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Enhanced understanding of flow structure at a river confluence is essential for

predictions of sediment transport and morphological evolution. To date, however,

the confluent flow structure of a reservoir and tributary carrying high sediment loads

has remained poorly understood, and may be vertically layered sharply, featuring

subaqueous sediment-laden flow, i.e., turbidity currents underneath subaerial clear

water. Here a recently established 2D double layer-averaged model, able to resolve

the formation, propagation, and recession of turbidity currents, is used to investigate a

series of idealized laboratory-scale cases and a prototype case study of the Guxian

Reservoir on the Yellow River, China. Four primary patterns of the stable, vertically

layered flow structure at a reservoir-tributary confluence are identified: 1) single layers

of sediment-laden inflow in both the main channel and tributary, sustained by

sufficient vertical mixing; 2) a double layer in the main channel and a single layer

of sediment-laden inflow in the tributary, when the sediment-laden flow in the

tributary suffices to block intrusion of flow in the main channel; 3) a single layer of

sediment-laden inflow in themain channel andadouble layer in the tributary, induced

by the intrusion of sediment-laden flow from themain channel into clear-water flow

with small discharge in the tributary; and4) double layers in both themainchannel and

tributary, which may be further divided into three subpatterns, as turbidity current

exists in both the main channel and tributary, or in the main channel (tributary)

intruding into the tributary (main channel). In response to unsteady discharge and

sediment inputs from upstream, the vertically layered flow structure evolves in time,

andmay fall intooneof thepatterns identifiedabove. Althoughbeddeformation in the

long termmay modify the confluent flow, the vertically layered flow pattern remains

so far as the present cases are concerned. The findings have implications for sediment

transport and morphological evolution at a reservoir–tributary confluence, for which

further studies are suggested to inform the optimization of reservoir operation

schemes to mitigate capacity loss caused by sedimentation.
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1 Introduction

To generate electricity, prevent floods, supply water, and

provide irrigation capacity, a huge number of large reservoirs

have been constructed worldwide. For reservoirs built on rivers

carrying high sediment loads, subaerial sediment-laden flows

from the main channel and/or tributaries may plunge into less

dense ambient fluid, and convert into subaqueous sediment-

laden flows called turbidity currents. The hydrological and

morphological impacts of large reservoirs with high sediment

loads can be enormous, as exemplified by the Yellow River,

China. In long-term hydro-sediment-morphodynamic processes,

confluent flows with high sediment loads may cause severe bed

aggradation. One of the most telling cases concerns the

Sanmenxia reservoir on the Yellow River, where severe bed

aggradation occurred inside its tributary, the Weihe River,

driven by the intrusion of turbidity currents from the Yellow

River in August 1967 (Fan, 2011). Severe bed aggradation caused

by a turbidity current at the confluence of a reservoir and

tributary can adversely affect flood control and hydropower

functions. Notably, disparate vertically layered flow structures

are often generated at these confluences, which exert a major

influence on local sediment transport and morphological

evolution processes. Enhanced understanding of such layered

flow structures is essential for the management of large rivers

with confluences carrying sediment-laden flows.

The hydro-sediment-morphodynamics of river confluences

have been investigated for more than half a century. Field

investigations (Rhoads and Sukhodolov, 2001; Sukhodolov

and Rhoads, 2001; Biron et al., 2002; Riley and Rhoads, 2012;

Ramón et al., 2013; Rhoads and Johnson, 2018; Zhang et al., 2020;

Yuan et al., 2021), laboratory experiments (Taylor, 1944; Webber

and Greated, 1966; Weber et al., 2001; Ribeiro et al., 2012; Yuan

et al., 2018), and mathematical modelling studies (Bradbrook

et al., 2001; Biron et al., 2004; Constantinescu et al., 2012;

Lyubimova et al., 2014; Yang et al., 2014) have improved the

understanding of the hydrodynamic characteristics, mixing,

sediment transport, and bed morphology near river

confluences. Generally, it has been revealed that the flow

structure at river channel confluences can be divided into six

major zones, i.e., flow stagnation, flow deflection, flow separation,

maximum velocity, flow recovery, and distinct shear zones (Best,

1987). Accordingly, bed morphology at channel confluences is

characterized by three elements: avalanche faces at the mouth, a

deep central scour and a bar within the separation zone (Best,

1988), depending on width-to-depth ratio (Parsons et al., 2007;

Szupiany et al., 2009), confluence angle (Mosley, 1976;

Ghobadian and Bajestan, 2007) and momentum flux ratio

between tributary and main channel (Rhoads and Johnson,

2018). Such studies have, however, almost exclusively been

confined to confluent flows with low sediment loads or clear

water, where sediment entrainment and scouring at the

confluence are fundamentally controlled by downwelling and

upwelling flows of helical motions (Yuan et al., 2018; Yuan et al.,

2021). By contrast, fluvial processes of highly concentrated

sediment-laden confluent flows can be distinct as

characterized by much more significant sediment deposition

without obvious scour hollow at the junction. To date, only a

few experimental and computational studies have focused on

river confluences with hyperconcentrated tributary flows (Zhang

et al., 2015; Zhang andWang, 2017; Wang et al., 2019). Increased

sediment deposition and more prominent bars occur at

confluences with high sediment loads than at those starved of

sediment (Zhang and Wang, 2017). A number of investigations

have been carried out on flows at river confluences, but little

attention has been paid to reservoir-tributary confluences.

Reservoir-tributary confluent flows carrying high sediment

loads exhibit constantly changing and complex hydro-

sediment-morphological processes. A thorough investigation

of such processes can only be obtained when flow structures

at reservoir-tributary confluences are properly understood.

