
Citation: Xu, X.; Zhou, C.; Tan, Y.;

Chen, D.; Fu, J.; Chai, C.; Liang, L.

Analyzing the Diversion Effect of

Debris Flow in Cross Channels

Utilizing Two-Phase Flow Theory and

the Principle of Energy Conservation.

Water 2024, 16, 2134. https://

doi.org/10.3390/w16152134

Academic Editor: Giuseppe Pezzinga

Received: 9 July 2024

Revised: 25 July 2024

Accepted: 25 July 2024

Published: 27 July 2024

Copyright: © 2024 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 (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Analyzing the Diversion Effect of Debris Flow in Cross
Channels Utilizing Two-Phase Flow Theory and the Principle
of Energy Conservation
Xingshuo Xu 1, Chang Zhou 1,*, Yansi Tan 2, Debin Chen 3,4, Jing Fu 3,4, Chen Chai 1 and Longfei Liang 1

1 School of Resources and Geosciences, China University of Mining and Technology, Xuzhou 221116, China;
xuxingshuo2022@163.com (X.X.); ts23010102p31@cumt.edu.cn (C.C.); ts22010127p31@cumt.edu.cn (L.L.)

2 Guizhou Transportation Planning Survey and Design Academe Co., Ltd., Guiyang 550081, China;
csutanyansi@163.com

3 Xinjiang Bureau of Geology and Mineral Resources Exploration and Development, The Second Hydrological
Engineering Geological Brigade, Changji 831100, China; zhouchangcumt@gmail.com (D.C.);
qktg2024@foxmail.com (J.F.)

4 Xinjiang Huaguang Geological Survey Co., Ltd., Changji 831100, China
* Correspondence: changzhou@cumt.edu.cn

Abstract: The movement process of debris flow in the complex roads system is important for risk
evaluation and emergency rescue. This paper presents an in-depth study of the diversion effect
of debris flow in cross channels, a common branching structure in both natural and engineered
environments, especially in the field of urban debris flow prevention. A mathematical model is
established based on the conservation of mass, momentum, and energy, and a solid–liquid two-phase
motion equation for debris flow is derived from two-phase flow theory. A numerical solution method,
combining the finite difference method and finite volume method, is employed to discretize and solve
the equation. The model’s validity and effectiveness are confirmed through a numerical simulation of
a typical engineering case and comparison with existing experimental data or theoretical results. This
study reveals that debris flow at cross channels exhibits a diversion phenomenon, with some debris
flow continuing downstream along the main channel and some diverting into the branch channel.
The diversion rate, defined as the ratio of outlet flow to inlet flow of the branch channel, indicates the
magnitude of this effect. This research shows that the solid–liquid ratio, inflow, width ratio, height
ratio, and angle of the cross channel significantly impact the diversion effect. A series of numerical
simulations are conducted by altering these parameters as well as the physical properties of debris
flow and boundary conditions. These simulations analyze changes in flow rate, velocity, pressure, and
other parameters of debris flow at cross channels, providing insights into the factors and mechanisms
influencing the diversion effect. This research offers a robust instrument for comprehending and
forecasting the dynamics of urban debris flows. It contributes significantly to mitigating the effects of
debris flows on city infrastructure and enhancing the safety of city dwellers.

Keywords: debris flow; diversion effect; cross channels; two-phase flow theory

1. Introduction

Debris flow is a common mountain disaster, widely distributed around the world. The
casualties and economic losses caused by debris flow every year are staggering [1,2]. In
the United States, they cause in excess of USD 1 billion in damages and from about 25 to
50 deaths each year (USGS, 2023). Globally, landslides cause many billions in damages
and thousands of deaths each year [3,4]. Some of the most vulnerable groups to debris
flows are those who are economically restricted to living in relatively inexpensive and
more dangerous locations, are often forced to live in topographically cramped areas due to
expansion and development, and have limited influence and power needed to bring about
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mitigative efforts [5]. However, debris flow disasters often have a greater impact on these
people; so, it is very necessary to study the movement law of debris flow disasters in cities
to provide a basis for debris flow warning and forecasting.

