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Highlights: 12 

(1) The depth-averaged two-dimensional flow direction between the entrance and apex sections 13 

is predicted.  14 

(2) The vertical profile of local flow angles is linked to the secondary current cell. 15 

(3) The means of the local flow angles within and above the secondary current cell are separately 16 

discussed. 17 

(4) The proposed model is verified using published data from five sources.18 
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Abstract: The flow in the main channel of a meandering compound channel does not occur in 19 

the ridge direction because of the effect of the upstream floodplain flows. This study proposes a 20 

model for estimating the flow direction in the depth-averaged two-dimensional domain 21 

(depth-averaged flow angles) between the entrance and the apex sections. Detailed velocity 22 

measurements were performed in the region between the meander entrance section and apex 23 

section in a large-scale meandering compound channel. The vertical size of the secondary current 24 

cell is highly related to the depth-averaged flow angle; thus, the means of the local flow angles 25 

above the secondary current cell and within the cell are separately discussed. The experimental 26 

measurements indicate that the mean local flow angle above the cell is equal to the section angle, 27 

whereas the mean local flow angle within the cell is equal to zero. The proposed model is 28 

validated using published data from five sources. Good agreement is obtained between the 29 

predictions and measurements, indicating that the proposed model can accurately estimate the 30 

depth-averaged flow direction in the meandering compound channels. Finally, the limitations and 31 

application ranges of the model are discussed. 32 

    33 

Keywords: depth-averaged two-dimensional flow direction, depth-averaged flow angle, 34 

secondary current cell, meandering compound channel, overbank flows35 
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1. Introduction 

Natural rivers form meanders due to the sediment transport and bed erosion. Throughout the year, the water in a meandering channel (i.e., 

the inbank flow) typically flows downstream in the ridge direction. However, when river flood occurs, the floodplains on the two sides of the 

main river are inundated, forming a meandering compound channel in which the floodplain water and main channel water have different 

depth-averaged two-dimensional flow directions in the meandering belt, particularly within crossover sections (Shiono et al. 2009; Liu et al. 

2014). Numerous previous studies have investigated the complex three-dimensional flow patterns along meanders in meandering channels with 

overbank flows (e.g., Shiono and Muto 1998; Lyness et al. 2001; Spooner 2001; Wormleaton et al. 2004; Shiono et al. 2008, 2009; Liu et al. 

2016a) and found that the upstream floodplain flow can significantly affect the main channel flow in crossover sections. For example, the mean 

velocity in a meandering main channel reaches a maximum at the apex section and a minimum in crossover sections because of the influence of 

upstream floodplain flows (Liu et al. 2014, 2016a). Floodplain roughness (e.g., vegetation) is an important factor that affects the flow pattern 

along a meander (Shan et al. 2017). For example, under low-flow conditions, roughened floodplains enhance the conveyance capability of the 

main channel but reduce the conveyance capability of the entire channel (Shiono et al. 2009; Liu et al. 2016a). These studies provide insights to 

better understand the evolution of the flow along a meander. 
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A secondary current cell is a typical flow feature found in a meandering main channel and has been extensively investigated (Sellin et al. 

1993; Shiono and Muto 1998; Wormleaton et al. 2004; Liu et al. 2014, 2016a; Shan et al. 2017). In half of a meander (from one apex section to 

the next apex section), a secondary current cell initially appears next to the inner corner in the section after the apex section. The cell expands in 

both the lateral and vertical directions as the section proceeds. The maximum size of the secondary current cell is eventually observed at the next 

apex section. The cell then rapidly decays after the apex section and disappears before the formation of a new cell (see Fig. 8b in Liu et al. 

2016a). A similar development process of secondary current cells was reported based on experimental observations (e.g., Shiono et al. 2008) and 

numerical simulations (e.g., Jing et al. 2009). In this study, we focus on the flow direction in the depth-averaged two-dimensional region 

between the entrance section and apex section (e.g., the region between CS5 and CS7 in Fig. 1), where secondary current cells are approximately 

fully developed. At the meander entrance (CS5), the cell fills the region below the bankfull level because of the suppression effect from 

upstream floodplain flow. As the section proceeds (i.e., a smaller section angle, 𝜃𝑥, is formed, as defined in Fig. 1), the effect of upstream 

floodplain flow on the secondary current cell gradually decreases; thus, the cell further expands in the vertical direction. The secondary current 

cell occupies the entire main channel in the apex section (CS7) because of the negligible effect of the floodplain flow (see Liu et al. 2014).  

The generation mechanisms of secondary flows indicate that the intensities of secondary flows in the meandering main channel are 
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significantly enhanced compared to those in a straight channel due to the contributions of centrifugal forces (Liu et al. 2013, 2014, 2016a). For 

overbank flows, considering the influence of upstream floodplain flows, the water in the main channel in the region between an entrance section 

and apex section does not flow downstream in the ridge direction, except in apex sections (e.g., see Fig. 9 in Liu et al. 2014). The 

depth-averaged two-dimensional flow direction 𝜃𝑎 (=
1

𝐻
∫ 𝜃(𝑧)

𝐻

0
𝑑𝑧) is defined to quantitatively express this phenomenon, where H is the flow 

depth and 𝜃(𝑧) is the local flow angle (= 𝑎𝑟𝑐𝑡𝑎𝑛
𝑉

𝑈
, in which U and V are time-averaged velocities in the streamwise and lateral directions, 

respectively, and z is the vertical position). Previous studies have discussed the planform of 𝜃𝑎 in different situations. The relative flow depth 

Dr (= (H-h)/H with bankfull level h) is often used in compound channels. For example, Shiono and Muto (1998) reported that in cases with the 

same Dr (= 0.5), 𝜃𝑎 = 26.5° to 30° in the entrance section (𝜃𝑥 = 60°), 𝜃𝑎 = 17° to 19.4° in the middle section (𝜃𝑥 = 30°), and 𝜃𝑎 = 

−9° to −2° in the apex section (𝜃𝑥 = 0°). Their observations indicate that 𝜃𝑎 reaches a maximum in the entrance section because the 

entrance section has the largest 𝜃𝑥 (= 60°). In contrast, 𝜃𝑎 is close to 0° in the apex section because the apex section has the smallest 

𝜃𝑥 (= 0°). Thus, 𝜃𝑎 is associated with the position of the section (i.e., section angle 𝜃𝑥). In this study, as we focus on the region between the 

entrance section and apex section, 𝜃𝑥 ranges between 0° and the geometrical angle of the region 𝜃𝑔𝑒𝑜 (i.e., 𝜃𝑔𝑒𝑜 ≥ 𝜃𝑥 ≥ 0°). Therefore, 

𝜃𝑔𝑒𝑜 can affect the value of 𝜃𝑥 and the value of 𝜃𝑎. However, 𝜃𝑔𝑒𝑜 is initially determined when the curve of the meandering main channel is 
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prescribed. Furthermore, in a given section (i.e., for a given 𝜃𝑥), 𝜃𝑎 varies with Dr. For example, in the entrance section (𝜃𝑥 = 60°), Shiono 

and Muto (1998) reported that 𝜃𝑎 = 1° 𝑡𝑜 5° (close to 0°) when Dr = 0 (the inbank flow), indicating that the water flows downstream in the 

ridge direction. This behavior occurs because no upstream floodplain flow affects the main channel flow. In contrast, under high-flow conditions, 

the upstream floodplain flow plunges into the main channel and affects the secondary flows and the flow direction. For example, Liu et al. (2014) 

found that 𝜃𝑎 = 26° 𝑡𝑜 32° at Dr = 0.45 in the entrance section (𝜃𝑥 = 60°). Overall, previous studies have suggested that 𝜃𝑎 is related to three 

factors, namely 𝜃𝑥, 𝜃𝑔𝑒𝑜 and Dr. 