However, the understanding of flow structures at the

confluences of reservoirs and tributaries carrying high

sediment loads is presently far from clear.

Under appropriate inflow and sediment input conditions,

especially when there is sufficiently high sediment load from

either the main channel or a tributary, a turbidity current may

develop at the river confluence and lead to a vertically layered

flow structure, featuring complicated fluid-particle interactions

that are not yet fully understood (Armanini, 2013; Cantero-

Chinchilla et al., 2015). Over the past few decades, computational

simulations have facilitated resolution of turbidity currents in

reservoirs (Ford and Johnson, 1983; Hu et al., 2012; Cao et al.,

2015; Xia, 2019). Full 3Dmodels (Georgoulas et al., 2010; An and

Julien, 2014) incur excessively high computational overheads and

so are not viable for large-scale, long-duration applications.

Based on an empirical plunging criterion, Wang et al. (2016)

proposed a 1D model for open channel flows with turbidity

currents, which ignored the differences between incipient and

stable plunging criteria that have been revealed by theoretical

analysis (Dai and Garcia, 2009; Li et al., 2011) and flume

experiments (Lee and Yu, 1997). 2D layer-averaged models

are significantly more efficient than 3D and so are more

commonly used for turbidity current propagation (Hu et al.,

2012; Lai et al., 2015). For the first time, Cao et al. (2015)

developed a 2D double layer-averaged model to resolve the

whole processes of reservoir turbidity currents, from

formation and propagation to recession, as well as bed

evolution. This model, along with its recently extended double

layer-averaged two-phase flow version, has been applied to

resolve landslide-generated waves, and barrier lake formation

and breach processes (Li et al., 2019; Li et al., 2020; Li et al., 2021).

This study aims to unravel the vertically layered flow

structure at a river confluence under a wide range of inflow

and sediment input conditions. The coupled 2D double layer-

averaged model proposed by Cao et al. (2015) is used to
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investigate a series of idealized laboratory-scale tests and a large-

scale prototype case study concerning the Guxian Reservoir on

the Middle Yellow River, China. The computational results are

evaluated in accordance with the corresponding physical controls

to ascertain the layered flow structure patterns at a reservoir-

tributary confluence under different conditions in the main

channel and tributary.

2 Mathematical model

The 2D double layer-averaged model is detailed in Cao et al.

(2015) and outlined in Supplementary Text S1 in the Support

Information online. Briefly, the governing equations in the 2D

double layer-averaged model (Cao et al., 2015) are derived from

fundamental conservation laws for shallow water-sediment flow

dynamics. These include mass and momentum conservation

equations for the upper clear-water flow layer and the lower

sediment-laden flow layer (e.g., turbidity current), a mass

conservation equation for sediment carried by the turbidity

current, and a mass conservation equation for bed sediment.

For the upper layer, η is water surface elevation, hw denotes clear-

water flow layer thickness, uw and vw are the layer-averaged

velocity components in the x- and y-directions. For the lower

layer, ηs is the elevation of the interface between the clear-water

layer and turbidity current layer, hs denotes sediment-laden flow

layer thickness, us and vs are the layer-averaged velocity

components in the x- and y-directions, and cs is the total

volumetric sediment concentration. Bed elevation is denoted

by zb. A set of relationships is introduced to determine bed

resistance, interface shear stress and water entrainment, and net

sediment exchange flux (i.e., entrainment minus deposition).

Manning’s formula is used to calculate bed shear stresses.

Shear stresses at the interface between the upper and lower

layers are estimated in a similar fashion. Water entrainment

at the interface is calculated using the Richardson number,

following Parker et al. (1986). Sediment deposition is

determined using the sediment particle settling velocity and

near-bed concentration. Bed entrainment flux is estimated

using Zhang and Xie’s formula for suspended sediment

transport capacity (Zhang and Xie, 1993).

The model governing equations (Cao et al., 2015) are

synchronously solved as two hyperbolic systems, one for the

upper layer, the other for the lower layer. Each hyperbolic system

is solved by a quasi-well-balanced numerical algorithm involving

drying and wetting, using an accurate finite volume Godunov-

type approach in conjunction with the HLLC (Harten-Lax-van

Leer Contact Wave) approximate Riemann solver on a fixed

rectangular mesh. The numerical algorithm is second-order

accurate, explicit, and its time step is controlled by the

Courant-Friedrichs-Lewy condition.

An earlier version of the aforementioned 2D double layer-

averaged model was applied to dam break flows over erodible bed

(Li et al., 2013), and gave numerical predictions that agreed well

with observed data involving shock waves and contact

discontinuity. To date, the 2D double layer-averaged model

(Cao et al., 2015) has remained to the authors’ knowledge the

only 2D model that can resolve the whole process of formation,

propagation, and recession of turbidity currents. It has been

extensively calibrated and validated using a series of experimental

turbidity currents related to lock-exchange (Bonnecaze et al.,

1995) and sustained inflows (Lee and Yu, 1997), and also

successfully applied to the whole process of turbidity currents

in the Xiaolangdi Reservoir in the Middle Yellow River, China.

Recently, it has been tested against a suite of flume experiments of

turbidity currents in a main channel-tributary system (Wang

et al., 2020), with the tributary joining the main channel at an

angle of 90° or 60°, as displayed in Text S2 in the Support

Information online. Further, the model has been further

extended to resolve landslide-generated waves and barrier lake

formation and breach processes (Li et al., 2019; Li et al., 2020; Li

et al., 2021). Here it is applied to resolve the flow at a reservoir-

tributary confluence, noting that its extended two-phase flow

version (Li et al., 2020; Li et al., 2021) produces equivalent results

for reservoir turbidity currents.

