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Abstract

An improved divided channel method has been proposed by modelling a pa-
rameter using the function of depth ratio for a multi-stage compound chan-
nel. Experimental data suggest that as the flow depth increases over the
second stage floodplain, fractional contribution of the main channel and first
stage floodplain under bankfull height plays a pivotal role in shear layer and
momentum distribution. Therefore, a new mathematical model has been
suggested for estimating the stage-discharge relationship for staged channels
of more than one floodplain using the 1D technique of overall roughness
correction.
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1. Introduction

Numerous overtopping and high-flow events suggest different cross-sectional
land characteristics of the river and urban river water systems. The understand-
ing of overbank flows in compound open channels, which have a deeper main
channel and distinct floodplains with differential bankfull heights (multi-stage
floodplains), is of primary importance. Multi-stage compound channels are via-
ble in urban areas to facilitate bank slope stability and higher discharge capacity
for different flow rates (Wang et al., 2014; Chen et al., 2019). The complexity of
the multi-stage compound channels manifolds with interactive geometry and
roughness of the surrounding floodplains. In the present study, a comprehen-

sive experimental analysis is conducted to understand the flow at the different
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interfaces of such channels. This paper presents an experimental investigation of
the effect on the momentum flux at individual contiguous staged floodplains.
Moreover, zonal and overall discharge are illustrated using the 1D analytical
analysis to estimate the improved divided channel method and flow resistance

proposition.

2. Methodology

2.1. Experimental Arrangements

The experiments were performed in a 20 m long and 0.745 m wide glassed-wall
flume in the Hydraulic Laboratory of Xi’an Jiaotong-Liverpool University
(XJTLU), China. The compound channel cross-section was rectangular, with the
main channel width (5,) of 0.445 m, first-stage floodplain width (bfl ) of 0.1 m,
and second-stage floodplain width ( bfz) of 0.2 m (see Figure 1(a)). The longi-
tudinal bottom slope of the flume was S, =0.003 . The floodplains were covered
with flexible plastic grass turf, whose density was 33,000 grass blades/cm’® and
whose blade height was 8.3 mm. The bankfull height (/) was 4 cm for the

B =0.745m
Stage2 |
L 9 = TR R H
by, = 0.2m :
Stage§1 §
prm—— N S =
by, = 0.1m § N
S
| Main channel
o =]
b, = 0.445m
(a)
0.16
0.14
0.12
0.10 o
Eoos 17
i IR R
0.06 -
0.04 -
0.02 4
0.00 . T ; T . T
00 01 02 03 04 05 08 07
Y (m)
(b)

Figure 1. Multi-stage compound channel: (a) cross-section, with two floodplain widths,
and (b) cross-sectional measurement location for ADV.
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first-stage floodplain (/= 1) and 8 cm for the second-stage floodplain (7 = 2).
With the dual existence of the interfacial section and bankfull height, the relative
depth ratio D, (the flow depth above the floodplain/main channel depth) was va-
riable at each stage distinctively. The flow analysis in this study is based on
h, =8 cm. The measurement cross-section was located 11 m from the entrance
of the flume. The x-, y~, and z-axes refer to the streamwise (along the flume),
transverse and vertical (normal to the bed) directions, respectively. In this Car-
tesian coordinate system, the instantaneous velocities, time-averaged velocities,
and velocity fluctuations are denoted as (u,, u,, u ), (U, U,, U.)and (u;,
u,, u,) respectively. Five flow depths were investigated in the range of
01<D, <05.

2.2. Measurements

Figure 1(b) shows the measuring location of the cross-section with a lateral in-
terval of 0.01 m near the interface and 0.05 - 0.02 m in other areas. Contrary to
the lateral spacing, vertical spacing was 0.01 m from the bottom to the free sur-
face. Velocity was measured using 3-D Nortek Vectrino side and down-looking
acoustic Doppler velocimetry (ADV), which has a sampling volume 5 cm away
from the probe. At each measuring point, the three instantaneous velocity com-
ponents were recorded at 200 Hz for 180 - 300 s (more time near the interface)
with a signal-to-noise ratio greater than 18 - 20 and a no less than 75% correla-

tion rate.

3. Experimental Results

Figure 2 shows the cross-sectional distribution of the mean streamwise velocity
(U,) at three different flow depths (Dr) of 0.1, 0.3, and 0.5. The maximum veloc-
ity is located beneath the free surface in the main channel section (03 <Y <0.745).
For the lower flow depth (Dr = 0.1), the significant change of velocity over the
three stages of the compound section suggests a strong mixing layer, especially
between stage one (0.2 <Y <0.3) and stage two (0 <Y <0.2). The velocities in
stages one and two decelerate due to low momentum transport caused by the

secondary current.

Momentum Flux Distribution at the Interface

The momentum flux distribution is shown in Figures 3(a)-(e) through the dis-
tribution of transverse velocity U, indicating the presence of transverse currents
from the main channel towards the floodplains. The degree of flow anisotropy is
measured by o /o , where o, = \/ZT? and o, = \/ﬁ are the standard
deviations of the vertical and streamwise velocities, respectively. The anisotropy
induced at the different stages of interfaces is shown in Figures 4(a)-(e) at the
different spanwise locations of the multi-stage compound channels.