Several depth-averaged two-dimensional numerical models have been used to determine the planform of the depth-averaged velocity, 

including the velocity orientation and magnitude (e.g., Chen et al. 2015; Harison et al. 2015; Ding et al. 2017). However, the modeling results of 

flow direction (orientation) cannot be validated using measured data under high flows because flow measurements during heavy flooding 

periods are not available. Therefore, a method for estimating the depth-averaged two-dimensional flow direction in a meandering main channel 

with overbank flows is required. To this end, the goals of this study are to (1) conduct laboratory experiments and measurements in the region 

between the entrance section and apex section in a meandering compound channel; (2) understand how the vertical profiles of local flow angles 

are related to secondary current cells; (3) propose a method to estimate the depth-averaged two-dimensional flow direction (i.e., depth-averaged 
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flow angle); and (4) validate the proposed model using published experimental data from five sources and (5) discuss the applications and 

limitations of the model.  

   

2. Experimental Methods 

The experiments were performed in a 35-m-long, 4-m-wide and 1-m-high meandering compound channel at Sichuan University. The total 

discharge (Q) in the meandering compound channel was measured by a triangular weir that was installed in front of the flume. The sinuosity of 

the main channel (s) was defined as the ratio of the wavelength (Lw) to the valley length (Lv) in half of a meander, i.e., s = Lw/Lv (see Fig. 1). The 

same definition of sinuosity was used as reported in five previous studies (see Section 4), which are used for validation. In this study, s = 1.381. 

The valley slope (S) was 1‰, and thus, the slope of the meandering main channel was 0.7‰ (= S/s). The width (b) and depth (h) of the 

meandering main channel were 0.7 m and 0.14 m, respectively, yielding b/h = 5. The inner radius (r) was 0.9 m. The geometrical angle, 𝜃𝑔𝑒𝑜, of 

the region between the entrance section (CS5) and apex section (CS7) was 60°. The channel bed and vertical walls on the two sides of the main 

channel and on the two sides of the floodplains were smoothened using concrete, producing a Manning’s roughness parameter of n = 0.015. The 

flow depth in the main channel (H) was 25.5, 21.6 and 18.9 cm in cases MN1, MN2 and MN3, respectively. The height of the secondary current 
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cell (h0) varied in the region between the entrance section and apex section at different flow depths (see Table 1). The flow in the channel was 

fully developed, with a Reynolds number of Re = 19,000 to 42,000 based on Re =
𝑄𝑅

𝐴𝜈
, where A is the cross-sectional area in an apex section, R 

is the hydraulic radius of the apex section, and v is the kinematic viscosity (= 10
-6 

m
2
/s). The tailgate was modified to ensure that the water 

surface slope was parallel to the valley slope to establish quasi-uniform flow conditions. The experimental parameters are listed in Table 1. 

In this study, we propose an estimator for the depth-averaged flow angle between the entrance section (CS5) and the apex section (CS7). 

Thus, velocity measurements were performed at CS5, CS6 and CS7. In each section, measurements were performed at 13 measurement lines in 

the meandering main channel (see Liu et al. 2014 and 2016a) at three relative flow depths (Dr = 0.25, 0.35 and 0.45). The lateral positions of the 

measurement lines in the main channel were y = 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60 and 65 cm. The intervals of the two vertical points 

were identical (1.5 cm) in the three cases. A Sontek Acousitc Doppler Velocimeter (ADV) with upside and downside probes was used to record 

velocity data at each point, with a sample recording frequency of 50 Hz and a duration of 30 s. The raw velocity data were processed using the 

despiking method of Goring and Nikora (2002). The processed data were then used to decompose the time-averaged velocity (U, V and W). Thus, 

the local flow angle 𝜃(𝑧)(= 𝑎𝑟𝑐𝑡𝑎𝑛
𝑉

𝑈
) in the main channel and the depth-averaged flow angle (𝜃𝑎) could be obtained. The lateral mean of 𝜃𝑎 

in a specific section in the meandering main channel can be expressed as 𝜃𝑎(𝑚) = ∑ 𝜃𝑎
𝑁
1 , where N is the number of measurement lines (e.g., N = 
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13 in this study, see Fig. 1b). In addition, it is expected that the conveyance capability of the meandering main channel is related to the 

depth-averaged flow angle; thus, the relation between the main channel discharge (Qmc) and the mean depth-averaged flow angle (𝜃𝑎(𝑚)) will be 

discussed, where Qmc was obtained by integrating the measured velocities over the main channel.  

   

3. Theoretical Consideration 

The secondary current cell fully develops below the bankfull level at the entrance section (CS5) of a meander bend. A secondary current 

cell occupies the region below the bankfull level of the main channel (z = 0 to h) at CS5, as denoted by the blue circle with arrows in Fig. 2a. 

Then, the cell continues to expand in the vertical direction at CS6 (Fig. 2b). This trend occurs because a small 𝜃𝑥 (= 30°) at CS6 leads to a 

small suppression effect of upstream floodplain flows on the secondary current cell compared to that at CS5 (𝜃𝑥 = 60°). Finally, the secondary 

current cell occupies the entire main channel in the apex section (CS7) (Fig. 2c) due to the negligible effects of upstream floodplain flows (see 

the discussion in Liu et al. 2014). In addition, Fig. 2 illustrates that the distance between the cell bottom (z = 0 cm) and center (z = h0(c)) is the 

same as the distance between the cell top (z = h0) and center (z = h0(c)), such that h0(c) = h0/2 within a range of uncertainty (see the numbers in 

Table 1). The height of the cell (h0) and the distance between the cell bottom and center (h0(c)) vary as the section proceeds. Notably, h0 is related 
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to the position of the section (𝜃𝑥) between the entrance and apex sections, as well as the flow depth (H). Specifically, h0 ≈ h at the entrance of the 

meander bend (CS5, 𝜃𝑥 = 60°), ℎ0 = 𝐻 − 0.5(𝐻 − ℎ) in the middle section (CS6, 𝜃𝑥 = 30°) and h0 ≈ H in the apex section (CS7, 𝜃𝑥 = 0°). 

In the same section (e.g., apex section CS7), H (i.e., Dr) determines h0. For example, at CS7, h0 ≈ 24.5±1.5 cm at Dr = 0.45, but h0 ≈ 17.5±1.5 

cm at Dr = 0.26 (see Table 1). Thus, h0 can be predicted using ℎ0 = 𝐻 − 𝑘(𝐻 − ℎ), where 𝑘 =
𝜃𝑥

𝜃𝑔𝑒𝑜
. Here, 𝜃𝑥 = 60° (k = 1) and 𝜃𝑥 = 0° (k = 

0) represent the entrance section and the apex section, respectively (see Fig. 1a). The predicted value of h0 is equal to the measured h0 within a 

range of uncertainty (Fig. 3). However, h0 should be related to the curve of the meandering main channel. In this study, we use a one-third circle 

line to reflect this curve (with angle 120° in the meander bend, see Fig. 1a). 