3 Laboratory-scale tests

3.1 Case description

A series of laboratory-scale numerical cases are designed

based on the flume experiments of Lee and Yu (1997). As the

experiments originally did not involve a tributary, a hypothetical

tributary is herewith set to the right-hand side of the main

channel, with the tributary meeting the main channel at a

junction angle of 90° (Figure 1). Two junction locations are

considered, at xl � L (5 m or 10 m) downstream of the main

channel inlet. The main channel dimensions are

20 × 0.2 × 0.6 m, and its bottom slope is ibm � 0.02. The

tributary dimensions are 17 × 0.1 × 0.3 m, and its bed slope is

ibt � 0.012. Cross-section SC1 is located at the junction

(Figure 1). The experiments of Lee and Yu (1997) had no

bottom outlet for sediment flushing at the downstream end of

the flume. Herein, a dam is located at the downstream end of the

flume, and a bottom sediment flushing tunnel (BSFT) controlled

by a bottom sluice gate, 4 cm high, is set for sediment flushing,

following Cao et al. (2015).

Table 1 lists three series of numerical cases designed

according to combinations of different inflows from the main

channel and tributary: Series B for sediment-laden flow from the

main channel and clear-water flow from the tributary; Series C

for sediment-laden flows from both the main channel and

tributary; and Series D for clear-water flow from the main

channel and sediment-laden flow from the tributary. The

tributary-to-main channel discharge ratio is defined by
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Qr � Qt/Qm, whereQt andQm are the discharges of tributary and

main channel. The tributary-to-main channel sediment

concentration ratio is defined by Cr � Ct/Cm, where Ct and

Cm are the volumetric sediment concentrations of tributary and

main channel. The unit-width inflow discharge in the main

channel for Series B-D is 67.90 cm2/s. The volumetric

sediment concentration Cm for Series B and C is 0.05, and Ct

for Series D is 0.05. Table 2 summarizes the flow and sediment

conditions for Series B-D.

The present computations assume initially steady, gradually

varied, clear-water flows in accordance with the prescribed

discharges in the main channel and tributary, and an undisturbed

water depth of 0.34 m immediately upstream of the dam.

When the inflow contains sediment (and hence there is no

clear-water flow layer), the prescribed discharge and

sediment concentration (Table 2) determine the boundary

conditions at the inlet cross-sections in the main channel and

tributary for the subaerial sediment-laden flow layer. The

prescribed discharge (Table 2) is used to specify the

corresponding boundary condition for clear-water flow,

when there is no sediment-laden flow layer. The boundary

conditions are implemented using the method of

characteristics.

FIGURE 1
Vertical profile (A) and plan view (B) of the main channel (MC) and tributary (TR). Abbreviation BSFT refers to bottom sediment flushing tunnel,
and abbreviation SC1 refers to the cross-section located at the junction.

TABLE 1 Series of numerical cases of laboratory-scale confluence flows.

Series ID number Context

B B1-B6 Sediment-laden flow from main channel with clear-water flow from tributary

C C1-C16 Sediment-laden flows from both main channel and tributary

D D1-D4 Clear-water flow from main channel with sediment-laden flow from tributary

TABLE 2 Summary of junction location and inflow conditions for all
numerical cases.

Series Junction location Ratio

L � 5 m L � 10 m Qr Cr (%)

B B1 B2 0.736 0.0

B3 B4 1.473

B5 B6 0.074

C C1 C2 0.736 13.3

C3 C4 26.7

C5 C6 66.7

C7 C8 133.4

C9 C10 1.473 13.3

C11 C12 26.7

C13 C14 66.7

C15 C16 133.4

D D1 D2 0.736 Cm � 0

D3 D4 1.473 Ct � 0.05
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At the outlet cross-section, before arrival of the turbidity

current front at the dam, the bottom sluice gate is closed, and

there is no outflow of the turbidity current. The depth and

velocity of the upper clear-water flow layer are determined by

the method of characteristics according to the outflow discharge,

Qwo, which is set equal to the sum of the inflow discharges from

the main channel and tributary. Upon arrival of the turbidity

current front at the dam, the clear-water outflow of the upper

layer is halted, and the bottom sluice gate simultaneously opened,

with the outflow discharge estimated from the following

empirical formula for sluice gate outflow,

Qso � μbe
������
2g′H0

√
(1)

where H0 is the hydraulic head of turbidity current,

approximated by its elevation H, μ � 0.60 − 0.176e/H is

discharge coefficient, g′ � sgcs is submerged gravitational

acceleration, and s � (ρs/ρw) − 1 is sediment specific gravity.

The bottom sluice gate height e is set to 4 cm, and the bottom

sluice gate width b is set to 20 cm.

The suspended material is non-cohesive kaolin having a

specific gravity of 2.65 and a mean particle diameter of

6.8 μm. The bed roughness Manning coefficient is

nb � 0.015m−1/3s, and the interface roughness Manning

coefficient is ni � 0.005m−1/3s, following Cao et al. (2015). In

the computational model, the converged spatial steps are

0.0125 m in both longitudinal and lateral directions. Mesh

independence of the numerical solution is demonstrated in

Supplementary Text S3 in the Support Information online.

3.2 Results

The vertically layered flow structures at the confluence are

herewith evaluated in terms of the free water surface,

interface, and bed profile of the main channel and tributary

at two instants corresponding to a stable state and a long-term

state. Here the long-term state means that bed deformation is

so great that its effects on the vertically layered flow structure

are considerable.

The vertically layered flow structure at the confluence evolves

in time when the upstream boundary conditions at the main

channel or tributary correspond to highly concentrated

sediment-laden flow, as opposed to initial clear-water flow.

