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ABSTRACT  

 

Natural rivers often exhibit a meandering plan form. They are usually shaped to have a 

compound cross section for the purpose of flood control, navigation and environmental 

conservation. This results in a meandering compound channel. This paper explores the two-

dimensional (2-D) numerical simulation of velocity distribution in a doubly meandering 

compound channel using the constrained interpolation profile (CIP) scheme. The 

experimental results of velocity distribution have been compared with the numerical results. It 

is found that the numerical scheme can simulate the 2-D velocity distribution in a doubly 

meandering compound channel reasonably well. Thus the present numerical method is likely 

to be applicable for predicting 2-D velocity distribution in a doubly meandering compound 

channel 
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1. INTRODUCTION 

 

Natural rivers often exhibit a meandering plan form. They are usually shaped to have a 

compound cross section for the purpose of flood control, navigation and environmental 

conservation. This results in a meandering compound channel. When the main meander 

channel is flanked by floodplains with meandering levee, it results in a doubly meandering 

compound channel. Understanding of the hydraulics of meandering compound channels is 

important to design flood alleviation scheme. 

Research has shown that the flow structure is complex, even for straight compound 

channels. It has been pointed out that at a low floodplain depth the large velocity difference 

between the main channel and the floodplain induced a strong shear layer and a lateral 

momentum transfer across the interface between the main channel and the floodplain (Knight 

and Demetriou, 1983; Wormleaton and Merrett, 1990). The flow mechanisms are more 

complex for meandering compound channel due to an increase in the three-dimensional 

nature of the flow, the interaction between the flow in the main channel and the floodplain 

and the unsteady nature of flow. Many researches have been conducted to understand the 

complicated flow structures in compound meandering channel with straight floodplain (Kiely, 

1990; Willets and Hardwick, 1990; Sellin et al. 1993; Ishigaki et al., 1997). But little is 

known about the flow structures in a doubly meandering compound channel. The flow 

structures become even more complex when there is a difference in phase between alignments 

of main channel and that of outer levees. Kinoshita (1988) made experiments focusing on the 



phase difference between the main channel alignment and the levee alignment. He 

investigated the effects of the phase shift on the meandering channel flows from standpoint of 

surface velocity and bed evolution. Fukuoka and Ohgushi (1997) studied the effect of levee 

alignment on meandering compound channel flows. They studied two cases of flow which 

had different phase of meandering between levees and main channel. Dead water area was 

found in the first case, where the meandering of levee goes ahead of that of main channel. In 

the second case, where the meandering of levees goes behind, the flow is found to occur over 

the channel. Manson and Pender (1997) presented a computational study of turbulent free 

surface flow in a meandering compound channel. Their simulation could not capture the 

motions in the cross-over region. Shao et al. (2003) performed numerical modeling of 

turbulent flow in curved channels of compound cross-section. Sugiyama et al. (2006) carried 

out numerical analysis of turbulent structure in compound meandering open channel by an 

algebraic Reynolds stress model.  

The flow in a meandering compound channel is characterized by accelerating and 

decelerating flows. The CIP (the constrained interpolation profile or the cubic interpolated 

pseudo-particle /propagation) scheme (Yabe et al., 1990) is capable of computing the 

advection term with high accuracy. The CIP scheme has attracted a great deal of attention. 

This paper deals with simulation of 2-D velocity distribution in a doubly meandering 

compound channel using CIP-based scheme (Uchida and Kawahara, 2006; Uchida, 2006). 

The scheme enables one to capture the effects of the distributed parameters, such as velocities, 

water depth and boundaries, in the governing equations even by Cartesian grid system. The 

accuracy of the scheme is assessed by comparing the results with the measured data on 

velocity distribution in a large experimental flume of a doubly meandering compound 

channel. 

 

 

2. EXPERIMENTAL SETUP 

 

 The experiments were conducted in a tilting flume whose length, width and depth are 

30 m, 1.5 m and 1 m, respectively. Figure 1 shows the general layout of the experimental 

channel. The flume constructed with vinyl chloride was mounted on 2 m steel channel 

structures. The longitudinal gradient of the channel is adjustable with a jack and hinge and 

can be varied up to 5%. The channel consists of a main channel flanked by meandering levee 

on both sides of the main channel. The outer levee which has the same sinuosity as of main 

meander channel has a phase difference of about 30
0
 ahead of main channel. The meanders 

are expressed as combinations of arcs and straight reaches. The flume consists of nine 

consecutive meandering waves with straight approach channels at the beginning and end of 

the meandering part of the channel.  The bed of the main channel and floodplains is smooth. 