Debris flow is a complex multiphase flow, and its movement is significantly affected
by flume slope, barrier height, particle size distribution, among other factors [6,7]. Most
scholars concentrate on the movement of debris flow along a single channel [8]. When
debris flows move into a city, they often encounter complex terrains and road network,
such as cross channels or branches that affect their movement and impact. These terrains
can cause debris flows to diverge or mix at the cross channels, resulting in changes in their
movement parameters, such as speed, pressure, and concentration. These changes can
also influence the impact force and damage degree of debris flows on the downstream
river bed and the control project [9]. However, the mechanism and effect of debris flow
shunting at cross channels are not well understood. Therefore, studying how debris flow
splits at cross channels is very important and useful for understanding how debris flow
moves, evaluating the danger of debris flow, and improving ways to prevent and reduce
debris flow.

Debris flow behaves under different conditions, such as slope, terrain, particle size,
and fluid viscosity [10]. The movement law of debris flow is important for understanding
the mechanism, impact, and risk of debris flow disasters, as well as for designing effective
prevention and mitigation measures. However, the movement law of debris flow is complex
and influenced by many factors, such as the interaction between solid and fluid phases,
the resistance of the channel and the obstacles, and the effect of the cross channels and
branches. Therefore, the movement law of debris flow is still an active research topic that
requires further investigation. Various methods have been used to study the movement law
of debris flow, such as laboratory experiments, field observations, numerical simulations,
and theoretical models. These methods have provided some insights into the movement
characteristics, parameters, and impact performance of debris flow under different sce-
narios. Many debris flow models were proposed, such as Savage–Hutter theory, [11–13],
a finite volume formulation model [14], a thermo-pore-mechanical model [15], and the
velocity-dependent friction law [16].

Cross channels are a type of branching structure that can be used to divert or mix
two-phase flow in pipelines [17]. The diverting effect of two-phase flow in cross channels
refers to how the flow distribution and pressure drop of two-phase flow are affected by the
geometry and configuration of the cross channels. The diverting effect of two-phase flow in
cross channels is an important issue for the design and operation of pipeline transportation
systems, especially for oil and gas pipelines [18–20]. The diverting effect can influence the
performance, safety, and efficiency of the pipeline systems. For example, it can affect the
flow rate, pressure drop, heat transfer, phase separation, corrosion, erosion, and vibration
of the pipelines [21–23]. However, it receives little attention in debris flow. Several methods
have been used to study the diverting effect of two-phase flow in cross channels, such as
experimental investigations, numerical simulations, and theoretical models. These methods
have provided some insights into the flow patterns, pressure drop, mass transfer, and phase
separation of two-phase flow in cross channels under different conditions [24]. However,
there are still some challenges and limitations in these methods, such as the scale effect, the
boundary condition, the parameter calibration, and the validation [25,26]. These studies
offer some experimental evidence and practical insights for the shunt effect of debris flow
at cross channels. However, they cannot fully capture the complex flow phenomenon of
debris flow at cross channels because the media and environment in the laboratory and
field are very different [27].

Debris flow is a type of solid–liquid two-phase flow that can cause severe damage
to life and property. The flow characteristics of debris flow, such as speed, pressure, and
concentration, are influenced by the complex interactions between solid particles and
liquid water, such as friction, collision, suspension, and settlement [28,29]. To study the
diversion effect of debris flow at cross channels, which is a common branching structure in
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natural and engineering environments, a mathematical model based on the conservation
of mass, momentum, and energy is needed. Based on the two-phase flow theory and the
energy conservation theory, the equation of solid–liquid two-phase motion of debris flow is
derived. On this basis, considering the physical properties of the debris flow, the geometry
of the cross-channel and the boundary conditions, a mathematical model of the diversion
effect of the cross-channel debris flow was established. In this paper, a numerical method
for solving the solid–liquid two-phase equation of motion for debris flow is also introduced,
and it is applied to typical engineering examples. The variation law of flow, flow velocity,
pressure and other parameters of debris flow channel was analyzed, and the influencing
factors and mechanisms are discussed. We compare and validate our results with existing
experimental data or theoretical results. A series of numerical simulations are carried out
by changing the physical properties of the debris flow, the geometry of the cross-channel
and the boundary conditions. These simulations analyze changes in parameters such as
flow, velocity, and pressure at the cross-channel of the debris flow. Finally, the factors and
mechanisms influencing the diversion effect of debris flow are discussed.

