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ABSTRACT 

From the 1990s to the early 2000s, many studies on compound meandering channel flow have primarily 

focused on experimental research, at various scales, using compound meandering channels with levee 

alignments in a straight configuration. Although these research results were considered advanced at the time, 

the progress in analytical techniques and the development of highly accurate analysis methods today have 

made it possible to conduct quantitative investigations of compound meandering channel flow. In a compound 

meandering channel, the degree of flow mixing between flood channel and main channel varies greatly in the 

longitudinal direction, depending on the phase difference between the levee alignment and main channel, as 

well as the flood water level. Correspondingly, the characteristics of bed variation also change 

spatiotemporally, and the relationship between the two becomes complex. Therefore, in order to elucidate the 

phenomena in a compound meandering channel, it is essential to investigate not only the characteristics of the 

flow but also those of bed variation in an integrated and quantitative manner. For this reason, it is essential 

first to clarify the flow structure described above. 

In this study, a mobile bed experiment was conducted using a large-scale compound meandering channel with 

planform that varies longitudinally. The bed in equilibrium formed in this experiment was then fixed, and a 

quasi-three-dimensional non-hydrostatic flood flow analysis (Q3D-FEBS) was performed for this channel. 

Through this approach, the structure of secondary flow in a compound meandering channel with longitudinal 

variations in planform and cross section was examined analytically and compared with the experimental results. 

This study demonstrated, through both experiments and analysis, that the compound meandering channel flow 

consists of the coexistence of secondary flow caused by centrifugal force in the meandering channel and 

secondary flow generated by convective mixing between the flood channel and the main channel. It was shown 

that this coexistence of the secondary flow varies with changes in planform and cross section, resulting in a 

complex three-dimensional flow structure. 

Keywords: compound meandering channel flow; secondary flow; flow structure; quasi-three-dimensional 

analysis; convective mechanism; convective mixing of flow 

 

1. Introduction 

Research on compound meandering channel flow has been conducted primarily through experimental studies 

by many researchers. Many compound meandering channels used in experiments to date have had straight 

levee alignments, and their main channels have been constructed by combining circular-arc channels and 

straight channels. (Willetts et al., 1993, Sellin et al., 1993, Shiono et al., 1998, Shiono et al., 2009a, Shiono et 

al., 2009b). However, the main channel of a natural river meanders in more variation patterns. These 

experimental studies have clarified the following points regarding compound meandering channel flow. 

(1) In a compound meandering channel, the degree of flow mixing between the flood channel and the main 

channel varies substantially in the streamwise direction, depending on the phase difference between the 

levee alignment and the main channel alignment, as well as the flood water level. 
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(2) Because the characteristics of bed variation vary spatiotemporally in response to spatiotemporal variations 

in the secondary flow structure, the relationship between the flow and bed variation becomes complex. 

Advancement of understanding of hydraulic phenomena in compound meandering channels requires an 

integrated and quantitative examination of the characteristics of both the flow and bed variation, rather than of 

the flow alone. During the period spanning the 1990s through the early 2000s, these findings from experimental 

studies were advanced; however, quantitative examination has faced challenges. Owing to recent technological 

advances and the development of accurate analytical methods, it has now become possible to examine the 

compound meandering channel flow quantitatively. On the other hand, the mechanisms governing bed 

variation in compound meandering channels, whose planform and cross section vary in the longitudinal 

direction, are complex. For this reason, simultaneously examining the flow and bed variation remains 

challenging. Therefore, it is fundamental first to clarify the structure of the compound meandering channel 

flow.  

In this study, we first conducted a mobile bed experiment using a large-scale compound channel whose 

planform varies longitudinally (Okada et al., 2003, Fukuoka et al., 2005). Subsequently, the equilibrium bed 

formed in this experiment was used in the topographic condition of the fixed-bed, and non-hydrostatic quasi-

three-dimensional flood-flow analysis (Q3D-FEBS) (Takemura et al. 2019) was performed for this condition. 

This approach enabled an analytical investigation of the structure of secondary flow in a compound meandering 

channel characterized by longitudinal variations in planform and cross section, and the results were compared 

with the experimental results. On this basis, the utility and limitations of Q3D-FEBS relative to three-

dimensional analysis are examined. 

 

 

2. Overview of the experiments used for the analysis and the analysis conditions 

2.1. Experimental overview 

Figure 1 shows the planform of the experimental channel and a representative initial cross section of it. The 

experimental channel has a total length of 65 m, a channel width of 3 m, and a main channel width of 0.8 m. 