For the same flow, two transverse profiles of U, in Figure 3(b) and Figure
3(d) reveal the development of secondary currents persistently near the stage

Vimer =20 cm and y,,_, =30 cm, termed as longitudinal vortex (Tominaga
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Figure 2. Contour mapping of the streamwise velocity for (a) Dr= 0.1, (b) Dr= 0.3, and
(c) Dr=0.5.
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Figure 3. Vertical distributions of the time-averaged transverse velocity U, over the (a)
half of the main channel; (b) main channel and stage 1 interface y = 31 cm; (c) at
Vium =30 cm; (d) stage one and two interfaces y = 21 c¢m; and at y,,, =20 cm for

three Dr= 0.1, 0.3 & 0.5 of the multi-stage compound channel flows.

and Nezu, 1991). The same trend is depicted in Figure 4, which has spikes of the
anisotropy at the bankfull height of Z= 0.4 m and Z = 0.8 m. Furthermore, the
greater extent of anisotropy value near the free surface Z > 0.8 in Figures
4(c)-(e) indicates that the presence of large cells extends over the entire flow
depths. Tominaga and Nezu (1991) concluded that the secondary currents were
more driven by the cross-sectional topography (i.e. by Dr) rather than rough-
ness. However, Proust and Nikora (2020) showed that the strength of the flood-
plain longitudinal vortex is stronger for Dr=0.2 and rough channels com-
pared to the smooth channels. In this respect, the present data show that the ra-
tio of U, /U, is the highest for the second stage floodplains (0 <Y <0.2), de-
picting the strongest longitudinal vortex. In addition, for the lower depth ratio
Dr <023, longitudinal vortexes are still visible for the floodplains, which sug-
gests that the wall roughness plays a role in the emergence of the floodplain’s

secondary cell for lower Dr (Proust and Nikora, 2020).
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=0.1, 0.3 & 0.5 of the multi-stage compound channel flows.

Figure 4. Vertical distributions of the time-averaged transverse anisotropy (6./c, ) over
the (a) half of the main channel; (b) main channel and stage 1 interface y= 31 cm; (c) at
Viua =30 cm; (d) stage one and two interfaces y =21 cm; and at y,,, =20 cm for Dr
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4. 1D Analytical Solution for a Zonal and Overall Discharge

The channel geometry, as depicted in Figure 5, consists of three sections: the
main channel (1), the first stage (2), and the second stage (3). The experimental
data suggest the existence of different scales of the mixing layer and longitudinal
vortex at distinct stages of floodplains. Thus, the destabilizing shear between
sections needs to be remodelled using the difference of squared velocities. The
streamwise component of shear stress acting along the wetted perimeter on the
left-hand and right-hand sides and shear force along with the vertical interfaces

are shown in Equations (1)-(3), similar to the methods reviewed by Tang (2016).

pgAS, = Bt + M1y, (1)
pgA,S, = Pty =yt + Ty, (2)
pgA;S, = Bty —hyty, 3)

Let,

. 1 1
= pfiUiz(l =1,2,3);5 1, :EPOL]z(Ulz _Uzz) 5 Tsa :Epan (U22 _Usz) (4)

RS RS, gAS
U, =800 (1=1,2,3); eg U, =500 - &%
i0 g 1,0

/i VN

(calculation using divided channel method with vertical divisions and without

©)

interaction)

4.1. Improved Divided Channel Method (IDCM) for Multi-Stage
Channels

The apparent shear stress acting on the imaginary interface (4, is scaled using
squared flow velocities in Equation (4), as shown by Huthoff et al. (2008), Tang
(2017), Tang (2019a, 2019b), Singh et al. (2019), and Singh and Tang (2020). The
shear stress that slows down the main channel flow is exactly the opposite of the
stress that accelerates the flow in the floodplain(s), thus explaining minus sign in
Equations (2) and (3). Applying the interacting divided channel method (IDCM)
to the multi-stage channel geometries depicted in Figure 5 requires solving Eq-

uations (1)-(5), which give:

(3) U, h23-$ s — Iy
e hia | |
Floodplain 1 U :
2 i
13 (2) T12a Ul
Floodplain 2 H
T2 (1)
Uy>U;> U, Main channel
w ) T

Figure 5. Cross-section of a multi-stage channel with one main channel and two stages of the floodplain. The vertical dashed

lines show the interfaces between subsections.
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4.2.New Parameter o; for Zonal Discharge Comparative

Analysis

(6)

(7)

(8)

)

The dimensionless parameters in Equations (6)-(8) are given in Equation (9),

where interfacial height ( /), wetted perimeter ( £, ) and friction factor ( f;) are

designated for individual sections, as shown in Figure 5. The solutions are pre-

sented in terms of flow velocities obtained by correcting the divided channel

method (DCM), where interface stress is neglected (i.e. take o, and o, as

zero). However, in the following analysis, o,, and a,, are estimated for the

multi-stage compound channels with roughness, which can be specified as either

manning’s n or friction factor £

Figure 6(a) shows the vertical interface coefficient o, of the apparent shear

stress in Equations (6)-(8) for the range of 0.1< Dr<05. The data points in

Figure 6(a) suggest functions of o, with Dr for individual cases of RR(20)304.
Value of the a; for IDCM and IDCM-new is given in Table 1. Huthoff et al.
(2008) and Yang et al. (2014) presented these coefficients as 0.02 and 0.04 for

single-staged compound open channel flow, respectively.