Under certain conditions, subaerial sediment-laden flows in

the main channel and tributary plunge into clear water to

form subaqueous sediment-laden flow in the form of a

turbidity current. Given that the upstream boundary discharge

and sediment concentration are steady in the cases considered

herein, the vertically layered flow structure at the confluence

should evolve eventually to a steady regime. In the long run, bed

deformation occurs near the confluence, leading to a feedback

effect on the vertically layered flow structure.

Notably, the formation of vertically layered flow structures at

the confluence mainly depends on the discharge and sediment

concentration from upstream in the main channel and tributary,

as well as the junction location. Table 3 summarizes four primary

patterns of stable, vertically layered flow structure at the

confluence, identified as: 1) SL MCSF—SL TRSF (single layers

in both the main channel and tributary), 2) DLMCSF—SL TRSF (a

double layer in the main channel and a single layer in the

tributary), 3) SL MCSF—DL TRCW (a single layer in the main

channel and a double layer in the tributary), and 4) DL MC—DL

TR (double layers in both the main channel and tributary).

Moreover, the vertically layered flow structure DL MC—DL

TR is divided into three subpatterns, i.e., DL MCSF—DL

TRCW, DL MCSF—DL TRSF, and DL MCCW—DL TRSF (where

SF denotes sediment-laden inflow and CW denotes clear-water

inflow). In Table 3, the stable plunge point denotes the plunge

point of reservoir turbidity current along the central line of main

channel at a stable state. Supplementary Table S2 in the

Supporting Information online lists the distance between

stable plunge point and main flume entrance for Cases B1-B6

and C1-C16. Figures 2–7 display the free water surface elevation,

interface between the lower sediment-laden flow layer and upper

clear-water flow layer, and bed elevation along the central axes of

the main channel and tributary for typical cases at two instants

(t = 2 min and 2 h), as well as the long-term three-dimensional

layered flow structure at t = 2 h.

3.2.1 Vertically SL MCSF - SL TRSF

For Cases C1, C3, C5, C7, C9, C11, C13, and C15, which feature

the junction located upstream of stable plunge point and sediment-

laden inflows from upstream in both the main channel and the

tributary, vertically SL MCSF - SL TRSF occurs at the confluence, as

summarized in Table 3. First, a typical Case C7 is considered. At t =

2 min, subaerial sediment-laden flow in the main channel has

plunged into clear water and turned into a turbidity current. The

plunge point of the main channel turbidity current is stable at xl �
5.975m and located downstream of the junction, whereas a stable

flow structure SL MCSF—SL TRSF occurs at the confluence

(Figure 2A). It is noted that upstream the plunge point, the flow

is subaerial open-channel sediment-laden flow, and the interface

coincides with the water surface. At t = 2 h, after a long-term hydro-

sediment-morphodynamic process, severe bed aggradation occurs

inside the tributary and downstream of the junction corner, raising

the free water surface level at the confluence (Figures 2B,C). For the

idealized river confluence with high sediment load, scour hollow and

avalanche faces are hardly discernible. Instead, riverbed aggradation

occurs in the flow separation area and inside the tributary. Similar

occurrence of bed deformation has been observed in previous

studies on river confluences with low sediment load or clear

water (Best, 1988; Yuan et al., 2018). Physically, however, the

mechanisms may be disparate. When sediment concentration is

sufficiently high, the sediment deposition flux becomes dominant,

which not only induces severe aggradation in the separation zone,
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but exceeds bed sediment entrainment flux, thereby preventing

scour beyond the separation zone.

3.2.2 Vertically DL MCSF—SL TRSF

In Cases C2, C4, C6, C10, C12, and C14, the stable layered

flow structure at the confluence is characterized by DL MCSF -

SL TRSF, in accordance with high sediment load upstream in

the main channel, low sediment load upstream in the

tributary, and the junction located downstream of stable

plunge point (Table 3). For a typical Case C12, at t =

2 min, subaerial sediment-laden flow in the main channel

has plunged into clear water, with the plunge point located

upstream of the junction. The single sediment-laden flow of

the tributary has encountered the main channel turbidity

current whose thickness increases appreciably at the

junction. Additionally, subaerial sediment-laden flow from

the tributary plunges into clear water at the junction and

maintains a continuous interface between two layers of the

main channel turbidity current (Figure 3A). At t = 2 h,

sediment has been deposited upstream of the dam during

propagation of the turbidity current toward the outlet, whilst

severe bed aggradation has occurred upstream of the junction

and below the opposite tributary side, thus raising the

interface along the main channel (Figures 3B,C).

3.2.3 Vertically SL MCSF—DL TRCW

For Case B5, characterized by highly concentrated, sediment-

laden flow from upstream in the main channel and low discharge,

clear-water flow fromupstream in the tributary, and junction location

upstream of stable plunge point, vertically layered flow structure SL

MCSF—DL TRCW occurs at the confluence. By t = 2min, subaerial

sediment-laden flow in the main channel has plunged into the clear

water and formed a turbidity current in the reservoir, with front

already intruding into the tributary. The plunge point of the main

channel turbidity current occurs downstream of the junction,

stabilizing at xl � 5.80m, and SL MCSF—DL TRCW occurs at the

confluence (Figure 4A). At t = 2 h, the vertically layered flow structure

SL MCSF—DL TRCW is less discernible, and occurs when the

sediment-laden flow layer has intruded further upstream into the

tributary compared to that at t = 2min. Following intrusion of the

turbidity current front from the main channel into the tributary, the

decreased velocity of the sediment-laden flow layer in the tributary

results in sediment deposition, and bed aggradation occurs inside the

tributary (Figures 4B,C).