The depth-averaged flow angle, 𝜃𝑎, is calculated as follows: 

𝜃𝑎 =
1

𝐻
(∫ 𝜃

ℎ0

0
(𝑧)𝑑𝑧 + ∫ 𝜃

𝐻

ℎ0
(𝑧)𝑑𝑧)                                         (1) 

Rearranging Eq. (1) yields:  

    𝜃𝑎 =
ℎ0

𝐻
(

1

ℎ0
∫ 𝜃

ℎ0

0
(𝑧)𝑑𝑧) +

𝐻−ℎ0

𝐻
(

1

𝐻−ℎ0
∫ 𝜃

𝐻

ℎ0
(𝑧)𝑑𝑧)                            (2) 

Based on the generation mechanism of secondary flows in the meandering main channel, secondary flows consist of enhanced original 
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secondary flows and the components of upstream floodplain flows (Liu et al. 2014). Considering the vertical size of the secondary current cell 

(see Fig. 2), the local flow angle averaged over the height of the cell (𝜃𝑐𝑒𝑙𝑙) and mean local flow angle above the cell (𝜃𝑢𝑝𝑝𝑒𝑟) must be 

considered separately. These variables can be expressed as follows: 

    𝜃𝑐𝑒𝑙𝑙 =
1

ℎ0
∫ 𝜃

ℎ0

0
(𝑧)𝑑𝑧;  𝜃𝑢𝑝𝑝𝑒𝑟 =

1

𝐻−ℎ0
∫ 𝜃

𝐻

ℎ0
(𝑧)𝑑𝑧                             (3) 

    Thus, Eq. (2) can be rewritten as: 

    𝜃𝑎 =
ℎ0

𝐻
𝜃𝑐𝑒𝑙𝑙 +

𝐻−ℎ0

𝐻
𝜃𝑢𝑝𝑝𝑒𝑟                                              (4) 

    In addition, ℎ0 = 𝐻 − 𝑘(𝐻 − ℎ) can be rearranged to 
ℎ0

𝐻
= 1 − 𝑘𝐷𝑟 and 

𝐻−ℎ0

𝐻
= 𝑘𝐷𝑟. Thus, Eq. (4) can be rewritten as follows: 

    𝜃𝑎 = (1 − 𝑘𝐷𝑟)𝜃𝑐𝑒𝑙𝑙 + 𝑘𝐷𝑟𝜃𝑢𝑝𝑝𝑒𝑟                                        (5) 

To solve Eq. (5), 𝜃𝑐𝑒𝑙𝑙 and 𝜃𝑢𝑝𝑝𝑒𝑟, which depend on the vertical distribution of 𝜃(𝑧) in different sections, must be separately discussed. 

The vertical profiles of 𝜃(𝑧) at the centerline of the secondary current cell for MN1 at CS5 (entrance section), CS6 (middle section) and CS7 

(apex section) are shown in Fig. 4. First, in the region of the secondary current cell (z = 0 to h0), the vertical integration of 𝜃(𝑧) between z = 0 

and h0 (i.e., 𝜃𝑐𝑒𝑙𝑙) is approximately equal to 0° from CS5 to CS7. Specifically, at Dr = 0.45, 𝜃𝑐𝑒𝑙𝑙 = −0.3 ± 2.6° from CS5 to CS7 (red lines 

in Fig. 4). Similarly, 𝜃𝑐𝑒𝑙𝑙 = −0.3 ± 2.3° at Dr = 0.35 and 𝜃𝑐𝑒𝑙𝑙 = 0.3 ± 2.7° at Dr = 0.25 (see Table 3). Second, at the crossover section 
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where 𝜃𝑥 > 0 (e.g., CS5 and CS6), 𝜃𝑢𝑝𝑝𝑒𝑟 ≈ 𝜃𝑥 above the cell. Specifically, 𝜃𝑢𝑝𝑝𝑒𝑟/𝜃𝑥 = 1.0 to 1.1 (green lines in Figs. 4a and 4b). 

Similarly, 𝜃𝑢𝑝𝑝𝑒𝑟/𝜃𝑥 = 1.0 to 1.2 at Dr = 0.35 and 1.0 to 1.3 at Dr = 0.25 (see Table 3). Therefore, two relations can be obtained: 

    𝜃𝑐𝑒𝑙𝑙 = 0°                                                          (6a) 

    𝜃𝑢𝑝𝑝𝑒𝑟 = 𝜃𝑥                                                        (6b) 

The sizes of the secondary currents at CS5, CS6 and CS7 are different, indicating that Eq. (6a) is independent of the size of the secondary 

current cell. 

Next, the mean value of 𝜃𝑐𝑒𝑙𝑙 in the lateral direction (i.e., 𝜃𝑐𝑒𝑙𝑙(𝑚) =
1

𝑏
∫ 𝜃𝑐𝑒𝑙𝑙

𝑏

0
𝑑𝑦) can be calculated, and the mean value of 𝜃𝑢𝑝𝑝𝑒𝑟 in the 

lateral direction (i.e., 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) =
1

𝑏
∫ 𝜃𝑢𝑝𝑝𝑒𝑟

𝑏

0
𝑑𝑦) is compared to 𝜃𝑥. Based on the data from MN1 to MN3, 𝜃𝑐𝑒𝑙𝑙(𝑚) = 1.7 ± 3.8° and 

𝜃𝑢𝑝𝑝𝑒𝑟(𝑚)/𝜃𝑥 = 1.0 ± 0.1. Thus, 𝜃𝑐𝑒𝑙𝑙(𝑚) = 0° and 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) = 𝜃𝑥. In addition, the local flow angle at the center of the secondary current cell 

should be zero because the velocities in the lateral and vertical directions (V and W) are approximately zero (see Fig. 2). Thus, the value of h0(c) 

can be determined by the vertical distribution of 𝜃(𝑧) at the centerline of the secondary current cell. Specifically, h0(c) is the distance from the 

channel bed to the position at which 𝜃(𝑧)  ≈  0°  in the z-direction (see Fig. 4).  

Although Eq. (4) can be simplified as 𝜃𝑎 =
𝐻−ℎ0

𝐻
𝜃𝑢𝑝𝑝𝑒𝑟 using Eq. (6a), 𝜃𝑎 is related to the height of the secondary current cell (h0), flow 
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depth (H) and 𝜃𝑢𝑝𝑝𝑒𝑟. Thus, the size of the secondary current cell (e.g., h0) can affect 𝜃𝑎. For example, h0 ≈ h at CS5, and the upstream 

floodplain flow exceeds the bankfull level (h) and influences 𝜃𝑎. However, at CS7, h0 ≈ H indicates that secondary currents occupy the entire 

main channel; therefore, these currents determine 𝜃𝑎. Overall, h0 represents the effect of secondary currents on the depth-averaged flow angle 

(𝜃𝑎). In addition, it is worth further discussing the relation between 𝜃𝑎 and H (i.e., Dr). When inbank flow occurs, h0 ≈ H, yielding 𝜃𝑎 =

𝜃𝑐𝑒𝑙𝑙 = 0° because no upstream floodplain flow affects the depth-averaged two-dimensional flow direction. When overbank flow occurs, at the 

same section (the same h0), a large H leads to a large proportion of 𝜃𝑢𝑝𝑝𝑒𝑟 in Eq. (4), representing the considerable influence of the upstream 

floodplain flow on the depth-averaged flow angle (𝜃𝑎). 

