of the index variables of zero-
displacement parameters.

MODEL THEORETICAL BACKGROUND

One dimensional model

In this study a refined 1-D version of the model
developed by (Busari and Li, 2006) has been used, in the
model, vegetated flows are assumed unidirectional for
shallow flow depth. Multi-dimensional models require
more laborious and time-consuming for the generation of a
large number of synthetic data.

Several experimental cases were simulated using the
model. The dataset is obtained from the laboratory
experiments which contain nine variables for blade-type
vegetation: flow depth (h), Energy slope (S) stem width
(B), vegetation height (k,,), vegetal thickness (t), flow rate
(Q) flexural rigidity (ET) and number of strips or stems per
unit Area (N) and drag coefficient (C,).

Governing equations

Continuity equations and horizontal momentum

equation, represented by (Egn. 1) and (Egn. 2)
respectively.

aui _ .

a_xi =0 i=1 (l)

u; du; a ou; | 0uj Tij 10dp 1
—tu—=—\v (—+— +—=|—=-——=-F,+9g; i1=1j=3 2
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where x; (= x;) = coordinate in horizontal direction
(m); u; (=u,) = time-averaged velocity in horizontal
direction (m/s); w;= 0; t = time (s); p = fluid density
(kg/m®); v,, = molecular viscosity (m’s™); 7;; = —pujuj =
Reynolds stresses (N/m?); p = pressure (N/m?) is assumed
to be a constant; F; = F, (N/m°) is the resistance force
components per unit volume induced by vegetation in x
directions; g; is the x-component of the gravitational
acceleration and is set to gS,, where Sy = channel bottom
slope.

The Reynolds stresses are represented by the eddy
viscosity model (Eqgn. 3):
Tij
p

o — ou; , Ouj 2
= -y = —ZVt (6_96; +6_xl> — gé}jk i=1,j=3 (3)

where k = 1/2 ulu]= turbulent kinetic energy (m?s?)

which can be absorbed into the pressure gradient term and
v, = eddy viscosity (m?s™).
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Turbulence closure model

The eddy viscosity v, is specified by the Spalart-
Allmaras (S-A) turbulence model which involves the
solution of a new eddy viscosity variable, v. The version
of the model used is for near-wall region and moderate
Reynolds number (Spalart and Allmaras, 1994). The S-A
model is intrinsically a transport equation for the eddy
viscosity developed under the well-known Boussinesq
hypothesis and it is as follows (Eqgn. 4):

v av & 1\ 0 v
E + uja—xj = Cblva + ;{a—xj [(V + Vm) (a—x])] +

G (220} - cunfu (3) @

The eddy viscosity and its magnitude including the
constants of the model are well defined in (Spalart and
Allmaras, 1994).

The vegetation induced drag force

On the influence of vegetation, the resistance force
due to vegetation is defined by the quadratic friction law.
The drag force is resulted from wake formation
downstream of the stem. The average force per unit
volume within the vegetation domain is obtained by
(Egn.5)

1 1
F; = Nf; =5 pCaNBuJuiu; = - pfruiJujtji=1 (5)
where N = vegetation density (defined as the number
of stems per unit area,1/m?) and f,,, = C;NB.

Flexibility accountability using (Large deflection
theory of analysis)

A large deflection analysis based on the Euler-
Bernoulli law for bending of a slender transducer has been
used to determine the large deflection of the plant stem.
The analysis modeled each vegetation stem as a vertical
in-extensible non-prismatic slender transducer of length, .
The water flows produce variable distributed loads
q.(s) on the transducer along the x-direction. According
to Euler-Bernoulli's law, the local bending moment is

proportional to the local curvature.
d?s

— ds?
M) = BI)
where, M is the bending moment (Nm), s is the local
ordinate along the transducer, E is the modulus of
elasticity (N/m?), I is the Second moment of area (m*) and,
4 is the deflection in x-direction (m).
The equilibrium of forces and momentum gives

dsd*s _ _qx(s) r—l ~ (3_?)2

(6)
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Combining of (Eqns. 6 and 7) yielded a fourth order
nonlinear (Egn. 8) in the deflection &

P S N e
[” o e <)][1-<3—;‘)] =) @

The vegetation stem is taken as inextensible as the
total length remains constant. By dividing the stem into n
equal part of constant lengthAs, the z-ordinate of the i"
node is obtained by (Egn.9)

z; = YTt As? — (6, — 6;_1)? 9)

asd?s

Numerical methods and boundary conditions

The deflected height of the stem is then equal to z,.
The (Egn. 9) is then solved using a quasi-linearized central
finite difference scheme. To minimize computational
effort, the solution can be expressed in non-dimensional
form relating the deflected height of vegetation to the
applied force, hence, it is approximated by a polynomial.