To examine the performance of the three models: DCM, IDCM, and IDCM-new,

the absolute relative error percentage of the predicted discharge is presented in

Table 1.

Qcal.i - Qexp,i|

exp,i

% error = x100%

(10)

where % error is the relative error percentage of the predicted and observed

discharge at i, flow depth, respectively. Figure 6(b) shows the five-depth ratio’s

experimental zonal discharge and the predicted discharge. DCM and IDCM

Table 1. Functions for o, asa function of Drfor different floodplain widths.

Model
Case
DCM IDCM IDCM-new
o, - 0.02 0.0187Dr* —0.2332Dr + 0.8821
0y, - 0.02 4.1518Dr* —2.9748Dr +0.5395
% error 42.9 18.0 4.2
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Figure 6. (a) Correlation of the coefficient o, of apparent shear friction on the vertical

interface with Dr for experimental data. (b) Comparison of normalized zonal discharge
(Q/ Q) for all the data, including main channel (MC), floodplain 1 (FP1 with y,,_, at20
cm) and floodplain 2 (FP2 with y,,, at 30 cm) discharge.

methods overestimate the main channel (MC), stage 1 (y,,, at 20 cm) and
stage 2 (y,,., at 30 cm) discharges for all depth ratios. IDCM-new underesti-

mates the minor errors for all three sections of the compound channel, including
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lower depth ratios. The estimation of zonal discharge for floodplain 1 (y,,_, at
20 cm) and floodplain 2 (y,,., at 30 cm) is well predicted with minor errors

using the new coefficient a,.

4.3. Study of Flow Resistance in the New Configuration of
Asymmetric Channels

Traditionally, flow resistance plays a pivotal role in using a simple 1D method to
estimate stage discharge. However, it has been pointed out by Cao et al. (2006)
that the estimation of flow resistance experiences significant uncertainty and
needs more accurate approaches. To formulate depth-averaged velocity at y us-
ing the classical global resistance method, velocity is found to be proportional to
H/n, where h is flow depth, and n is Manning’s roughness. It is recognized that
E = 2/3 for strict 1D straight flows. For compound channels, the parameter £
needs a certain degree of reflection of the impact of turbulent diffusion between
sub-sections. Cao et al. (2006) gave Equations (11) and (12) for the parameter £
using Dr as the function of the model for the smooth and rough floodplain, re-
spectively. The following models have been used to compute the overall stage-

discharge for the multi-staged channel (see Figure 7).
E =0.7987Dr* —=1.1955Dr +0.5138 (11)

E =-1.799Dr* —0.0885Dr +0.5704 (12)

To test the performance of the models given by Cao et al. (2006) using the ca-
libration of £ for new configurations of staged compound channels, experimen-
tal data of smooth and rough floodplains are used, as shown in Figure 7. How-
ever, Equation (13) represents the best model for predicting stage-discharge for
rough multi-stage channels. Furthermore, the depth ratio (Dr) in Equation (13)
is calculated concerning the bankfull height of the stage two floodplain
(02y=>0.225).

E =0.1390Dr" —0.1782Dr +0.5899 R* =0.96 (13)

Cao et al. (2006) model tested here shows a good agreement for predicting
stage-discharge for lower depth ratio (Dr) of multi-staged asymmetric com-
pound channel datasets used in the experimental study. However, indicated
stage discharge using Equations (12) for the multi-stage channel (see Figure 7)
is inconsistent with the experimental data for a higher depth ratio. Thus a new
model is proposed for the multi-stage compound channel using the same ap-
proach proposed by Cao et al. (2006). The possible reason for the inconsistency
of the model Equation (12) could be explained on the basis that for the flow
depth over multi-stage floodplains when it increases above the bankfull level of
the second stage, the fractional contribution of the main channel remains signif-
icant due to the presence of first stage floodplain. Thus, for the compound
channel to act as a whole single channel, the 4/ H ratio has to be sufficiently low

compared to the compound channels with single-stage channels.
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Figure 7. Prediction of stage discharge using parameter E calibrated by Cao et al. (2006)
for staged floodplains.

5. Conclusion

Compound channels with multi-staged floodplain were tested with a uniform
steady-state condition where the turbulent exchange process was investigated
experimentally using ADV to understand the flow mechanism in these new con-
figurations. Flow resistance tested for the new configuration shows that for the
multi-stage channel, as the flow depth increases over the second stage floodplain,
fractional contribution of the main channel and first stage floodplain under
bankfull height still plays a pivotal role for higher depth ratio. Therefore, a new
mathematical model has been suggested for estimating the zonal, overall and
stage-discharge relationship for multi-stage channels using the 1D technique of

overall roughness correction.
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