    Eq. (5) can be combined with Eq. (6a and 6b) and rearranged in the range of H ≥ h0 ≥ h, corresponding to 𝜃𝑔𝑒𝑜 ≥ 𝜃𝑥 ≥ 0° (i.e., 1 ≥ 𝑘(=

𝜃𝑥

𝜃𝑔𝑒𝑜
)  ≥ 0). 

    𝜃𝑎 = 𝑘𝐷𝑟𝜃𝑥 = 𝐷𝑟
𝜃𝑥

2

𝜃𝑔𝑒𝑜
                                                    (7) 

Eq. (7) can be further simplified in the entrance section (CS5) and apex section (CS7). Specifically, 𝜃𝑎 = 𝐷𝑟𝜃𝑔𝑒𝑜 at CS5 (h0 = h, i.e., 

𝜃𝑥 = 𝜃𝑔𝑒𝑜), and 𝜃𝑎 = 0° at CS7 (h0 = H, i.e., 𝜃𝑥 = 0°). In the apex section, water in both the main channel and floodplain flows downstream 
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in the same direction (valley direction); thus, the main channel flow is not affected by upstream floodplain flow (i.e., 𝜃𝑎 = 0° at CS7). The 

mean depth-averaged flow angle in a section, 𝜃𝑎(𝑚) (=
1

𝑏
∫ 𝜃𝑎

𝑏

0
𝑑𝑦), is equal to 𝜃𝑎 because 𝜃𝑥 remains the same in the lateral direction 

(y-direction) in each section. However, this model was proposed for meandering channels with overbank flow. For a channel with inbank flow, 

particularly in a sharply curved bend with a mobile bed, in which secondary current cells are not well developed in the lateral direction (e.g., 

Blanckaert 2010), this model may be unable to accurately predict 𝜃𝑎. This potential model limitation will be discussed later in this paper. 

 

4. Published Data 

The experimental data presented in five previously published studies are used to verify the proposed model. Shiono and Muto (1998), 

Muto (1997), Patra et al. (2012) and Shiono et al. (2009) described the details of the laboratory flume experiments. Harrison et al. (2015) 

described the numerical simulation of field observations in the Merced River, California. The data between the entrance section and apex section 

from above five studies are used for validating the proposed model. Though the details of the experiments and numerical simulation can be 

found in Shiono and Muto (1998), Muto (1997), Patra et al. (2012) and Shiono et al. (2009) and Harrison et al. (2015); a brief description of the 

experiments and numerical simulation is presented for completeness and convenience. The symbols for each case in Tables 1 and 2 are the same 
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in the following text and figures. 

(1) The experiments of Shiono and Muto (1998) and Muto (1997) were conducted in the same flume, in which two channels with different 

main channel sinuosities were considered. These two experiments were conducted in a 10.8-m-long, 1.2-m-wide and 0.33-m-high meandering 

compound channel with a valley slope (S) of 1‰. Quasi-uniform flow was achieved by controlling the tailgate. The geometrical angle, 𝜃𝑔𝑒𝑜, of 

the region between the entrance section and apex section was 60°. The main channel width (b) and depth (h) were 15 cm and 5 cm, respectively, 

producing b/h = 3. The positions of the vertical measurement lines in the main channel were y = 0.5, 1, 1.5, 3, 4.5, 6, 6.7, 8.3, 9, 10.5, 12, 13.5, 

14, and 14.5 cm. However, different main channel sinuosities (s) were constructed. Specifically, s = 1.37 (Shiono and Muto 1998) and 1.571 

(Muto 1997). The velocity measurements were performed along half of a meander in the main channel at Dr = 0 (bankfull), 0.15 and 0.5. Thus, 

in the main channel, the means of the flow angles between the channel bed and bankfull and between the bankfull and water surface could be 

determined (see Figs. 4 and 5 in Shiono and Muto 1998 and Fig. 4.15 in Muto 1997). Then, the mean depth-averaged flow angle (𝜃𝑎(𝑚)) in the 

lateral direction was obtained.   

(2) The experiments of Patra et al. (2012) were conducted in a 10-m-long and 0.52-m-wide compound channel with a valley slope (S) of 

6.1‰. Quasi-uniform flow was achieved in the test reach for a given discharge by adjusting the tailgate at the downstream end of the flume. The 
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sinuosity of the main channel was 1.22. The width and depth of the main channel were both 10 cm, yielding b/h = 1. The lateral positions of the 

measurement lines in the main channel were y ≈ 0.5, 2.8, 5, 7.3 and 9.5 cm. Detailed measurements were performed in two cases, with main 

channel flow depths (H) of 11.6 and 16.8 cm, yielding Dr = 0.14 and 0.4, respectively. However, in these cases, the mean depth-averaged flow 

angle (𝜃𝑎(𝑚)) was only available for apex sections (see Fig. 3 in Patra et al. 2012).  

(3) The experiments of Shiono et al. (2009) were conducted in a 13-m-long and 2.4-m-wide flume with a valley slope (S) of 2‰. The 

water surface slope along the flume was controlled by tailgates at the flume end; thus, quasi-uniform flow was achieved by manually adjusting 

the tailgates. The geometrical angle, 𝜃𝑔𝑒𝑜, of the region between the entrance section and apex section was 60°. The sinuosity of the main 

channel (s) was 1.384, and the main channel slope was 1.4‰. The width and depth of the main channel were 40 and 4 cm, respectively, resulting 

in b/h = 10. Uniform sand with a median sand diameter of d50 = 0.855 mm was placed in the meandering main channel. The sand depth was 

large enough to adequately cover the flume base during the experiments. Three pumps facilitated flow circulation. One pump was a sediment 

circulation pump that conveyed sediments back to the inlet of the flume through a recirculation pipe system. The bed morphology slightly 

changed after the experiments, yielding a Manning roughness coefficient that was nearly the same as that in the non-mobile case (estimated from 

Fig. 3 in Shiono et al. 2008). The smooth floodplain was made of Styrofoam. The velocity distribution was measured in detail at Dr = 0 
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(bankfull) and 0.3. The lateral interval of the measurement lines in the main channel was 2 cm, and the vertical interval between two vertical 

points was 5 mm. The measured mean depth-averaged flow angle (𝜃𝑎(𝑚)) along half of a meander was obtained from Figs. 4 and 5 in Shiono et 

al. (2009). 

(4) Harrison et al. (2015) numerically simulated overbank flows (including magnitude and orientation) in a reach of the Merced River, 

California. This channel was reconstructed after a 50-year flood (the peak flow was 234 m
3
/s), producing a single-threaded, meandering river. 