The channel consists of upstream and downstream straight sections, and a midstream uniform meandering 

section, which are connected by curved sections. The cross section of the main channel is rectangular, and the 

main channel in the uniform meandering section meanders along a sine-generated curve. Artificial turf was 

laid on the flood channel so that its roughness would be greater than that of the main channel. In the main 

Fig.1 The planform of the experimental channel and a representative initial cross section 

Table.1 Experimental condition 
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channel, uniform sand (with a relative density of 2.59 and a sediment size of 0.8 mm) was evenly placed as a 

flat bed so that the bed slope would be 1/1000 and the initial flood channel elevation would be 0.05 m. The 

sand in the upstream straight section (15 m) of the channel was regarded as the sediment supply section, and 

no sediment feeding was conducted from the upstream end. In the uniform meandering section, a stable flow 

field in meandering sections is established. Table 1 shows the experimental conditions. In this study, 

experiments were conducted under compound meandering channel flow conditions in which water also flows 

over the flood channel. Starting from a flat bed condition, the flow was run for 20 h until an equilibrium bed 

was achieved. After an equilibrium state was reached, the water level was measured longitudinally along the 

centerline of the main channel. The water level was measured using a point gauge. In addition, the bed 

topography of the main channel was measured at intervals of 0.5 m in the streamwise direction and 0.1 m in 

the transverse direction. The bed elevation was measured with an ultrasonic bed-topography measuring device. 

The elevation was calculated from the time required for the ultrasonic wave emitted from the tip of the 

detection probe to be reflected at the bed surface and return. 

2.2. Analysis conditions 

The Quasi-3D model considering Flow Equations on Boundary Surfaces (Q3D-FEBS) was used as the analysis 

method (Takemura et al., 2019). In this analysis method, the vertical distribution of the horizontal velocity is 

assumed to follow a three-order polynomial given in Eq. (1). 

𝑢𝑖 = ∆𝑢𝑖(12𝜂3 − 12𝜂2 + 1) + δ𝑢𝑖(−4𝜂3 + 3𝜂2) + 𝑈𝑖 (1) 

Where, 𝑖 = 1,2(𝑥1 = 𝑥, 𝑥2 = 𝑦), 𝑢𝑖: velocity in 𝑖 direction, 𝑈𝑖 : depth-averaged velocity in 𝑖 direction,  𝜂 =
(𝑧𝑠 − 𝑧)/ℎ, 𝑧𝑠: water surface elevation, ℎ: water depth, 𝑢𝑠𝑖: water surface velocity in 𝑖 direction, 𝑢𝑏𝑖: bottom 

surface  velocity in 𝑖 direction ,  ∆𝑢𝑖 = 𝑢𝑠𝑖 − 𝑈𝑖 ， 𝛿𝑢𝑖 = 𝑢𝑠𝑖 − 𝑢𝑏𝑖 . In addition, by solving the depth-

integrated continuity equation (Eq. (2)), the depth-integrated momentum equation in the 𝑖 direction (Eq. (3)), 

the momentum equation on the water surface (Eq. (4)), and the momentum equation on the bottom surface (Eq. 

(5)) in an integrated manner, the flow structure in a compound meandering channel is analyzed in a three-

dimensional framework. 
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Where, 𝑡: time, 𝜌: density of water, 𝑢𝑖
′ = 𝑢𝑖 − 𝑈𝑖 , 𝑔: gravitational acceleration, 𝑝′: non-hydrostatic pressure, 

𝑝𝑏
′ :  non-hydrostatic pressure on bottom surface, 𝜈𝑡:  eddy viscosity, 𝑆̂ = √1 + (𝜕𝑧𝑏/𝜕𝑥𝑖)2 , 𝑆̃ =

√1 + (𝜕𝑧𝑠/𝜕𝑥𝑖)2 , 𝜏̂𝑏𝑖: bottom shear stress in 𝑖  direction, 𝜏̂0𝑖: bed shear stress in 𝑖  direction, 𝛿𝑧𝑏 = 𝑐𝑧𝑏ℎ , 

𝑐𝑧𝑏 = 0.03. Overbar ”    ̅ ” represents a depth-averaged value.  

