ﬁ water m\py

Technical Note
Flow Characteristics and Bed Morphology in a
Compound Channel between Two Single Channels

Weiming Wu, Lu Wang *, Xudong Ma, Ruihua Nie and Xingnian Liu

State Key Laboratory of Hydraulics and Mountain River Engineering, Sichuan University, Chengdu 610065,
China; wuweiming@stu.scu.edu.cn (W.W.); maxd@scu.edu.cn (X.M.); nierh@scu.edu.cn (R.N.);
liuxingnian@126.com (X.L.)

* Correspondence: wanglu@scu.edu.cn

Received: 10 November 2020; Accepted: 15 December 2020; Published: 16 December 2020 Elf;edcgtfgsr

Abstract: In mountainous areas, a river can widen from a single channel to a compound channel
under the influence of geological conditions or human impacts, bringing about challenges in terms
of flood control and channel regulation. This paper reports the results of tests conducted in a 26 m
long flume with a uniform sediment bed (grain size = 0.5 mm), investigating the flow characteristics
and bed morphology in a compound channel between two single channels. The stage-discharge
relationship in the compound channel and the longitudinal and cross-sectional bed profile in the
compound channel between two single channels are presented and analyzed. The experimental
results indicate that the flow characteristics and bed morphology in a compound channel between
two single channels are significantly different from those in a normal compound channel. Based on
the experimental data and observations, the mechanisms of flow and sediment transport in the
compound channel between two single channels are illuminated.
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1. Introduction

A river can widen from a single channel to a compound channel with floodplains due to the
influence of geological conditions or human factors (e.g., the Tongluoxia reach, the Qutangxia reach of
the Yangtze River, the Pengshan reach of Min River (Figure 1), etc.). Floodplains are important sites
of production and human habitation and are commonly used as arable land. For river flood control
and channel regulation, it is important to study the flow characteristics and bed morphology in a
compound channel between two single channels.

Many studies have investigated the flow characteristics and sediment transport in compound
channels (i.e., rivers have a main channel with floodplains) [1-8]. In a compound channel, as the
bankfull flow reaches the floodplain, the sudden increase in the wetted perimeter reduces the hydraulic
radius significantly. Thus, conclusions based on single channels may not be applicable to compound
channels [9-14]. The conventional divided cross section method divides a compound channel into a
main channel and a floodplain by making a plumb line along the boundary. However, this method
does not consider the shear stress between the main channel and the floodplain, causing a large
calculation error [15,16]. Wright [17] found that the vertical division method overestimated the flow
discharge when the relative water depth (the ratio of the floodplain flow depth to the main channel
flow depth) was below 0.5. Based on a force balance between the floodplain and the main channel,
Liu and Dong [18] derived a predictor for calculating the flow discharge in compound channels
under steady flow conditions. Ackers [19-21] modified the divided cross section method based on
the concept of river channel coherence (COH), introducing the discharge correction factor (DISADF)
and the discharge error factor (DISDEF) to correct the calculated flow Qpasic in compound channels.
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Based on the Navier-Stokes equation, Shiono and Knight [22] proposed an analytical solution for the
vertical average velocity in compound channels. In a compound channel, the sediment moving from
the floodplain to the main channel is coarser than the sediment that moves in the other direction [2].
Chen [23] studied high-sand-concentration currents in the floodplain, indicating that the exchange of
sand content increases the sand content in the floodplain and decreases it in the main channel. Knight
and Brown [24] conducted experiments to study the sediment transport in a movable bed compound
channel, finding that the drag coefficient was proportional to the water depth and floodplain roughness.
Tang and Knight [25] found that the bed-load rate is at the maximum when the water reaches bankfull
flow; as the flow depth increases above floodplain level, the bedload rate gradually decreases. They also
found that the greater the roughness of the floodplain, the lower the bedload transport rate. In addition,
some studies proposed predictors for estimating the bedload rate in compound channels [26-28].

Although the flow characteristics and sediment transport in compound channels have been
broadly studied, the flow characteristics and bed morphology in the compound channel between
two single channels are still unknown. To fill this research gap, this study conducted flume tests
for investigating the flow characteristics and bed morphology in a compound channel between two
single channels.
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Figure 1. Abruptly widening compound channel between two single channels in the Pengshan reach
of Min River (flow direction is from the North to South).