The geometrical angle, 𝜃𝑔𝑒𝑜, of the region between the entrance section and apex section was approximately 40° (estimated from Fig. 7 in 

Harrison et al. 2015). The width (b) and depth (h) of the main channel were 29 m and 1 m, respectively, yielding b/h = 29. The bend radius at the 

apex was ≈ 110 m. The floodplain width varied from 250 to 500 m, which was 9-17 times greater than the width of the main channel. The valley 

gradient (S) was 3‰, and the sinuosity of the main channel was 1.16; thus, the bed gradient of the main channel (Smc) was 2.5‰. The reach had 

a gravel bed with d16 = 3.2 cm, d50 = 5.7 cm and d84 = 9.5 cm. A plan view of the meandering channel is shown in Fig. 1 of Harrison et al. (2015). 

The patterns of the depth-averaged velocity magnitude and orientation were simulated for a five-year flood. The floodplain flow depth was ≈ 0.5 

m, and thus, Dr ≈ 0.3. We performed predictions at the downstream bend because the floodplain gradient was stable (= 3‰) in the regions 

within 150 m on either side of the apex section in the bend. The 𝜃𝑎 values in the section with 𝜃𝑥 ≈ 5°, 15°, 20° and 40° were extracted from 
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Fig. 7 in Harrison et al. (2015) to obtain modeled 𝜃𝑎(𝑚) values to validate the proposed model.  

 

5 Results and Discussion 

The predicted 𝜃𝑎(𝑚) is plotted against the measured 𝜃𝑎(𝑚) in Fig. 4. First, the predicted and measured values of 𝜃𝑎(𝑚) were compared in 

the non-mobile bed channels based on the data from our experiments and those of Shiono and Muto (1998), Muto (1997) and Patra (2012) (open 

points in Fig. 5). The comparison indicates that the predictions agree well with the measurements. Second, the measured 𝜃𝑎(𝑚) was compared 

to the predicted 𝜃𝑎(𝑚) in a meandering channel with a mobile bed. The experimental data were from Shiono et al. (2009) (solid triangles in Fig. 

5). Although the bed morphology after the experiment was different from that before the experiment, the influence of the bedform on 𝜃𝑎(𝑚) can 

be neglected because the secondary current cell was fully developed and occupied the entire main channel in the apex sections (see Fig. 10 in 

Shiono et al. 2009). Fig. 5 shows that the predicted 𝜃𝑎(𝑚) is equal to the measured 𝜃𝑎(𝑚) within uncertainty. Third, good agreements between 

the predictions and measurements were obtained in the numerical simulation of a field study (crosses in Fig. 5). Overall, good agreements 

between the prediction and the laboratory observations and the numerical simulation demonstrate that the proposed model (Eq. (7)) can 

accurately predict the mean depth-averaged flow angle (𝜃𝑎(𝑚)) in a meandering main channel with overbank flows. 
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Because 𝜃𝑎(𝑚) can be predicted using Dr and k (see Eq. (7)), the variation between 𝜃𝑎(𝑚) and Dr can be observed, as shown in Fig. 6. 

𝑘 (=
𝜃𝑥

𝜃𝑔𝑒𝑜
) is constant for a given section. Specifically, k = 1 at the entrance of a meander (e.g., CS5 in our study) because 𝜃𝑥 = 𝜃𝑔𝑒𝑜 = 60° 

and k = 0.5 in the middle section (e.g., CS6 in our study) because 𝜃𝑥 = 30°. The data in Fig. 6 are from our study and those of Shiono and Muto 

(1998), Muto (1997) and Shiono et al. (2009), in which 𝜃𝑎(𝑚) was measured at the entrance section (𝜃𝑥 = 60°) and middle section (𝜃𝑥 = 30°). 

𝜃𝑔𝑒𝑜 is fixed for the region between the entrance section and apex section in a channel. The relation between 𝜃𝑎(𝑚) and Dr is linear in the 

entrance section (the blue line in Fig. 5) and the middle section (the red line). Dashed lines indicate 10% uncertainty in the predictions. The 

measured 𝜃𝑎(𝑚) values (points) are similar to the predictions (lines). For a given section (e.g., entrance section, 𝜃𝑥 = 60°), a large Dr reflects 

the strong effects of upstream floodplain flow on the main channel flow, producing a high flow angle (𝜃𝑎(𝑚)), as visualized by Shiono and Muto 

(1998) (see Fig. 3 in their paper). However, the prediction in the entrance section (blue lines) is considerably greater than the prediction in the 

middle section (red lines), particularly under high-flow conditions (large Dr). This trend occurs because 𝜃𝑎(𝑚) is related to the square of 𝜃𝑥 

(i.e., 𝜃𝑥
2
) for a given Dr (see Eq. (7)). Thus, for a case with a fixed flow depth (Dr), a large flow angle (𝜃𝑎(𝑚)) will be observed in the entrance 

section because the section has a large 𝜃𝑥.  

Eqs. (6) and (7) indicate that the mean local flow angle above the secondary current cell, 𝜃𝑢𝑝𝑝𝑒𝑟, is one factor that influences the predicted 
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value of 𝜃𝑎(𝑚). Thus, the relation between the mean measured 𝜃𝑢𝑝𝑝𝑒𝑟 (𝜃𝑢𝑝𝑝𝑒𝑟(𝑚)) and Dr is discussed (Fig. 7). The discussion herein focuses 

on the measured 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) for Dr = 0.15 to 0.5. The experimental data include the authors’ own experiments (circles in Fig. 7) and those from 

Shiono and Muto (1998) (squares). Although 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) is equal to 𝜃𝑥 at the meander entrance (𝜃𝑥 = 60°) within uncertainty, the value of 

𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) decreases with decreasing Dr (black points) because the contribution of the upstream floodplain flow to the main channel flow above 

the secondary current cell decreases with the decrease of flow depth. In contrast, 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) in the middle section (red points) is equal to 𝜃𝑥 

(= 30°, red dashed line). Therefore, in a section with a large 𝜃𝑥, the effect of upstream floodplain flow on 𝜃𝑢𝑝𝑝𝑒𝑟 is reduced at the low flow 

depths (e.g., Dr < 0.15 in Fig. 7). Thus, the assumption that 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) = 𝜃𝑥 may lead to errors during the calculation, particularly for a section 

with a large 𝜃𝑥 under low-flow conditions (a small Dr). For example, at Dr = 0.15, the prediction of 𝜃𝑎(𝑚) = 9° using 𝜃𝑥 = 60°, which is 

close to the predicted value of 𝜃𝑎(𝑚) = 7.4° using 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) = 49.6°. However, such a small difference (1.6°) is acceptable in practical 

applications. 

Fig. 8 shows the lateral distribution of the measured 𝜃𝑢𝑝𝑝𝑒𝑟 at different Dr to further discuss the variation of 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) at low flow 

depths. The vertical wall at y/b = 1 connects the upstream floodplain. First, at the meander entrance (𝜃𝑥 = 60°, Fig. 8a), the water above the 

secondary current cell close to the upstream floodplain (close to y/b = 1) is significantly affected by upstream floodplain flow, producing a value 
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of 𝜃𝑢𝑝𝑝𝑒𝑟 being equal to 𝜃𝑥. This finding indicates that the water close to the upstream floodplain flows downstream in the valley direction. 

However, the water further from the upstream floodplain flows downstream close to the ridge direction, particularly at low flow depths (small 

Dr). At high flow depth (e.g. Dr = 0.5), 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) = 60.4 ± 1.3° (the black dashed line in Fig. 8a) means that the water above the cell in the 

entire main channel flows downstream in the valley direction. At a moderate flow depth (Dr = 0.35), 𝜃𝑢𝑝𝑝𝑒𝑟 ≈ 60° at y/b = 0.6 to 1 but 

decreases from 60° to 45° at y/b = 0.6 to 0. A more distinct decrease in 𝜃𝑢𝑝𝑝𝑒𝑟 along y/b is observed under low-flow conditions (Dr = 0.15). 