The width and depth of the main channel are 30 cm and 5 cm, respectively. The angle of arc 

is 60
0
 with a sinuosity of 1.05. The longitudinal gradient of the flume was set to 1/1000. 

Figure 2 shows the definition sketch of different geometric parameters. The magnitudes of 

different geometric parameters are shown in Table 1. The details can be found in Islam 

(2000). 

 



 

Figure 1 General layout of the experimental setup. 
 

 
Figure 2 Geometric parameter in one meander wave. 

 

Table 1 Geometric parameters of the compound meandering channel. 

 

Parameters Dimension 

Meander wavelength 

Curved channel length 

Cross-over length 

Phase difference 

Total width 

Channel width 

Height of floodplain 

Sinuosity 

Angle of arc 

Main channel inner radius 

Main channel outer radius 

Flood levee inner radius 

Flood levee outer radius 

Lw = 2.720 m 

L = 2.863 m 

Lc = 0.070 m 

Ld = 0.229 m 

B = 0.800 m 

b = 0.300 m 

h = 0.050 m 

S = 1.05 

ϕ = 60
0
 

Rmi = 1.150 m 

Rmo = 1.450 m 

Rfi = 0.900 m 

Rfo = 1.700 m 

 



For the measurement of water levels and velocities, the measuring probes were 

mounted on a carriage which travelled along the flume on a rail system. The movement of the 

carriage in the transverse and vertical direction is automatically performed by electric motor 

which can be programmed to move the probe to the desired position. The accuracy of 

positioning of the measuring probe to the desired location is 0.01 cm. A point gauge was used 

to measure the channel bed elevations while a position meter was used to measure water 

surface elevations. The mean depth was assumed to be the difference between the mean 

bottom and mean water surface elevations. The accuracy of the position meter was 0.01 cm. 

An electromagnetic flow meter installed in the outflow pipe was used to measure the 

instantaneous discharge. 

The velocities were measured by two-component electromagnetic current meter. The 

I-type probe was used for measuring x- and y-velocity components. The x-velocity is in the 

direction normal to each cross section while the y-velocity is in the direction parallel to the 

cross section. The measuring time for velocity measurement was 40 seconds with a sampling 

frequency of 5 Hz. The data were then averaged to get the point velocities. 

As the main channel meander is regular, the flow field is considered to be the same at 

positions in phase after the flow is fully developed. Thus the measuring reach has been 

selected at a distance of about 15 m from the beginning of the meander channel to ensure 

fully developed flow condition. The measurements were conducted over a measuring section 

of one wavelength i.e., 2.72 m. The measuring reach has been divided into 9 sections. The 

part of the section on the floodplain is normal to the longitudinal direction of the channel. 

Sections 1, 5 and 9 are called as the bend apex sections while sections 3 is the first cross-over 

section while section 7 is the second cross-over section. 

Two flow conditions were considered viz.: shallow water condition and deepwater 

condition. In shallow water condition the average depth of flow over the floodplain is 0.94 cm 

whereas in deepwater condition it is 4.85 cm. The average depth of flow over the floodplain 

4.85 cm for deepwater condition was selected by assuming that during flood the average 

depth of flow over the floodplain could be as high as the depth of bank-full flow. The flow 

conditions are summarized in Table 2.  

 

Table 2 Flow conditions. 

 

Flow conditions Shallow Deep 

Average depth, cm 5.94 9.85 

Discharge, m
3
/s (×10

-3
) 7.50 26.33 

Relative depth, Dr 0.16 0.49 

Mean velocity, m/s 0.326 0.479 

Reynolds number, Re (×10
4
) 0.813 2.600 

Froude number, Fr 0.658 0.652 

 

 

3. NUMERICAL MODEL 

 

The governing equations of two-dimensional unsteady flows with complex impermeable 

boundaries are described by the following shallow water equations, which are identical to 

those in the FAVOR Method (Hirt, 1992): 
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where subscripts i,j follow the summation convention, indicating 1 = x and 2 = y, respectively; h = 

water depth; ui = velocity along xi direction; f = occupancy ratio of fluid; g = acceleration due to 

gravity; ζ  = water surface elevation (h+z); z = ground elevation; τ0i =bed shear stress ; and τ ij = 

horizontal shear stress tensor due to molecular and turbulent motion of fluids.  