In this analysis method, by assuming the vertical distribution of flow velocity with Eq. (1), the momentum-

transport term associated with the vertical distribution of horizontal velocity can be evaluated as the fourth 

term on the right-hand side of Eq. (3). As a result, in addition to the convection term shown as the second term 

on the left-hand side of Eqs. (3)–(5), the convective effect arising from changes in the vertical distribution of 

horizontal velocity can be assessed. The equilibrium bed obtained after 20 h of flow run was used as a fixed-

bed topographic condition. This allowed the flow structure that formed this bed to be investigated. A boundary-

fitted grid was used for the computational grid, with spacings of 0.25 m in the streamwise direction and 0.05 

m in the transverse direction. In addition, because the present analysis method is a quasi-three-dimensional 

model, the main channel bank is treated as the bed surface within its framework. Accordingly, since the main 

channel bank becomes stepwise, the grid spacing at the main channel bank was set to 0.01 m in the transverse 

direction to reproduce the topography near the boundary between the flood channel and the main channel as 

realistically as possible. 
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3. Structure of compound meandering channel flow with longitudinal variation in planform and cross 

section 

3.1. Comparison of observed and computed longitudinal distributions of water level and for water-surface 

velocity 

Figure 2 compares the observed and computed longitudinal distributions of water level and shows longitudinal 

profiles of mean bed elevation and maximum scouring elevation in the main channel at 20 h after the start of 

flow. Table 2 presents the analysis conditions. When the listed roughness coefficients are used, the computed 

longitudinal distribution of water level reproduces the observed longitudinal distribution of water level well. 

In addition, the error between the experimental discharge and the computed discharge is 0.3%. Figure 3 shows 

a comparison between the water-surface velocity measured using a float and the computed water-surface 

velocity. The computed water-surface velocity shown in orange generally reproduces the measured water-

surface velocity shown in black. Because the observed longitudinal distribution of water level, experimental 

discharge, and velocity distribution are generally reproduced, this analysis method is regarded as a numerical 

model capable of appropriately reproducing meandering flow over a stable riverbed, and the following 

investigations are conducted. 

Fig.2 Comparison of observed and computed longitudinal distributions of water level, and the longitudinal profiles of the cross-

sectionally mean bed elevation in the main channel and the maximum scouring elevation after a 20-hour flow run. 

Table.2 Analysis condition 

Fig.3 Comparison of the observed water-surface velocity and the computed water-surface velocity 
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3.2. Structure of compound meandering channel flow 

Figure 4 shows bed variation contours (experimental data). In the upstream curved section, fast flow from the 

straight section concentrates toward Section 69, which corresponds to the water-impingement zone, resulting 

in a large contrast between scour and deposition. In contrast, in the uniform meandering section, the contrast 

between scour and deposition is small, and a sandbar forms closer to the center of the channel. Figure 5 shows 

the plan distribution of the computed depth-averaged velocity. Focusing on the velocity in the main channel, 

the velocity in the compound meandering section is lower than that in the upstream compound straight section. 

This is attributed to the meandering in the main channel, where the longitudinal momentum exchange between 

the main channel and the flood channel increases relative to that of the compound straight section, thereby 

flow resistance within the compound channel increases. Consequently, the streamwise flow tends to shift 

toward the inner bank.  

Figure 6 shows analytical results of streamwise velocity contours and secondary flow vectors for each cross 

section. In the upstream curved section, fast flow in the main channel entering from the straight compound 

section is discharged longitudinally from Section 80 onto the right-bank flood channel, accelerating the flood 

channel flow. Because the accelerated flow re-enters the main channel longitudinally from Section 73 (Fig. 5), 

at Section 69 the centrifugal secondary flow develops strongly within the main channel, and a large volume of 

flow also discharges from the right-bank flood channel. This effect extends downstream; at Section 66, a 

secondary flow opposite to the centrifugal secondary flow is formed across the entire cross section. In the 

uniform meandering section, flow mixing between the flood channel and the main channel occurs 

symmetrically and periodically at both banks, and the outflow and inflow occur simultaneously within the 

meander transition reach (Fig. 5). At Section 45, flow enters from the right-bank flood channel, but the inflow 

volume is smaller than that at Section 69 in the upstream curved section. In addition, the streamwise flow 

follows the deep scour zone along the left bank, and the centrifugal force field is maintained because the 

difference between the water-surface velocity and the near-bed velocity becomes large. Therefore, in the left-

bank side of Section 45, a centrifugal secondary flow is formed. Under this influence, at Section 42, a 

secondary flow induced by convective mixing from the right-bank flood channel develops, and from the left 

bank to the channel center a flow tending toward a transition of the centrifugal secondary flow develops with 

the meander transition. 