Notably, 𝜃𝑢𝑝𝑝𝑒𝑟 decreases continuously from 60° to 30° from y/b = 0.7 to 0, indicating that the influence of floodplain flow on the main 

channel flow above the secondary current cell is significantly reduced at the low flow depths. The main channel flow prefers to propagate 

downstream in the ridge direction at the low flow depths. Second, in the middle section with 𝜃𝑥 = 30°, the flow above the cell moves 

downstream in the valley direction at Dr = 0.15 to 0.5, yielding 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) = 31.2 ± 2.7° (the gray line in Fig. 8b). Overall, the mean local 

flow angle above the secondary current cell (𝜃𝑢𝑝𝑝𝑒𝑟) decreases far from the upstream floodplain under low-flow conditions at the entrance 

section (𝜃𝑥 = 60°, see Fig. 8a). Because of the small section angle (𝜃𝑥 = 30°) in the middle section, a distinct decrease in 𝜃𝑢𝑝𝑝𝑒𝑟 may be 

observed at small flow depths (e.g., Dr = 0.05).  

In the meandering main channel, 𝜃𝑎(𝑚) is related to the main channel discharge, Qmc (Fig. 9). 𝜃𝑎(𝑚) is normalized by 𝜃𝑔𝑒𝑜 (= 60°), and 
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Qmc is normalized by the total discharge (Q). In cases with different values of Dr (= 0.25 to 0.45), the maximum and minimum values of 𝑄𝑚𝑐 𝑄⁄  

occur in the apex section (points at 𝜃𝑎(𝑚) 𝜃𝑔𝑒𝑜⁄ ≈ −0.05 to 0 in Fig. 9) and entrance section (points at 𝜃𝑎(𝑚) 𝜃𝑔𝑒𝑜⁄ ≈ 0.25 to 0.5), respectively, 

indicating that the apex section has the greatest conveyance capability and the entrance section has the smallest conveyance capability. This 

result is consistent with previous observations (Shiono and Muto 1998; Liu et al. 2016a, b). Specifically, Liu et al. (2016a, b) reported that in the 

meandering main channel, the maximal mean velocity (discharge) occurred in apex sections (e.g., CS7) and the minimal mean velocity 

(discharge) occurred in crossover sections (e.g., CS5). In addition, the main channel discharge can be linked to secondary flow. The section with 

the greatest conveyance capability has the lowest intensity of secondary flows. At the apex, the secondary current cell is enhanced by centrifugal 

force, and the effect of floodplain flow can be ignored. In contrast, at entrance sections, secondary flow is enhanced by both the upstream 

floodplain flow and centrifugal force, yielding 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) = 𝜃𝑥, which effects the predictions of 𝜃𝑎(𝑚) and the main channel discharge. Ervine 

et al. (2000) proposed a secondary flow parameter to represent the intensity of the secondary flow and then combined this parameter and the 

lateral distribution method (LDM) to model the lateral distribution of the depth-averaged velocity in apex and crossover sections. Their result 

showed that the velocities in the apex sections were greater than those in the crossover sections. These findings are consistent with our 

measurements (see Fig. 9). Additionally, their modeling result demonstrated that the value of the secondary flow parameter (2%) in the apex 
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section was smaller than that (6%) in the crossover section, indicating that the intensities of secondary flow in apex sections is smaller than those 

in crossover sections. This result is consistent with the observations in our study (see Fig. 2). A numerical simulation further confirmed this 

phenomenon that the secondary flow in the entrance section is stronger than that in the apex section (Jing et al. 2009). Therefore, the 

stage-discharge relation (or the lateral distribution of the depth-averaged velocity) in the meandering channel is predicted in the apex section, as 

is done in certain models (e.g., Ervine et al. 2000; Huai et al. 2009; Shan et al. 2015, 2017; Liu et al. 2012, 2016a and b). 

Finally, this model is proposed under quasi-uniform flow conditions. Further verification should be performed if the flow condition changes. 

The model can predict the flow angle between the entrance section and apex section in a meandering channel with b/h = 1 to 29 and s = 1.16 to 

1.571 for Dr = 0 to 0.5. If the meandering main channel is extremely wide and shallow (i.e., b/h is extremely large), the development of a 

secondary current cell may be restricted, and thus, the model may not be able to accurately predict the depth-averaged flow angle. In addition, 

this model focuses on a smooth meandering channel with similar roughness parameters in the main channel and floodplain (i.e., 𝑛𝑚𝑐 ≈ 𝑛𝑓𝑝). 

However, vegetation is often present on floodplain beside the main channel. For example, lush grass is present on the floodplains of the 

Minjiang River in China (Fig. 1 in Yang et al. 2007) and on the floodplains of the River Blackwater in the UK (Figs. 2a and 3a in Gunawan et al. 

2008). The proposed model cannot predict flow directions in a meandering channel with vegetation on the floodplains because this model does 
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not account for the resistance associated with vegetation. Dense vegetation leads to an increase in the overall Manning’s roughness parameter nall 

(=
𝐴

𝑄
𝑅2/3𝑆1/2). The ratio of the roughness parameters is nall(roughness)/nall(smooth) ≥ 1.3 (Liu et al. 2016a). When this ratio is satisfied, the flow 

pattern is similar in meandering compound channels with dense floodplain vegetation but different from the flow pattern in smooth channels. 

This trend occurs because vegetation may produce complex flow structures around stems and the canopy. For example, stem turbulence occurs 

behind an individual stem when Red > 120 (Liu and Nepf 2016), where Red (=
𝑢𝑣𝑑

𝜈
) is the stem Reynolds number, where uv is the velocity within 

a vegetated area and d is the stem diameter. Additionally, Kelvin-Helmholtz vortices will be formed at the canopy height when ahv > 0.1, in 

which a (= md, where m is the vegetation density) is the frontal area per unit volume and hv is the vegetation height (Nepf 2012). The increase in 

turbulence and decrease in velocity in the vegetated region leads to a change in the vertical profile of the local flow angle, producing a different 

depth-averaged flow angle (𝜃𝑎(𝑚)). Thus, the predictive model for such conditions must be further investigated.          