3.2.4 Vertically DL MC—DL TR
Depending on junction locations and inflow and sediment

input conditions from the main channel and tributary, the

vertically layered flow structure DL MC—DL TR at the

confluence is even more complicated than the afore-stated SL

MCSF—SL TRSF, DL MCSF—SL TRSF, and SL MCSF—DL TRCW

structures (Table 3), which can be further divided into three

subpatterns as follows:

1) Vertically layered flow structure DL MCSF—DL TRCW at the

confluence appears to result from highly concentrated, sediment-

laden flow in the main channel and high-discharge clear-water flow

in the tributary, as per Cases B1, B2, B3, and B4 (Table 3). Figure 5

displays the free water surface elevation, interface, and bed elevation

profiles along the central axes of the main channel and tributary for

Case B1 at times t = 2 min and 2 h, and its long-term three-

dimensional layered flow structure at t = 2 h. At t = 2 min, the

subaerial sediment-laden flow turns into a turbidity current in the

main channel, whose front has extended into the tributary. The

plunge point of the main channel turbidity current locates upstream

of the junction and stabilizes at xl � 4.95m (Figure 5A). By t = 2 h,

the extent of the main channel turbidity current intrusion into the

TABLE 3 Stable vertically layered flow structure patterns at idealized, laboratory-scale confluences.

Layered flow
structure patterna

Conditions Case

Main channel Tributary Junction location

SL MCSF - SL TRSF High concentration High/low concentration Upstream of stable plunge point C1, C3, C5, C7, C9, C11, C13, C15

DL MCSF - SL TRSF High concentration Low concentration Downstream of stable plunge point C2, C4, C6, C10, C12, C14

SL MCSF - DL TRCW High concentration Small discharge of clear water Upstream of stable plunge point B5

DL MC - DL TR DL MCSF -DL TRCW High concentration Large discharge of clear water Independent of junction location B1, B2, B3, B4, B6

DL MCSF -DL TRSF High concentration High concentration Downstream of stable plunge point C8, C16

DL MCCW - DL TRSF Clear water High concentration Independent of junction location D1, D2, D3, D4

aIn the table, SL is single layer, DL is double layer, MC is main channel, TR is tributary, SF is sediment-laden flow, and CW is clear-water flow.
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tributary changes little compared to that at t = 2 min. Bed

aggradation has occurred upstream of the dam owing to

propagation of the turbidity current along the main channel.

Lateral variation in interface elevation appears at the junction

owing to the upper clear-water layer flowing from the tributary

to main channel in addition to the lower turbidity current intrusion

from the main channel to tributary, while bed deformation at the

confluence is hardly discernible (Figures 5B,C).

2) Vertically layered flow structure DL MCSF—DL TRSF at

the confluence develops when both main channel and

tributary carry high-concentration, sediment-laden flows,

and the junction is located downstream of a stable plunge

FIGURE 2
Case C7 of SL MCSF—SL TRSF for highly concentrated, sediment-laden flow in the main channel (MC) and tributary (TR), where UMC and DMC
denote upstream and downstream of the MC confluence, and SPP is stable plunge point: free water surface elevation, interface, and bed elevation
profiles along the central axes of the main channel and tributary at (A) a stable state (t = 2 min), (B) a long-term state (t = 2 h); and (C) three-
dimensional layered flow structure at t = 2 h.
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point, as in Cases C8 and C16. Figure 6 shows the free surface

elevation, interface, and bed profiles for Case C16 at times t =

2 min and 2 h, and the long-term three-dimensional layered

flow structure at t = 2 h. By t = 2 min, substantial turbidity

currents have developed in the main channel and tributary

and interacted with each other. The thickness of the main

channel turbidity current increases considerably at the

confluence because of the inflow and sediment input from

the tributary (Figure 6A). The plunge points of the turbidity

current in the main channel and tributary are both stable and

located upstream of the junction. In the long term (t = 2 h),

the interface elevation is increased, and bed aggradation

FIGURE 3
Case C12 of DL MCSF—SL TRSF for high-concentration sediment-laden flow in the main channel (MC) and low-concentration sediment-laden
flow in the tributary (TR), where UMC and DMC denote upstream and downstream of the MC confluence: free water surface elevation, interface, and
bed elevation profiles along the central axes of the main channel and tributary at (A) a stable state (t = 2 min), (B) a long-term state (t = 2 h); and (C)
three-dimensional layered flow structure at t = 2 h.

Frontiers in Earth Science frontiersin.org08

Sun et al. 10.3389/feart.2022.924005

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.924005


occurs at the confluence and upstream of the dam during the

propagation of turbidity currents along the main channel and

tributary (Figures 6B,C).

3) Vertically layered flow structure DL MCCW—DL TRSF

at the confluence results from clear-water flow in the main

channel and high-concentration sediment-laden flow in the

tributary, as per Cases D1, D2, D3, and D4. For a typical Case

D4, Figure 7 displays the free surface elevation, interface, and

bed profiles along the central axes of the main channel and

tributary at times t = 2 min and 2 h, and the long-term three-

dimensional layered flow structure at t = 2 h. By t = 2 min, the

subaerial sediment-laden flow in the tributary has plunged

into clear water and turned into a turbidity current. The

plunge point of the tributary turbidity current is located

FIGURE 4
Case B5 of SL MCSF—DL TRCW for high-concentration sediment-laden flow in the main channel (MC) and low discharge clear-water flow in the
tributary (TR), where UMC and DMC denote upstream and downstream of the MC confluence, and SPP is stable plunge point: free water surface
elevation, interface, and bed elevation profiles along the central axes of themain channel and tributary at (A) a stable state (t = 2 min), (B) a long-term
state (t = 2 h); and (C) three-dimensional layered flow structure at t = 2 h.
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upstream of the junction, and its front intrudes into the main

channel and propagates both upstream and downstream

(Figure 7A). In the long term (t = 2 h), during the

propagation of tributary turbidity current along the main

channel, its upstream propagation distance is less than

downstream. This occurs primarily because shear stresses

at the interface between the upper clear-water flow layer and

the lower sediment-laden flow layer are greater when the

turbidity current propagates upstream in the main channel.