In this study, bed shear stress is expressed by the Manning equation. The Reynolds 

stresses are represented by the kinematic eddy-viscosity coefficient. 
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where v, vt = kinematic viscosity coefficient and kinematic eddy-viscosity coefficient, 

respectively; k = depth averaged turbulent energy;κ = 0.4, Karman’s constant; Cs, Smagorinsky’s 

constant (Cs = 0.5); Cε = 1.0; Δ=(dxdy)
1/2

; u* = (τ0i
2
)
1/2

, friction velocity. C0 is defined to adapt the 

term to 0-equation model (vt = αu*h, α = κ/6) as Eq. (7). 
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Figure 3 shows a computational grid consisting of permeable and impermeable areas 

together with the arrangement of main variables in the grid. All the variables in the governing 

equations are set on the same location. Each control volume ij has three kinds of variables, i.e., 

the value at the intersection of the grid (Point Value (P), denoted by lower-case characters), 

the averaged value along the side of the grid (Line-averaged Value (Lxa, Lya), denoted by 

capital letters with subscript of x or y) and the averaged value over the grid (Area-averaged 

Value (Aa), denoted by capital letters with subscript of xy). The interpolating operation of the 

variables, which has frequently been utilized in many numerical schemes based on the 

staggered grid, including the original CIP scheme, is not necessary in the present scheme. 

Any boundary conditions can be taken into account with those distributions in the cell by 

using multi-valuables. In the original CIP scheme for the shallow water equations, the 

advection terms are transformed from conservative form into non-conservative form to 

eliminate water depth h in the advection terms, with the help of the Continuity Equation (1). 

In the present scheme, time variation of the depth-integrated momentums and water depths 

are computed directly by CIP-CSL2 (Nakamura et al., 2001) without the transformation of the 

advection terms. The computation was carried out with a numerical mesh covering the entire 

flow channel. The grid size was 8 cm × 5 cm. The boundary conditions were provided in 

terms of the upstream and downstream water levels. 

 

 



 
 

Figure 3 Computational grids with impermeable walls and the arrangement of main variables 

on the volume ij. 

 

 

4. RESULTS AND DISCUSSIONS 

 

Figures 4(a) and (b) show the distribution of depth-averaged 2-D velocity fields under 

shallow water condition for experiments and simulation, respectively. The 2-D velocity is the 

resultant of the x-velocity (u) and the y-velocity (v) components. The velocity fields show 

that the maximum velocity occurs near the inner bank of the main channel while the 

minimum velocity occurs near the outer bank for both experiments and simulation. If the 

positions of the maximum velocity filaments at different sections are joined together, it 

appears to follow the shortest route. The difference of magnitudes of the maximum and 

minimum velocities in the main channel is minimum at section 2 while it is maximum at 

section 4. The flow fields in the cross-over section follow the alignment of the main channel. 

This means that the flow fields are perpendicular to the section at the point of inflection where 

the curvature effect is non-existent. The flow patterns are virtually the same at the next half of 

the meander wave but in opposite orientation. By comparing the experimental and simulated 

results, it is seen that the simulation can reproduce the transverse and longitudinal 2-D 

velocity distribution reasonably well.  

In the bend apex section, the simulated primary velocity (u) slightly under predicts in 

the left hand side from the centreline of the main channel while it over predicts in the right 

hand side from the centreline of the main channel. The model simulates primary velocity (u) 

better than lateral velocity (v). In addition, as the boundary conditions were provided by the 

upstream and downstream water levels, the calculated discharge (0.0067 m
3
/s) differs with the 

measured discharge (0.0075 m
3
/s). These can be attributed to the fact the present model is 2-D 

while the flow in a doubly meandering compound channel is 3-D. Anyway, the simulated 

results are in close agreement with the experimental results. Therefore, the present numerical 

method is likely to be applicable for predicting 2-D velocity fields in a doubly meandering 

compound channel.  

Due to the limitation of the instrument, it was not possible to measure the velocity 

fields over floodplain under shallow water condition. And thus it was not possible to know the 

strength and position of horizontal circulation over the floodplain. From the simulated results, 

it is seen that 2-D velocity distribution under shallow water condition is characterised the two 

well developed circulations or eddies. The width of the eddy at its center covers the whole 

floodplain width while the length of the eddy covers around one-forth of the meander wave. 

The formation of the eddy is confined in the floodplain only. 
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(a) Experiment 

 

 

 

(b) Simulation 

 

Figure 4 Comparison of experimental and simulated velocity distribution under shallow water 

condition (Dr = 0.16). 

 

Figures 5(a) and (b) show the depth-averaged stream-wise velocity distribution of 2-D 

velocity fields for deep water condition for experiment and simulation, respectively. The flow 

fields at the bend apex sections show that the maximum velocity occurs near the inner bank of 

the main channel while the minimum velocity occurs near the outer bank. The results show 

that the simulation can capture this phenomenon quite well. The difference of magnitudes of 

the maximum and minimum velocities in the main channel is maximum at the bend apex 

section while it is minimum at the cross-over section. This suggests that the flow pattern in a 

doubly meandering compound channel depends on the amount of flow over the floodplain. 