 

6. Conclusions  

This study proposed a model to estimate the lateral mean of the depth-averaged two-dimensional flow direction (i.e., the mean of the 

depth-averaged flow angle 𝜃𝑎(𝑚)) between the entrance section and apex section in a meandering compound channel. Velocity measurements 
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are performed in a large-scale meandering compound channel. The value of 𝜃𝑎(𝑚) is highly related to the secondary current cell. The mean 

local flow angle above the secondary current cell, 𝜃𝑢𝑝𝑝𝑒𝑟, and the mean local flow angle within the cell, 𝜃𝑐𝑒𝑙𝑙, are discussed separately. Study 

shows that 𝜃𝑐𝑒𝑙𝑙 is equal to 0°, and 𝜃𝑢𝑝𝑝𝑒𝑟 is equal to the section angle, 𝜃𝑥 (Eq. (6)). Thus, 𝜃𝑎(𝑚) can be predicted using the geometrical 

angle, 𝜃𝑔𝑒𝑜, of the region the relative flow depth, Dr, and 𝜃𝑥 (Eq. (7)). The proposed model is validated using published experimental data 

from four laboratory experiments and a numerical simulation of one field study, covering a wide range of key flow parameters. Good agreement 

is obtained between the predictions and measurements, indicating that this model can accurately predict 𝜃𝑎(𝑚) in the region between the 

entrance section and apex section. The value of 𝜃𝑎(𝑚) is related to the conveyance capability of the meandering main channel. The apex section 

with 𝜃𝑎(𝑚) = 0° has the greatest conveyance capability. Finally, the limitations of the model are discussed. This model can be applied in a 

meandering channel with b/h = 1 to 29, s = 1.16 to 1.571, and Dr = 0 to 0.5. 
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Notation 

A = cross-sectional area in an apex section; 

a = frontal area per unit volume (= md); 

B = channel width; 

b = width of meandering main channel; 

d16, d50, d84 = particle sizes; 

Dr = relative flow depth (= (H-h)/H); 

d = stem diameter; 

H = flow depth in the meandering main channel; 

h = bankfull level; 

h0 = height of the secondary current cell; 

h0(c) = distance between the cell bottom (z = 0 cm) and center (z = h0(c)); 

hv = vegetation height; 
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𝑘 = dimensionless coefficient (=
𝜃𝑥

𝜃𝑔𝑒𝑜
); 

Lw = wavelength in half of a meander (see Fig. 1); 

Lv = valley length in half of a meander (see Fig. 1); 

m = vegetation density; 

N = the number of measurement lines (e.g., N = 13 in this study, see Fig. 1b); 

𝑛𝑚𝑐, 𝑛𝑓𝑝 = Manning’s roughness parameter in the main channel and floodplain, respectively; 

nall = overall Manning’s roughness parameter; 

Q = total discharge in the meandering compound channel; 

Qmc = main channel discharge; 

R = hydraulic radius of the apex section; 

Re = Reynolds number (=
𝑄𝑅

𝐴𝜈
); 

Red = stem Reynolds number (=
𝑢𝑣𝑑

𝜈
); 

r = inner radius; 

S = valley slope; 

Smc = slope of the meandering main channel; 

s = sinuosity of the meandering main channel (= Lw/Lv); 

U, V, W = time-averaged velocities in the streamwise, lateral and vertical directions, respectively; 



 28 

uv = velocity within a vegetated area; 

x, y, z = streamwise, lateral and vertical coordinates, respectively (see Fig.1); 

𝜃𝑎 = depth-averaged two-dimensional flow direction (=
1

𝐻
∫ 𝜃(𝑧)

𝐻

0
𝑑𝑧); 

𝜃𝑎(𝑚) = lateral mean of 𝜃𝑎 (= ∑ 𝜃𝑎
𝑁
1 ); 

𝜃𝑐𝑒𝑙𝑙 = local flow angle averaged over the height of the cell (see Eq.(3)); 

𝜃𝑐𝑒𝑙𝑙(𝑚) = the mean value of 𝜃𝑐𝑒𝑙𝑙 in the lateral direction (=
1

𝑏
∫ 𝜃𝑐𝑒𝑙𝑙

𝑏

0
𝑑𝑦); 

𝜃𝑢𝑝𝑝𝑒𝑟 = mean local flow angle above the cell (see Eq.(3)); 

𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) = mean value of 𝜃𝑢𝑝𝑝𝑒𝑟 in the lateral direction (=
1

𝑏
∫ 𝜃𝑢𝑝𝑝𝑒𝑟

𝑏

0
𝑑𝑦); 

𝜃𝑔𝑒𝑜 = the geometrical angle of the region between the entrance section and apex section (see Fig.1); 

𝜃𝑥 = section angle (see Fig.1); 

𝜃(𝑧) = local flow angle (= 𝑎𝑟𝑐𝑡𝑎𝑛
𝑉

𝑈
); 

v = kinematic viscosity (= 10
-6 

m
2
/s); 
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Table 1. Experimental parameters in our study 
a
 

Case Q (m
3
/s) H (cm) Dr 

h0 (cm) h0(c) (cm) Qmc (m
3
/s) 

Symbol 
CS5 CS6 CS7 CS5 CS6 CS7 CS5 CS6 CS7 

MV1 0.189 25.5 0.45 14.5±1.5 20.0±1.5 24.5±1.5 7.0±1.5 10.0±1.5 13.0±1.5 0.033 0.041 0.048 

○ MV2 0.113 21.6 0.35 13.0±1.5 16.0±1.5 20.5±1.5 7.0±1.5 8.5±1.5 11.5±1.5 0.024 0.030 0.034 

MV3 0.085 18.9 0.26 14.5±1.5 16.0±1.5 17.5±1.5 7.0±1.5 8.5±1.5 10.0±1.5 0.023 0.026 0.029 
a
 Q is the total discharge; H is the flow depth in the main channel; Dr (= (H-h)/H) is the relative flow depth, in which h is the bankfull height; h0 

is the height of the secondary current cell; h0(c) (= h0/2) is the distance between the cell bottom and center; and Qmc is the main channel discharge. 

The details of the experimental setup were provided in Liu et al. (2014) and Shan et al. (2015).
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Table 2. Experimental parameters in the published references 
a
 1 

Case H (cm) b (cm) h (cm) Dr s S (‰) Smc (‰) r (m) Symbol 

SM-1
 b

 5.3 15 5.3 0 1.37 1 0.73 0.35 

□ SM-2
 b

 6.24 15 5.3 0.15 1.37 1 0.73 0.35 

SM-3
 b

 10.6 15 5.3 0.5 1.37 1 0.73 0.35 

M-1
 c

 5.3 15 5.3 0 1.571 1 0.64 0.35 

◇ M-2
 c

 6.24 15 5.3 0.15 1.571 1 0.64 0.35 

M-3
 c

 10.6 15 5.3 0.5 1.571 1 0.64 0.35 

P-1
 d

 11.63 10 10 0.14 1.22 6.1 5 unknown 
☆ 

P-2
 d

 16.67 10 10 0.4 1.22 6.1 5 unknown 

S-1
 e

 4 40 4 0 1.384 2 1.45 0.565 
△ 

S-2
 e

 5.71 40 4 0.3 1.384 2 1.45 0.565 

H-1
 f
 ≈ 150 29 100 ≈ 0.3 1.16 3 2.5 ≈110 × 

a
 b is the width of the main channel; s is the sinuosity of the main channel; S is the valley slope; 2 

Smc (= S/s) is the main channel slope; and r is the radius of the test meander. The remaining 3 
notations have the same definitions as those in Table 1. In this paper, the symbols for each case 4 
are the same throughout the text and figures. 5 
b
 The experimental data for SM-1 to SM-3 are from Shiono and Muto (1998). 6 

c
 The experimental data for M-1 to M-3 are from Muto (2012). 7 

d
 The experimental data for P-1 and P-2 are from Patra et al. (2004). 8 

e
 The experimental data for S-1 and S-2 are from Shiono et al. (2009). 9 

f
 The field observations and numerical simulation in H-1 are from Harrison et al. (2015). 10 