Bed aggradation occurs at the confluence, with more

sediment deposited upstream of the junction along the

main channel (Figures 7B,C).

FIGURE 5
Case B1 of DL MCSF—DL TRCW for highly concentrated, sediment-laden flow in the main channel (MC) and high discharge, clear-water flow in
the tributary (TR), where UMC and DMC denote upstream and downstream of the MC confluence, and SPP is stable plunge point: free water surface
elevation, interface, and bed elevation profiles along the central axes of themain channel and tributary at (A) a stable state (t = 2 min), (B) a long-term
state (t = 2 h); and (C) three-dimensional layered flow structure at t = 2 h.
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4 A field-scale case—Guxian
Reservoir, Yellow River

4.1 Study area

The Guxian Reservoir, planned for the Middle Yellow River,

China (Figure 8) is selected for the present field (prototype) case

study because its tributary sediment inputs may account for more

than 40%of the total sediment input, unlike the Xiaolangdi Reservoir,

into which the tributary sediment inputs are negligible (Cao et al.,

2015). Currently, an enhanced understanding of the vertically layered

flow structure in the proposed Guxian Reservoir and its tributaries is

urgently needed for its design and operation, as it underpins the

investigations of sediment transport and morphological evolution.

FIGURE 6
Case C16 of DL MCSF—DL TRSF for highly concentrated, sediment-laden flows in both the main channel (MC) and tributary (TR), where UMC and DMC
denote upstream and downstream of theMC confluence: free water surface elevation, interface, and bed elevation profiles along the central axes of themain
channel and tributary at (A) a stable state (t = 2 min), (B) a long-term state (t = 2 h); and (C) three-dimensional layered flow structure at t = 2 h.
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The total length of the Guxian Reservoir, fromWubu station

to the dam, is approximately 195 km. The normal water level of

the Guxian Reservoir is 627 m, corresponding to a total water

storage capacity of 12.94 × 109 m3. While there are six tributaries

connected with the reservoir, a major tributary, Wuding River, is

considered herein. Accurate topographic and hydrological data

for the other tributaries with smaller discharges and lower

sediment concentrations are not available, and so they are

neglected in this study.

The computational domain comprises the main channel

from Wubu to the Guxian dam (approximately 195 km long,

and 300 m–1,500 m wide), and the Wuding River from

Baijiachuan to its junction with the main Yellow River

(Figure 8). The study reach of the Wuding River is ~16 km

long from the junction to Baijiachuan, located ~125 km upstream

of the Guxian dam. The confluence of the main channel and

Wuding River is asymmetrical, with a 60° geometric angle

between the two confluent flows. The initial bed topography

used in the present computational model is estimated from

observed data of April 2017.

4.2 Model setup

Under normal operating conditions, the water level in the

Guxian Reservoir is 627 m with respect to the 1985 National

Height Datum, China. A fixed-bed, steady flow simulation is

conducted first, and the flow hydraulics thus obtained is used as

the initial condition, with gradually varied clear-water inflow

corresponding to discharges specified at Wubu and Baijiachuan.

Table 4 lists flow discharges and sediment concentrations at the

two upstream boundary cross-sections (i.e., Wubu and Baijiachuan,

Figure 8). A computational case is considered, based on the

availability of observed data for input to the model. It simulates

the evolution of vertically layered flow structures at the river

confluence for a highly concentrated, sediment-laden flood that

entered the Guxian Reservoir in July 2012 (Figure 9, Wubu) along

with clear-water inflow (without sediment) from theWuding River.

At the downstream boundary (Guxian dam), a boundary condition

is not required for the turbidity current before its front arrives. The

depth and velocity of the clear-water flow layer are determined by

the method of characteristics according to the outflow discharge

Qout, which was kept constant at 6,067 m
3/s, the design discharge for

the Guxian Reservoir.

The following parameters are specified based on data for the

Middle Yellow River: mean sediment particle size d � 25 μm, bed

sediment porosity p � 0.4, and sediment density

ρs � 2650 kg/m3. Here, the converged spatial steps are 35 m in

both longitudinal and lateral directions. The Courant number is

set to be 0.4. The bed roughness Manning coefficient

nb � 0.03 m−1/3s. The interface roughness Manning coefficient

ni is set to be 0.005 m−1/3s, following Cao et al. (2015).

4.3 Results

In response to unsteady discharge and sediment input

from upstream, a vertically layered flow structure evolves at

the confluence of the Guxian Reservoir and Wuding River.

Figure 10 displays the free water surface elevation, interface,

and bed elevation profiles along the thalweg, as well as the

three-dimensional layered flow structure at t = 24 h. Up to t =

24 h, subaerial sediment-laden flow at the inlet of the Guxian

Reservoir has plunged into clear water and formed a turbidity

current in the main channel. The plunge point of the main

channel turbidity current is located upstream of the junction

at xl = 64.5 km, and the front of this main channel turbidity

current has arrived at the junction and intruded into Wuding

River (Figure 10A). A DL MCSF—DL TRCW vertically layered

flow structure is apparent at the confluence, similar to the

idealized laboratory-scale results for Case B1 in Figure 5. Bed

deformation at the confluence is hardly discernible

(Figure 10B).