The flow fields in the cross-over section follow the alignment of the main channel. This 

means that the flow fields are perpendicular to the section at the point of inflection where the 

curvature effect is non-existent. The flow patterns are virtually the same at the next half of the 

meander wave but in opposite orientation. By comparing the experimental and simulated 

results, it is seen that the simulation can reproduce the transverse and longitudinal 2-D 

velocity distribution reasonably well.  



 

 

 

(a) Experiment 

 

 

(b) Simulation 

 

Figure 5 Comparison of experimental and simulated velocity distribution under deep water 

condition (Dr = 0.49). 

 

In the bend apex section, the width of the right floodplain gradually narrows down and 

the velocity filament tends to retard to the main channel from floodplain which causes 

vigorous mixing of floodplain flow to the main channel flow. The mixing is high at the 

interface between main channel and floodplain at the right bank at the cross-over region 

where the width of the floodplain gets far narrower. The width of the right floodplain at the 

cross-over section gradually increases in the downstream direction until the next cross-over 

section is reached. Consequently, the degree of deviation of the velocity filament becomes 

weaker and follows the main channel alignment. On the other hand, the width of the left 

floodplain at the bend apex gradually increases in the downstream direction until the cross-

over section is reached. This causes the main channel flow to enter into the floodplain. The 

opposite things happen in the next bend. The comparison of the experimental and simulated 

results shows that the simulation can reproduce the transverse and longitudinal 2-D velocity 

distribution under deep water condition reasonably well.  

 



The results show that the simulated primary velocity (u) over predicts in the bend apex 

section, but it can capture the velocity pattern quite well. Also the results show that the model 

simulates primary velocity (u) better than lateral velocity (v). Besides, the calculated 

discharge (0.0224 m
3
/s) differs with the measured discharge (0.0263 m

3
/s). This can be 

attributed to the fact the present model is 2-D while the flow in a doubly meandering 

compound channel is 3-D. However, the present numerical method is likely to be applicable 

for predicting 2-D velocity distribution in a doubly meandering compound channel.  

It is seen that the distribution of stream-wise velocities under deep water condition is 

characterized by the formation of two well-defined circulations or eddies as in the shallow 

water condition. The width of the right floodplain immediately after the cross-over region 

widens in the downstream direction. The flow in this region behaves like a flow separation 

and thus causes the velocity filaments to reverse the direction near the levee wall. The width 

of the eddy at its center appears to be half of the floodplain width. The position and strength 

of these eddies also depend on the water depth above floodplain. When the depth of water 

over the floodplain increases, the strength of this horizontal eddies diminish as the main flow 

dominates everywhere in the channel. With higher water depth, the horizontal eddies appear 

to suppress and confine to a position upstream of the bend apex. The simulation can 

reproduce this phenomenon reasonably well. 

 

5. CONCLUSIONS 

 

This paper explores the two-dimensional (2-D) numerical simulation of velocity 

distribution in a doubly meandering compound channel. The velocity fields under shallow 

water condition show that the maximum velocity occurs near the inner bank of the main 

channel while the minimum velocity occurs near the outer bank for both experiments and 

simulation. The difference of magnitudes of the maximum and minimum velocities in the 

main channel under shallow water condition is minimum at section 2 while it is maximum at 

section 4. By comparing the experimental and simulated results, it is seen that the simulation 

can reproduce the transverse and longitudinal 2-D velocity distribution reasonably well.  

The flow fields at the bend apex sections under deep water condition show that the 

maximum velocity occurs near the inner bank of the main channel while the minimum 

velocity occurs near the outer bank. The difference of magnitudes of the maximum and 

minimum velocities in the main channel is maximum at the bend apex section while it is 

minimum at the cross-over section. The results show that the simulation can capture this 

phenomenon quite well. The present numerical method is likely to be applicable for 

predicting 2-D velocity fields in a doubly meandering compound channel. 

From the simulated results, it is seen that 2-D velocity distribution under shallow 

water condition is characterised the two well developed circulations or eddies. The width of 

the eddy at its center covers the whole floodplain width while the length of the eddy covers 

around one-forth of the meander wave. The formation of the eddy is confined in the 

floodplain only. The 2-D velocity distribution under deep water condition is characterized by 

the formation of two well-defined circulations or eddies as in the shallow water condition. 

The position and strength of these eddies also depend on the water depth above floodplain. 

When the depth of water over the floodplain increases, the strength of this horizontal eddies 

diminish as the main flow dominates everywhere in the channel. With higher water depth, the 

horizontal eddies appear to suppress and confine to a position upstream of the bend apex. The 

simulation can reproduce this phenomenon reasonably well. 
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