 11 

Table 3. Summary of 𝜃𝑐𝑒𝑙𝑙, 𝜃𝑢𝑝𝑝𝑒𝑟 and 𝜃𝑢𝑝𝑝𝑒𝑟/𝜃𝑥 at the centerline of the secondary current cell 12 
in our study (MN1-MN3)

 a
 13 

Dr 
𝜃𝑐𝑒𝑙𝑙 (°) 

Mean ± SD (°)  
𝜃𝑢𝑝𝑝𝑒𝑟 (°) and 𝜃𝑢𝑝𝑝𝑒𝑟/𝜃𝑥 

CS5 CS6 CS7 CS5  CS6  

0.45 1.3 1.1 -3.4 -0.3 ± 2.6  57.8 (1.0)
 b

 34.1 (1.1)
 b

 

0.35 -1.6 2.4 -1.5 -0.3 ± 2.3  60.1 (1.0)
 b

 36.0 (1.2)
 b

 

0.25 2.1 1.6 -2.9 0.3 ± 2.7  61.9 (1.0)
 b

 38.5 (1.3)
 b

 

a 𝜃𝑐𝑒𝑙𝑙 (=
1

ℎ0
∫ 𝜃

ℎ0

0
(𝑧)𝑑𝑧) is the mean of the local flow angles within the secondary current cell; 14 

𝜃𝑢𝑝𝑝𝑒𝑟 (=
1

𝐻−ℎ0
∫ 𝜃

𝐻

ℎ0
(𝑧)𝑑𝑧) is the mean of the local flow angle above the secondary current cell; 15 

“Mean” indicates the mean of 𝜃𝑐𝑒𝑙𝑙 ; and “SD” indicates the standard deviation of 𝜃𝑐𝑒𝑙𝑙.  16 
b
 The numbers in parentheses are the values of 𝜃𝑢𝑝𝑝𝑒𝑟/𝜃𝑥 with a section angle

 𝜃𝑥 = 60° at CS5 17 



 35 

and 𝜃𝑥 = 30° at CS6. 18 

 19 

    20 

Fig. 1 Plan view of the channel geometry of the meandering compound channel; (b) Geometrical 21 
size of the meandering main channel. The sinuosity (s = Lw/Lv) is the ratio of the wavelength (Lw) 22 
to the valley length (Lv) in half a meander. CS5, CS6, and CS7 are the entrance section, middle 23 
section and apex section, respectively. The depth-averaged two-dimensional flow direction 24 
(depth-averaged flow angle) is predicted in the region between the entrance section and apex 25 
section. 𝜃𝑔𝑒𝑜 is the geometrical angle of the region between the entrance section and apex section. 26 

𝜃𝑥 is the section angle, indicating the angle from apex section to target section; e.g., 𝜃𝑥 = 30° 27 
at CS6. 𝜃𝑎 is the depth-averaged flow angle. H and h are the flow depth and bankfull depth, 28 
respectively. B (= 4 m) is the channel width, and b (= 0.7 m) is the main channel width. The 29 
measurement lines are numbered 1 to 13. 30 



 36 

 31 

 32 

Fig. 2. Secondary current cell at (a) the meander entrance, CS5; (b) the middle section, CS6; and 33 
(c) the apex section, CS7 based on the measurements from case MN1. Relative flow depth Dr = 34 
0.45 in MN1. z = 0 indicates the channel bed. The vertical wall at y = 0.7 m connected the 35 
upstream floodplain. A blue circle with arrows indicates the secondary current cell in the three 36 
sections. h0 is the height of the cell. h0(c) (= h0/2) is the distance between the bottom of the cell 37 
and the center of the cell. 38 

 39 

 40 



 37 

 41 
Fig. 3 Comparison of the measured and predicted h0, based on our experimental data. The 42 

prediction is calculated by ℎ0 = 𝐻 − 𝑘(𝐻 − ℎ), where 𝑘 =
𝜃𝑥

𝜃𝑔𝑒𝑜
.   43 
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 54 
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 59 
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 61 
 62 

 63 
 64 
Fig. 4. Vertical distribution of the local flow angle, 𝜃(𝑧), at the centerline of the secondary 65 
current cell in the main channel in (a) CS5, (b) CS6 and (c) CS7 based on the experimental data 66 
from MN1 (see parameters in Table 1). H is the flow depth; h0 is the height of secondary current 67 

cell; 𝜃𝑐𝑒𝑙𝑙 (=
1

ℎ0
∫ 𝜃

ℎ0

0
(𝑧)𝑑𝑧) is the mean of the local flow angles within the secondary current 68 

cell; 𝜃𝑢𝑝𝑝𝑒𝑟 (=
1

𝐻−ℎ0
∫ 𝜃

𝐻

ℎ0
(𝑧)𝑑𝑧) is the mean of the local flow angles above the secondary 69 

current cell; and h0(c) (= h0/2) is the distance between the cell bottom and center. 70 
 71 
 72 
 73 



 39 

 74 
Fig. 5. Comparison of the measured and predicted θa(m) based on the data from our experiments 75 
and five published references.  76 
 77 
 78 
 79 
 80 

 81 
Fig. 6. Relation between θa(m) and Dr at the meander entrance (θx = 60°, blue points and lines) 82 
and middle section (θx = 30°, red points and lines). The dashed lines indicate the 10% uncertainty 83 
of the predictions. Experimental data are from our study and those of Shiono and Muto (1998), 84 
Muto (1997) and Shiono et al. (2009). 85 
 86 
 87 
 88 
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 89 
Fig. 7. Mean of the local flow angles above the secondary current cell, 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚), versus Dr in 90 

the entrance section (black points) and middle section (red points). The black and red dashed 91 
lines represent 𝜃𝑥 = 60° in the entrance section and 𝜃𝑥 = 30° in the middle section, 92 
respectively. Experimental data are from our study and that of Shiono and Muto (1998). 93 
 94 
 95 
 96 
 97 
 98 
 99 
 100 
 101 
 102 
 103 
 104 
 105 
 106 
 107 
 108 
 109 
 110 
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111 

 112 
Fig. 8. The mean of the local flow angles above the secondary current cell, 𝜃𝑢𝑝𝑝𝑒𝑟, versus the 113 

normalized lateral distance, y/b, at different Dr at (a) the entrance section with 𝜃𝑥 = 60° and (b) 114 
the middle section with 𝜃𝑥 = 30°. b is the width of main channel. The vertical wall at y/b = 1 115 
connected the upstream floodplain. 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) = 60.4 ± 1.3° (the black dashed line in (a)) for 116 

the case of Dr = 0.5 from Shiono and Muto (1998). 𝜃𝑢𝑝𝑝𝑒𝑟(𝑚) = 31.2 ± 2.7° (the gray solid 117 

line in (b)) for the three cases of Dr = 0.5, 0.35 and 0.15 from Shiono and Muto (1998) and our 118 
study. 119 
 120 
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 121 
Fig. 9. Normalized main channel discharge, Qmc/Q, versus the normalized mean of 122 
depth-averaged flow angles, 𝜃𝑎(𝑚)/𝜃𝑔𝑒𝑜, in the apex section (CS7), middle section (CS6) and 123 

entrance section (CS5), where Q is the total discharge and 𝜃𝑔𝑒𝑜 = 60°. Experimental data are 124 

from our study. 125 
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