2. Experimental Setup

All experiments were conducted in a concrete flume (Figures 2 and 3) at the State Key Laboratory
of Hydraulics and Mountain River Engineering, Sichuan University, China. The flume has a total
length of 26 m and consists of three parts: (i) A 12 m long, 1 m wide and deep upstream single
channel; (ii) an 11 m long compound channel with a main channel as wide as in (i) and two 2.1 m wide
floodplains; (iii) a 3 m long, 1 m wide downstream single channel. The slopes of the main channel and
floodplain for each test are 3%o. The flow discharge was measured by a rectangular thin-plate weir
before a static pool at the inlet of the flume. A honeycomb flow straightener near the upstream end
of the channel was used to eliminate the rotational flow component for making the incoming flow
more uniform. A tailgate was installed at the end of the flume to control the water level. Downstream
of the model, a sediment trap was used to collect the sediment for reuse. The main channel and the
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floodplain are movable beds, constructed of uniform sand, with a median mean diameter of 0.5 mm.
The main channel has concrete banks representing the channelized main channel in natural rivers.
The grain-size distribution of the sediment is shown in Figure 4. The floodplain is 5 cm higher than the
main channel, and the thickness of the sediment bed is 20 cm.

Figure 2. A photo of the testing flume.
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Figure 3. Sketch of the test flume.



Water 2020, 12, 3544 40f9

100

80 /-

60 y

<

40

Percent undersize (%)

20

D (mm)

Figure 4. Grain-size distribution curve.

Seven tests were conducted with the discharge from 22 (bankfull discharge) to 45 L/s (Table 1).
Each test started with an initial flat sediment bed. At the beginning of each test, the flume was filled
slowly to avoid unexpected bed erosion. When the flume was filled up, the tailgate was opened slowly
to ensure that the lower edge of the tailgate does not come into contact with the flow and the end of the
flume is the free overfall. Four LH-1 automatic water-level probes with an accuracy of 1 mm were used
to measure the water level at the upstream single channel, CS 2, CS 5, and CS 9 (Figure 3). When the
sediment transport rate reached 0 and the bed was nearly unchanged (i.e., no obvious sediment
deposition observed in the sediment trap) over time, the test was stopped. Thus, the experiment
started under live-bed scour condition, and stopped under clear-water scour condition. After the water
was slowly and carefully drained, the final bed profile was measured using a Nikon total station.

Table 1. Summary of the experimental conditions.

Test Discharge S Dsp Channel Width Main Channel Width
Q (L/s) (%o) (mm) B (m) b (m)
1 22 3 0.5 52 1
2 28 3 0.5 5.2 1
3 30 3 0.5 5.2 1
4 32 3 0.5 52 1
5 36 3 0.5 5.2 1
6 40 3 0.5 5.2 1
7 45 3 0.5 52 1

3. Results and Discussion

3.1. Water Level

Figure 5 shows the final water level and bed elevation in the main channel with respect to the
initial bed at x = —1 (upstream single channel), 2, 5, and 9 m (compound channel). Figure 5 shows that
the water levels at each measurement point increase with increasing flow discharge. For each discharge,
the water level in the upstream single channel is considerably lower than that in the compound channel.
This is counterintuitive as, for a fixed-bed channel, the flow section widens in the compound channel,
reducing the flow depth and water level in the compound channel. However, for a movable bed,
the eroded sediment from the upstream single channel is deposited in the compound channel due to
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the reduced velocity in the widened flow section (Figure 5). Thus, the aggraded bed of the compound
channel increases the water level. Figure 5 also shows that the water level at the end of the compound
channel (x = 9 m) is significantly higher than that at x = 2 and 5 m. This is because the velocity at the
end of the compound channel decreases due to the water level rise before the constricted-flow section.
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Figure 5. Dependencies of water level and bed elevation in the main channel centerline on the flow

Water level —®—x=—-1m-—4&—x=2m——Xx=5m——x=9m
Bed elevation —®—x=—-Im—A—x=2m-—9—Xx=5m—®—x=9m
10 [
8
[ Floodplain
6
[ \
4 / *
. /
» [ Initial main ./3/’
chann::l bed / /
4
’ i§3/ ‘\A/A :
g =
2F \_\- .
_4-. L P - A PR N - R
22 26 30 34 38 42 46
0 (Is)

dischargeatx = -1m,x=2m,x=5mand x =9 m.