At the free surface, zero pressure and zero gradients
of velocity component are specified:

p=0 and aui =0 (10)

At the bottom, the Iogarlthmlc law wall function is
given by (Eqn.11)

u—uw[ln(v )+B],v=1czuw (112)

where u,, = wall shear velocity (m/s); z = distance
from the wall (m); and B = 8.5. By knowing the velocity
at the point next to the wall with distance, z the wall shear
stress can be computed iteratively.

The above equations were coded script using C™
language. The bulk drag coefficient is estimated as

Uz

(Eqn.12):
Carky QZ QZ
2BZh3 (1_¢k_,;)3 —95= (g - 32h3) Ax (12)
h

The solid volume fraction of the vegetation zone is
defined by ¢ = NBt = At (-). The frontal area of
vegetation per unit volume (areal density) is then given by

A=NB (mY). TheAX, is a small longitudinal distance

and Ah is the resulted change in the hydraulic head
(water level difference) due to the change. These
parameters are captured in the model (Figure 1).

1dfldat dfl.dat 1dfl.dat o +

Edit View

0.335, 1.0, 41, 0.52, 0.0001, 5000000, 5000, 0.036, 0.12, 48.0, 0.882
1.2 0.005 4.75

1.2 100.

expt Busari Afis

read (1,*) yh,aa,kmax,uav,dt,nt,iout,gse,yhv,frk,rze
read (1,*) cd,width,EI
read (1,*) alpha,beta

Figure 1. Modelled hydraulic conditions/Input data file
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RESULTS AND DISCUSSION

Recently, Azorji and Busari, (2021) and Abdullahi and
Busari, (2021) carried out extensive laboratory flume
experiments and field investigations on flexible vegetation
growth in waterways with varying areal densities. Hence,
the need for this study to further validate the 1-D RANS
model towards its application to highly dense flexible
vegetation under laboratory control experiments and field
studies. A screenshot of the simulation time step and stage
is shown in Figure 2).
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Flgure 2. Simulation stage and Time step

General experimental hydraulic conditions

In the studies, Azorji and Busari, (2021) and
Abdullahi and Busari, (2021) categorized areal vegetal
density into three (3) categories: (i) less dense; (ii) dense
vegetation and (iii) high density vegetation. The hydraulic
parameters are shown in (Table 1). The details of the
flume experiment conducted can be found in (Azorji and
Busari, 2021; Abdullahi and Busari, 2021). The maximum
discharge throughout the experiment was 50 cm®/hr.

Table 1. Hydraulic conditions

Hydraulic parameters

Density
Author Vegetation parameter Flow class
parameter
Azorji and B = 0.0076 m;_z_ h =035m;
! 10 <N <540 m™%; Y
Busari, 03 <C <07 107° < gS Low
3<C; <07,
(2021) b 012 <0.04
Abdullahi B = 00022 m h 062 m:
and Busari, 600 < N < 3200 m~2; S_—‘10*2, Medium
(2021) 06<Cy<12k,=034m &7
Abdullahi B =0.0022m _ .
and Busari, 4250 < N < 8000 m~2; h S‘f‘%_”;' High
(2021) 08<Cy<10;k,=034m &=
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Modeling of low vegetal density

Vertical mean stream-wise velocity profile

The result in Figure 3 clearly indicates the influence
of vegetation density on the velocity profile in a vegetated
canopy. On both axes, the variables are normalized. The

shear velocity (u* = /¢S (h — k,,) on the horizontal axis
to yield scaling parameters.

The entire shape of low density vegetation (e.9.10 <
N < 90m™~2) from the depth of zero-displacement within
the vegetation zone through the clear water zone follows
an exponential law. The trend changes as the density
increases. For 90 < N < 210 m™2, a point of inflexion is
observed slightly at the interface between the deflected
vegetation height (see the green dotted line) and clear
water zone. Hence, the shape of the velocity profile above
the vegetation zone begins to change from exponential to
logarithmic law, whereas the nature of the velocity profile
within the vegetation zone remains exponential. Beyond,
N=210, the profile is defined as S-shape. It can be
observed that the RANS model predicted all the shape and
profile transformations as observed in the laboratory
experiment.
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Figure 3. Mean vertical stream-wise velocity profile for
flexible, less dense areal vegetation

Reynolds shear stresses in a low density vegetated
channel flow

The Figure 4 shows the predictive power of the 1-D
RANS model to replicate the measured Reynolds shear
stresses (—/uw/). The values of the max shear stresses at
the interface between the top of the vegetation and the
clear water zone are highly correlated with the laboratory
observed values for the varying areal densities. The results
show the instability of the shear stresses just above
channel bed due induced vegetation drag by the flow
hydraulic resistance from the vegetation.
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Modeling of medium vegetal density

Vertical mean stream-wise velocity profile

Figure 5 shows that the experimentally predicted S-
shaped vertical mean stream-wise velocity profile was
perfectly replicated by the RANS model. The replication is
very good from the measured point above the channel bed
up to the water surface. It apparent that the points of
inflexion are entirely below the deflected heights (the
horizontal dotted line) of the vegetation. The location of
point of the inflexion rises towards the vegetation height
with increasing vegetal density due to the reduction in the
vortex shedding at the interface between the vegetation
zone and the clear water zone.