By t = 120 h (Figure 11), the plunge point of the main channel

turbidity current occurs downstream of the junction with

Wuding River, and the upper clear-water layer at the junction

has disappeared. Meanwhile, a vertically layered flow structure

SL MCSF—DL TRCW can be discerned at the confluence

(Figure 11A), similar to the vertically layered flow structure at

t = 2 min for Case B5 shown in Figure 4A. As the lower sediment-

laden flow intrudes from main channel to Wuding River, the

velocity of the sediment-laden layer in Wuding River decreases,

leading to sediment deposition in the Wuding River, whilst bed

aggradation occurs inside the tributary mouth (Figure 11B),

similar to the bed deformation at the confluence for Case

B5 displayed in Figure 4C. It should be noted that the

vertically layered flow structure at the confluence evolves in

time in response to the unsteady discharge and sediment

concentration at the Wubu boundary (Table 4), unlike the

occurrence of stable layered flow structures in the idealized

laboratory-scale cases due to steady inflow conditions

(Table 3), whereby the initial plunge point of the main

channel turbidity current may differ from the stable plunge

point (Cao et al., 2015).

Succinctly, the vertically layered flow structure at a

reservoir-tributary confluence, such as case of the Guxian

Reservoir, evolves in time in response to the unsteady

discharge and sediment concentrations. Yet the layer flow

structure falls into one of the patterns identified based on the

laboratory scale cases as shown in Figures 2–7.

Consequently, the patterns of the vertically layered flow

structures identified from the idealized laboratory-scale

cases under steady inflow conditions are of fundamental

importance in the investigation of hydro-sediment-

morphodynamics at reservoir-tributary confluences

carrying high sediment loads.
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5 Discussion

It is interesting to probe into the physical controls on the

distinct layered flow structures at a reservoir-tributary

confluence, as described above. Given that the upstream

boundary discharge and sediment concentration are steady in

the laboratory-scale cases, the vertically layered flow structure at

the confluence evolves to a steady regime. In contrast to the

unsteady discharge and sediment input from the upstream reach

of the Yellow River and its tributary Wuding River, the vertically

layered flow structure at the confluence evolves in time and

eventually falls into one of the primary patterns identified.

As shown in Figure 2, for Case C7, single sediment-laden

flows are generated upstream of the main channel and tributary,

FIGURE 7
Case D4 of DLMCCW—DL TRSF for clear-water flow in themain channel (MC) and highly concentrated, sediment-laden flow in the tributary (TR),
where UMC and DMC denote upstream and downstream of the MC confluence: free water surface elevation, interface, and bed elevation profiles
along the central axes of the main channel and tributary at (A) a stable state (t = 2 min), (B) a long-term state (t = 2 h); and (C) three-dimensional
layered flow structure at t = 2 h.
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respectively, while the tributary with higher sediment

concentration sufficiently intrudes into the main channel.

Sediment-laden flows from the main channel and tributary

are well mixed vertically at the confluence, thus producing a

vertically layered flow structure SL MCSF—SL TRSF. By contrast,

as shown in Figure 4, for Case B5, there is a single layer sediment-

laden flow upstream in the main channel and clear-water flow

upstream in the tributary. The tributary flow with smaller

discharge does not suffice to block the intrusion of the

sediment-laden flow from the main channel. Therefore, a

vertically layered flow structure SL MCSF—DL TRCW is

formed at the confluence in the laboratory-scale case

(Figure 4A), in accordance with the field-scale results of the

Guxian Reservoir at t = 120 h (Figure 11). In a long term, the

upper clear-water flow layer inside the tributary mouth

diminishes, and thus the SL MCSF—DL TRCW is less

discernible (Figure 4B). Comparison between Figures 2, 4

shows that when the main channel features a single layer

(i.e., SL MCSF), the formation of a single layer or double layer

in the tributary (i.e., SL TRSF or DL TRCW) mainly depends on

whether the main channel sediment-laden flow could intrude

into the tributary or not.

As illustrated in Figure 3, for Case C12, a double layer flow

exists upstream of the confluence in the main channel, and a

single sediment-laden flow layer exists upstream in the tributary,

featuring no intrusion between the main channel and tributary.

Thus, a vertically layered flow structure DL MCSF—SL TRSF is

produced at the confluence. By contrast, as shown in Figure 6, for

Case C16, a double layer flow exists upstream of the confluence in

the main channel and in the tributary, leading to the formation of

DL MCSF—DL TRSF at the confluence. Figures 3, 6 illustrate that

when the main channel features a double layer (i.e., DL MCSF),

the formation of a single layer or double layer in the tributary

(i.e., SL TRSF or DL TRSF) at the confluence depends on whether a

turbidity current could form upstream in the tributary.

As illustrated by Figure 5, for Case B1, there is a double layer

upstream of the confluence in the main channel and a single

clear-water flow layer upstream in the tributary. The main

channel turbidity current intrudes into the tributary at the

confluence and thus produces a vertically layered flow

structure DL MCSF—DL TRCW, similar to the field-scale

results of the Guxian Reservoir at t = 24 h in Figure 10. By

contrast, as displayed in Figure 7, for Case D4, there is a single

clear-water flow layer upstream in the main channel and a double

layer upstream of the confluence in the tributary. With intrusion

of turbidity current from the tributary into the main channel, a

vertically layered flow structure DL MCCW—DL TRSF occurs at

the confluence. In short, it is the intrusion of turbidity current

from the main channel (or tributary) into clear-water flow in the

tributary (or main channel) that leads to the formation of a

double layer at the confluence.

Physically, bed evolution at a reservoir-tributary

confluence carrying high sediment load depends strongly

on the pattern of vertically layered flow structure that

develops. More specifically, with intrusion of the reservoir

turbidity current from main channel to tributary, a vertically

layered flow structure SL MCSF—DL TRCW with bed

aggradation inside the tributary mouth appears to occur at

the confluence (Figures 4B,C). For high-concentration,

sediment-laden flows in both the main channel and

TABLE 4 Summary of prototype cases—Guxian Reservoir.