Figure 6 shows the temporal evolution of the water level in the middle of the compound channel
(x = 5 m) for different flow discharges. For Q =22 L/s and Q = 28 L/s, the water level decreases over
time as the discharge nears the bankfull flow. In this situation, the channel can be considered a single
channel, and the water level decreases with the eroding bed level. For Q > 30 L/s, the water level
increases over time as the sediment is deposited in the compound channel due to a widened channel

section and reduced velocity.
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Figure 6. Temporal evolution of water level at x =5 m.
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3.2. Bed Profile

Figure 7 shows the longitudinal bed profile along the centerline of the main channel for different
flow discharges. Figure 7 shows that the main channel bed generally degrades when Q < 28 L/s
(i.e., close to the bankfull flow). As for non-bankfull discharge, the flow is completely in the main
channel and continuously entrains the sediment same as that in a single channel. For Q > 32 L/s,
the bed level in the compound channel is higher than the initial bed level. This is because the flow
spills to the floodplain when the water level is above the floodplain, reducing the velocity in the
main channel [25]. As a consequence, sediment deposition occurs due to the reduced flow capacity
for sediment transport. The bed level generally increases downstream for x < 9 m as the water level
rises downstream due to the constricted flow section in the downstream single channel. Between the
compound channel and the downstream single channel (x > 10 m), the bed level decreases significantly
due to the contraction scour [29]. The maximum deposition height is about 5 cm (x = 7-10 m), which is
higher than the floodplain elevation. As this study only measures the water level at several points, the
backwater curve is not obtained. However, the backwater curve is required in the future research to
investigate the impacts of transition phenomena on the bed morpho-dynamic process.
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Figure 7. Longitudinal bed profile along the centerline of the main channel.

Figure 8 shows the cross-sectional bed profile in the compound channel at x = 2, 5, and 9 m.
Figure 8 shows that the impacts of flow discharge on the cross-sectional bed profile at x = 2 m are
smaller than those at x = 5 and 9 m. Although the flow section widens in the compound channel, the
velocity of the flow in the main channel is still greater than in the downstream part of the compound
channel. Figure 8 shows that the bed profile in the main channel at x = 9 m is more asymmetric than
upstream, indicating that the main channel in the downstream part of the compound channel tends to
migrate. However, the tendency of channel migration is inhibited by the concrete bank. For x =5 and
9 m, sediment deposition occurs near the main channel. This is because the sediment eroded from the
floodplain are blocked by the concrete banks and cannot enter the main channel. This difference is also
caused by the flow pattern in those three areas. The experimental observations show that a backward
flow forms near x = 2 m and disappears at x = 5 and 9 m. Figure 8 also shows that the floodplain is
eroded for Q > 36 L/s at x = 9 m. This is because the bed aggrades significantly in the main channel,
spilling the flow to the floodplain and increasing the eroding capacity of the flow.
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Figure 8. Cross-sectional bed profile at (a) x =2m, (b) x =5m, and (¢) x =9 m.
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This study presented experiments investigating the flow characteristics and bed morphology in a
compound channel between two single channels. Based on the experimental results, the following
conclusions were reached:

The experimental results indicate that the water level at the middle of the compound channel
generally increases with increasing flow discharge. For each discharge, the water level in the upstream
single channel is lower than in the compound channel; the water level at the end of the compound
channel is significantly higher than in the upstream compound channel. For flow discharge close to
the bankfull flow, the water level at the middle of the compound channel decreases over time. For flow
discharge considerably greater than the bankfull flow, the water level at the middle of the compound
channel increases over time. This result implies that the flood control standard should be enhanced in
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the compound channel, especially in the vicinity between the compound channel and the downstream
single channel.