Fig.4 Bed variation contours (experimental data) 
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Fig.5 The plan distribution of the computed depth-averaged velocity 
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Figure 7 shows the longitudinal variation in the discharge fractions of the main channel and the flood channel 

within the uniform meandering section, obtained from the analysis results. In the meander transition reach, the 

discharge fractions vary longitudinally due to outflow from the main channel to the flood channel and inflow 

from the flood channel to the main channel. From this, it is evident that the convection mechanism of the time-

averaged flow changes longitudinally as the meandering alignment transitions. In the present experimental 

Fig.6 Streamwise velocity contours and secondary flow vectors for each cross section 
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channel, despite the narrow main channel width and the small difference in elevation between the flood channel 

and the main channel, as much as 60% of the discharge flows through the main channel on average. This 

suggests that, even in compound meandering channel flow, the centrifugal force field is maintained because a 

large proportion of the discharge flows through the main channel. For these reasons, in compound meandering 

channel flow, longitudinal changes in the phase relationship between the levee alignment and the main channel 

alignment lead to large variations in the degree of momentum exchange between the flood channel and the 

main channel. Depending on this degree of momentum exchange, the flow structure differs in both the 

longitudinal and transverse directions. Furthermore, within the main channel, the streamwise flow follows the 

scour zone because the riverbed is not flat and has cross sections that vary longitudinally.  

Consequently, an increased velocity difference between the water surface and the bed surface maintains the 

centrifugal force field. That is, the flow structure in compound meandering channel flow is characterized by 

the formation of a secondary flow opposite to the centrifugal secondary flow; however, these two types of 

secondary flows coexist depending on the degree of mixing. The coexistence state of the two secondary flows 

varies with the outflow and inflow discharges induced by the phase difference between the levee alignment 

and the main channel alignment, as well as with longitudinal and transverse variations in bed topography. As 

a result, the convection mechanism of the time-averaged flow varies in both the longitudinal and transverse 

directions, and compound meandering channel flow exhibits a complex three-dimensional flow structure that 

differs from place to place. 

4. The utility and limitations of quasi-three-dimensional analysis relative to three-dimensional analysis 

In the present study, flow analysis was performed with accuracy using the quasi-three-dimensional analysis 

method (Q3D-FEBS). Meanwhile, in recent years, advances in analysis techniques have enabled studies based 

on three-dimensional analysis using Large-Eddy Simulation (LES) to be conducted (Ignacio et al., 2018). 

However, in natural rivers, the analysis domain is extensive and exhibits complex planform and cross section; 

moreover, coupling with bed variation analysis is required. Therefore, the practical application of three-

dimensional analysis to natural rivers is not straightforward. In contrast, Q3D-FEBS is useful in that 

transformation into a boundary-fitted grid is readily achieved, coupling with bed variation analysis can be 

performed, and analysis over long distances is possible (Tabata et al., 2021). 

At the same time, to enable three-dimensional analysis while keeping the computational cost low, Q3D-FEBS 

adopts the following assumptions. 

a) The vertical distribution of velocity is approximated by a three-order function (Eq. (1)), and the 

momentum-transport term associated with the vertical distribution of velocity is incorporated using a 

depth-averaged value (the fourth term on the right-hand side of Eq. (3)). 

b) Reynolds stresses are accounted for using an eddy-viscosity model. 

c) When evaluating the bed shear stress 𝜏̂0𝑖
, the no-slip condition is not used; instead, the vertical 

distribution of velocity under uniform flow (Engelund 1974) is assumed. 

Because convective mixing is dominant in compound meandering channel flow, the velocity distribution varies 

in both the longitudinal and transverse directions. Therefore, since the convection term takes large values and 

varies spatiotemporally, it is necessary to verify, in the actual flow field, whether the vertical distribution of 

velocity assumed in (a) is satisfied. Furthermore, given that the shear stress used to evaluate sediment transport 

relies on the assumptions in (b) and (c), issues remain regarding how the velocity is evaluated in the vicinity 

of the bed surface. This is an essential issue in coupling with bed variation analysis and must be addressed 

appropriately to improve the accuracy of fluid force evaluation acting on sediment. Accordingly, it is necessary 

to examine the validity of these assumptions using the results of three-dimensional analysis, in order to improve 

the accuracy of flow analysis and bed variation analysis within a practical use. 

5. Conclusion 

The conclusions obtained in the present study are summarized below. 

(1) In a compound meandering channel, the flow structure features the coexistence of the centrifugal 

secondary flow and a secondary flow generated by convective mixing associated with the compound cross 

section. Because the coexistence state of these secondary flows varies with longitudinal changes in 

planform and cross sections, a complex three-dimensional flow structure develops in both the longitudinal 

and transverse directions. 
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(2) Q3D-FEBS enables accurate flow analysis and can be coupled with bed variation analysis; however, it 

relies on assumptions such as the assumed vertical distribution of velocity and the treatment of velocity 

in the vicinity of the bed surface. Accordingly, it is necessary to assess the validity of these assumptions 

using three-dimensional analysis and to improve, in a practical manner, the accuracy of flow analysis and 

bed variation analysis. 
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