Wubu station of the Yellow River Baijiachuan station of the Wuding River

Q (m3/s) C Q (m3/s) C

A flood occurred in July 2012, Figure 9 500 0

FIGURE 8
Guxian Reservoir and its tributaries.
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tributary, a vertically layered flow structure SL MCSF—SL TRSF

causes bed aggradation inside the tributary mouth and below

the downstream junction corner (Figures 2B,C), whereas a

vertically layered flow structure DL MCSF—DL TRSF leads to

severe bed aggradation within the confluence (Figures 6B,C).

For a high-concentration, sediment-laden flow arising solely

from the tributary, the resulting DL MCCW—DL TRSF

structure leads to bed aggradation at the confluence and

more sediment deposition upstream of the junction along

the main channel (Figures 7B,C). By contrast, for high-

concentration, sediment-laden flow in the main channel

and low-concentration sediment-laden flow in the tributary,

a vertically layered flow structure DL MCSF—SL TRSF develops

at the confluence with bed aggradation upstream of the

junction and below the opposite tributary side (Figures

3B,C). These findings contrast with the scour hollow

observed in previous studies (Herrero et al., 2017;

Sambrook Smith et al., 2019) of river confluences with low

sediment loads or clear water. It is implied that sediment

transport and morphological evolution at such reservoir-

tributary confluences may vary drastically under the

influences of distinct layer flow structures identified above.

Further studies along this line are certainly warranted.

FIGURE 10
Vertically DL MCSF—DL TRCW within the confluence of MC (Yellow River) and WR (Wuding River) at t = 24 h, where UMC and DMC denote
upstream and downstream of the MC confluence: (A) water surface elevation, interface, and bed profiles along the thalweg, and (B) three-
dimensional layered flow structure.

FIGURE 9
Flow discharge hydrographs and sediment concentration
time series: Observed data and linear approximation at the Wubu
station for a highly concentrated, sediment-laden flood lasting
from 8:00 a.m. on July 26 to 8:00 a.m. on 31 July 2012, and
two flood peaks caused by secondary rainfall.
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The present 2D double layer-averaged model does not

explicitly consider the effect of velocity discrepancy between

sediment particles and the fluid phase. Although this effect is

negligible in the present computational cases with essentially fine

sediment, future studies should be conducted using two-phase

flowmodels (Li et al., 2020; Li et al., 2021). Moreover, the effect of

sediment on the turbulence model is neglected in the 2D double

layer-averaged model. In practice, this effect remains far from

clear, even for steady, uniform sediment-laden flows in open

channels (Cao et al., 2015). Furthermore, when the sediment

concentration is sufficiently high, the water-sediment mixture

may behave as a non-Newtonian fluid, and the present model

would have to be extended accordingly. Computational cost is

also of major concern in the present work, particularly when the

model is used to simulate natural large-scale fluvial processes.

Therefore, the present model could be improved to incorporate

an unstructured mesh, local time step, and parallel computing

following e.g., (Hu et al., 2019; Ni et al., 2020). To better represent

the vertically layered flow structure in complicated domains, it is

also recommended that the present model be boundary fitted,

perhaps using cut-cell methods on an adaptive grid (see e.g.,

Liang et al. (2007), for an application to shallow flow

hydrodynamics) and using sophisticated wetting and drying

algorithms (Liang and Borthwick, 2009).

6 Conclusion

The vertically layered flow structure at a confluence of a reservoir

and tributary carrying high sediment loads was investigated

computationally using a coupled 2D double layer-averaged model

(Cao et al., 2015). The following conclusions are drawn from the

numerical results for laboratory-scale confluences and a field

porotype-scale case concerning the Guxian Reservoir on the

Middle Yellow River, China.

At a reservoir-tributary confluence, four primary patterns of

vertically layered flow structure at such confluences are identified

(Table 3). Vertically layered flow structures at such confluences are

primarily controlled by the interaction between hydro-sediment

factors in both the main channel and tributary:

FIGURE 11
Vertically SL MCSF—DL TRCW within the confluence of MC (Yellow River) and WR (Wuding River) for Case G1 at t = 120 h, where UMC and DMC
denote upstream and downstream of the MC confluence: (A) water surface elevation, interface, and bed profiles along the thalweg, and (B) three-
dimensional layered flow structure.
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(i) Formation of SL MCSF—SL TRSF and SL MCSF—DL TRCW

mainly depends on whether the tributary flow could intrude

into the main channel sediment-laden flow.

(ii) Formation of DL MCSF—SL TRSF and DL MCSF—DL TRSF

primarily depends on whether the tributary sediment-laden

flow could block the main channel upper clear-water flow or if

the tributary flow is highly concentrated.

(iii) Formation of DL MCSF—DL TRCW and DL MCCW—DL TRSF

mainly depends on whether the main channel turbidity current

could intrude into the tributary clear-water flow or the other

way around.

In response to unsteady discharge and sediment inputs from

upstream, the vertically layered flow structure at such a reservoir-

tributary confluence evolves in time. Yet it remains to fall into

one of the primary patterns identified. Concurrent bed

aggradation may considerably modify the confluent flow, yet

the vertically layered flow pattern remains unchanged so far as

the computational cases at both laboratory- and prototype scales

considered herein are concerned.

The present study is limited to the vertically layered flow

structure at the confluence of a reservoir and tributary carrying

high sediment loads. The findings have implications for

sediment transport and morphological evolution at river

confluences, for which further investigations are warranted

in order to facilitate optimization of reservoir operation

schemes to mitigate sedimentation and accordingly alleviate

capacity loss.
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