The main channel bed generally degrades for discharge close to the bankfull flow. When the
flow discharge is considerably greater than the bankfull flow, the bed level in the compound channel
is higher than the initial bed level. The bed level generally increases downstream in the compound
channel. Between the compound channel and the downstream single channel, the bed level decreases
significantly due to the contraction scour, indicating that attentions should be paid to the bank instability
due to bed incision in this area. The maximum deposition height is greater than the floodplain elevation.

Author Contributions: W.W. did the data process, part of the results analysis and wrote the first draft. L.W. did
most of the results analysis and proofread the manuscript. X.L. did the experiments and proofread the paper. R.N.,
X.M. proofread the paper and provided a lot of valuable advice on writing. All authors have read and agreed to
the published version of the manuscript.

Funding: This study was financially supported by the National Key Research and Development Program of
China (No. 2016YFC0402302), the National Natural Science Foundation of China (51909177, 51809187) and the
Fundamental Research Funds for the Central Universities (Y]J201935).

Acknowledgments: Special thanks Junhui Zhang for assisting doing the experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, X.N.; Zhou, Q.; Huang, S.; Guo, Y.K,; Liu, C. Estimation of flow direction in meandering compound
channels. |. Hydrol. 2018, 556, 143-153. [CrossRef]

2. Hu,CH,Ji, ZW.,; Guo, Q.C. Flow movement and sediment transport in compound channels. J. Hydraul. Res.
2010, 48, 23-32. [CrossRef]

3. Knight, D.W.; Brown, E; Valentine, E.; Nalluri, C.; Bathurst, J.; Benson, I.; Myers, R.; Lyness, J.; Cassells, J.
The response of straight mobile bed channels to inbank and overbank flows. Proc. Inst. Civ. Eng. Water
Manag. Energy 1999, 136, 211-224. [CrossRef]

4. Knight, D.W. Sediment transport in rivers with overbank flow. J. Sichuan Univ. (Eng. Sci. Ed.) 2005, 1, 16-29.

5. Yang, K.J.; Cao, S.Y,; Knight, D.W. Flow patterns in compound channels with vegetated floodplains.
J. Hydraul. Eng. 2007, 133, 148-159. [CrossRef]

6. Yang, K Liu, X,; Cao, S.; Huang, E. Stage-discharge prediction in compound channels. J. Hydraul. Eng. 2014,
140, 06014001. [CrossRef]

7. Tominaga, A.; Nezu, I. Turbulent structure in compound open-channel flows. J. Hydraul. Eng. 1991, 117,
21-41. [CrossRef]

8.  Knight, D.W.; Abril, J.B. Refined calibration of a depth-averaged model for turbulent flow in a compound
channel. Proc. Inst. Civ. Eng. Water Manag. Energy 1996, 118, 151-159. [CrossRef]

9.  Shirley, E.D.; Lopes, V.L. Normal-depth calculations in complex channel sections. J. Irrig. Drain. Eng. 1991,
117,220-232. [CrossRef]

10.  Myers, W.R.C. Velocity and discharge in compound channels. J. Hydraul. Eng. 1987, 113, 753-766. [CrossRef]

11.  Stephenson, D.; Kolovopoulos, P. Effects of momentum transfer in compound channels. J. Hydraul. Eng.
1990, 116, 1512-1522. [CrossRef]

12. Myers, W.R.C. Momentum transfer in a compound channel. ]. Hydraul. Res. 1978, 16, 139-150. [CrossRef]

13.  Prinos, P.; Townsend, R.D. Comparison of methods for predicting discharge in compound open channels.
Adv. Water Resour. 1984, 7, 180-187. [CrossRef]

14. Wormleaton, P.R.; Allen, J.; Hadjipanos, P. Discharge assessment in compound channel flow. ]. Hydraul.
Div. ASCE 1982, 108, 975-994.