Reynolds shear stresses in a medium dense
vegetated channel flow

In Figure 6, a good correlation exists between the
experimental and modelled results. The prediction was
perfect up to the position of the least shear stresses. The
scale of the vortex produced became minimal as the

Lo

vegetation resistance balanced the gravitational flow
forces.
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Figure 5. Mean vertical stream-wise velocity profile for
flexible, medium dense areal vegetation
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Figure 6. Measured and simulated Reynolds Shear Stresses (medium density vegetation)

Modeling of highly dense vegetal cover

Vertical mean stream-wise velocity profile

Figure 7 shows the model prediction of velocity
profile against the experimental results. The RANS model
under-predicted the velocities with the vegetation zone for
the range vegetal densities and the reduced turbulent scale
becomes difficult to replicate. Its predictive capability
decreases for N = 7000 and 8000 due to over-estimation
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of the mean velocity close to the water surface. This
variation could be attributed to the secondary current
produced at the interface between the boundary wall and
flowing water. To account for this deficiency in the model
prediction, the roughness parameters in the zero-
displacement equation used in the model need to be re-
calibrated.
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Figure 7. Mean vertical stream-wise velocity profile for
very dense flexible vegetation

Reynolds shear stresses in a highly dense vegetated
channel flow

In Figure 8, a good correlation exists between the
experimental and  modelled  results.  However,
discrepancies arise due to low correlations of results
especially in the vegetation zone arising from high-value
prediction of Reynolds shear stresses. The scale of the
vortex produced became minimal as the vegetation
resistance balanced the gravitational flow forces.
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Re-calibration of hydraulic roughness parameters

In the case of wall-bounded shear flow, the turbulence
length scale L is proportional to the distance from the
point of interest to the channel bed. In the presence of
varying vegetation sizes, the turbulence length scale is
reduced to allow turbulence eddies above the vegetation
zone to reach the channel bed. A zero-plane displacement
parameter, Z, is introduced to simulate the reduction in the
turbulence length scale The L value of a point at level Z is
obtained by (Eqn. 13)

L=Z2-2, Z>ky>7Z,
L2002, "2 < ()

where k, is the deflected height of vegetation (m).

This study adopted the empirical equation of
Z,developed by (Busari and Li, 2016) which is given by
(Egn. 13):

Zo _ S
kg ff+aﬁ

(14)

These roughness parameter indices are given as
a = 0.7 and $=0.5. For very high density as presented in
this work, there is need to recalibrate these indices to fit
the reduction in turbulent length scale required for highly
dense vegetation. The parameters were varied within a
suitable range until the modeled velocity profile matched
the experimentally observed profile. Based on this, the
best results is obtained for ¢ = 0.56 and $=0.64.

Modified vertical mean stream-wise velocity profile
using the calibrated a and g

The velocity profiles are reproduced using the
modified values of « and g in the (Egn.14) to obtain a
new Z,value which is then fed into the numerical input
file. The newly obtained mean vertical stream-wise
velocities are shown in Figure 9.

Relationship between Maximum Reynolds Shear
Stress and Vegetal Densities

In Figure 10, the fitting of the relationship between
the maximum Reynolds Shear Stresses and the vegetation
density shows a non-linearity properties of power law for
low vegetal covers.

In Figure 11, the fitting of the relationship between
the maximum Reynolds Shear Stresses and the vegetation
density shows perfect linearity properties for medium
vegetal covers.
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In Figure 12, the fitting of the relationship between
the maximum Reynolds Shear Stresses and the vegetation
density shows perfect linearity properties for highly dense
vegetation as observed in Figure 8. This implies that the
deflection of vegetation at high densities is lowered as the
vegetal density increases, due to increase in the hydraulic
resistance to the flow. Hence, more water will be diverted
above the vegetation zone.
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Figure 9. Mean vertical stream-wise vel. profile for dense
flexible vegetation (a = 0.56 and and $=0.64)
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CONCLUSIONS

The present study deepens the understanding of vegetated
channel modeling by taking into consideration the
influence of zero-plane displacement parameter and the
effect of varying vegetation density on the vertical mean
stream-wise velocity profile of submerged flexible
vegetation through the numerical simulation of laboratory
flume experiments of vegetative open channel flow. The
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study verifies the dependency of the shapes of the vertical
mean stream-wise velocity profile on the vegetal areal
densities; in addition, the model replicate the vertical mean
stream-wise velocity profile and Reynolds shear stress
profile for varying vegetal areal densities. However,
discrepancy was found in the prediction for very high
density. Based on the recalibration of hydraulic roughness
parameters, the 1-D RANS model replicate the vertical
mean stream-wise velocity profile and Reynolds Shear
Stresses accurately.
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