15. Ervine, D.A,; Baird, ].I. Rating curves for rivers with overbank flow. Proc. Inst. Civ. Eng. Part 2 Res. Theory
1982, 73, 465-472. [CrossRef]

16. Wormleaton, PR.; Merrett, D.J. An improved method of calculation for steady uniform flow in prismatic
main channel/floodplain sections. J. Hydraul. Res. 1990, 29, 272-276. [CrossRef]

17. Wright, R.R,; Carstens, M.R. Linear momentum flux to overbank sections. J. Hydraul. Div. 1970, 99, 219-238.


http://dx.doi.org/10.1016/j.jhydrol.2017.10.071
http://dx.doi.org/10.1080/00221680903568600
http://dx.doi.org/10.1680/iwtme.1999.31985
http://dx.doi.org/10.1061/(ASCE)0733-9429(2007)133:2(148)
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0000834
http://dx.doi.org/10.1061/(ASCE)0733-9429(1991)117:1(21)
http://dx.doi.org/10.1680/iwtme.1996.28682
http://dx.doi.org/10.1061/(ASCE)0733-9437(1991)117:2(220)
http://dx.doi.org/10.1061/(ASCE)0733-9429(1987)113:6(753)
http://dx.doi.org/10.1061/(ASCE)0733-9429(1990)116:12(1512)
http://dx.doi.org/10.1080/00221687809499626
http://dx.doi.org/10.1016/0309-1708(84)90016-2
http://dx.doi.org/10.1680/iicep.1982.1712
http://dx.doi.org/10.1080/00221689009499084

Water 2020, 12, 3544 90f9

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

Liu, PQ.; Dong, ].R. Hydraulic computation of steady-uniform flows in open channels with compound cross
section. J. Yangtze River Sci. Res. Inst. 1995, 3, 61-66. (In Chinese)

Ackers, P. Hydraulic design of two-stage channels. Proc. Inst. Civ. Eng. Water Manag. Energy 1992, 96,
247-257. [CrossRef]

Ackers, P. Flow formulae for straight two-stage channels. J. Hydraul. Res. 1993, 31, 509-531. [CrossRef]
Ackers, P. Stage-discharge functions for two-stage channels: The impact of new research. J. Inst. Water
Environ. Manag. 1993, 7, 52-61. [CrossRef]

Shiono, K.; Knight, D.W. Turbulent open-channel flows with variable depth across the channel. ]. Fluid Mech.
1991, 222, 617-646. [CrossRef]

Chen, L.; Zhan, Y.Z.; Zhou, Y.L.; Wang, M.F. Forms and functions of flow and sediment flux exchange in high
sediment content overbank flow. J. Sediment Res. 1996, 45-49. (In Chinese) [CrossRef]

Knight, D.W.; Brown, F.A. Resistance studies of overbank flow in rivers with sediment using the flood
channel facility. J. Hydraul. Res. 2001, 39, 283-301. [CrossRef]

Tang, X.N.; Knight, D.W. Sediment transport in river models with overbank flows. J. Hydraul. Eng. 2006, 132,
77-86. [CrossRef]

Atabay, S.; Knight, D.W. 1-D modelling of conveyance, boundary shear and sediment transport in overbank
flow. J. Hydraul. Res. 2006, 44, 739-754. [CrossRef]

Karamisheva, R.D.; Lyness, ].F.; Myers, W.R.C.; Cassells, ].B.C.; O’Sullivan, J. Sediment transport formulae
for compound channel flows. Proc. Inst. Civ. Eng. Water Manag. 2006, 159, 183-193. [CrossRef]

Atabay, S.; Knight, D.W.; Seckin, G. Effects of overbank flow on fluvial sediment transport rates. Proc. Inst.
Civ. Eng. Water Manag. 2005, 158, 25-34. [CrossRef]

Melville, B.W.; Coleman, S.E. Bridge Scour; Water Resources Publication: Highlands Ranch, CO, USA, 2000.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1680/iwtme.1992.21674
http://dx.doi.org/10.1080/00221689309498874
http://dx.doi.org/10.1111/j.1747-6593.1993.tb00810.x
http://dx.doi.org/10.1017/S0022112091001246
http://dx.doi.org/10.16239/j.cnki.0468-155x.1996.02.009
http://dx.doi.org/10.1080/00221680109499832
http://dx.doi.org/10.1061/(ASCE)0733-9429(2006)132:1(77)
http://dx.doi.org/10.1080/00221686.2006.9521725
http://dx.doi.org/10.1680/wama.2006.159.3.183
http://dx.doi.org/10.1680/wama.2005.158.1.25
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Setup 
	Results and Discussion 
	Water Level 
	Bed Profile 

	Conclusions 
	References