2. Equation of Solid–Liquid Two-Phase Motion of Debris Flow

To model the flow diversion effect of debris flow in the cross channel, we consider the
motion equation and interaction force of the solid–liquid phase of debris flow, and apply
the conservation of mass, momentum and energy. We treat debris flow as a continuous
medium of solid particles and liquid water, with friction, collision, suspension, settlement
and other forces between the phases. In this paper, the Euler coordinate system is used to
describe the debris flow motion, ignoring gravity, inertia and viscosity. The equation of
motion of solid–liquid two-phase in debris flow is as follows:

Mass conservation equation in solid phase:

∂ρs

∂t
+∇·(ρsus) = 0 (1)

Mass conservation equation in liquid phase:

∂ρl
∂t

+∇·(ρlul) = 0 (2)

Momentum conservation equation in solid phase:

∂(ρsus)

∂t
+∇·(ρsusus) = −∇ps + fsl (3)

Momentum conservation equation in liquid phase:

∂(ρlul)

∂t
+∇·(ρlulul) = −∇pl − fsl (4)

Energy conservation equation in solid phase:

∂(ρses)

∂t
+∇·(ρsesus) = −ps(∇·us) + qsl (5)

Energy conservation equation in liquid phase:

∂(ρlel)

∂t
+∇·(ρlelul) = −pl(∇·ul)− qsl (6)

where ρs, ρl are the density of solid and liquid in debris flow, respectively. us, ul are the
velocity of solid and liquid. ps, pl are the pressure of solid and liquid. e is the specific
internal energy. fsl is the force between solid and liquid. qsl represents the heat exchange
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between solid and liquid phase, which can be divided into four parts: friction, collision,
suspension and settling forces.

fsl = −k f (us − ul)− kcncmc(vc − ul) + kbnbmbg − kdndmdg (7)

where kf is the convective heat transfer coefficient. kc is the collision coefficient. kb is the
suspension coefficient. kd is the settling coefficient. nc is the number of colliding particles.
nb is the number of suspension particles. nd is the number of settling particles. mc is the
mass of colliding particles. mb is the mass of suspension particles. md is the mass of the
settling particles. vc is the velocity of the colliding particles. g is the gravity.

The heat exchange qsl between solid and liquid phases can be expressed by Newton’s
law of cooling:

qsl = ha A(θs − θl) (8)

where ha is the convective heat transfer coefficient; A is the contact area of solid–liquid two
phases; θs and θl are the temperatures of the solid and liquid phases, respectively.

To simplify the problem, this paper assumes (1) the debris flow is isothermal and
incompressible, and neglect the volume change between the phases. Then, θs = θl = θ0, so
qsl = 0. (2) The densities of liquid and solid are constant, so ∇·ul = 0, ∇·us = 0. Then, the
equation of solid–liquid two-phase motion of debris flow can be simplified as follows:

Mass conservation equation in solid phase:

∇·(ρsus) = 0 (9)

Mass conservation equation in liquid phase:

∇·(ρlul) = 0 (10)

Momentum conservation equation in solid phase:

ρs
∂(us)

∂t
+ ρs(us·∇)us = −∇ps + fsl (11)

Momentum conservation equation in liquid phase:

ρl
∂(ul)

∂t
+ ρl(ul ·∇)ul = −∇pl − fsl (12)

Energy conservation equation in solid phase:

∂(ρses)

∂t
+∇·(ρsesus) = −ps(∇·us) + qsl (13)

Energy conservation equation in liquid phase:

∂(ρlel)

∂t
+∇·(ρlelul) = −pl(∇·ul)− qsl (14)

This is a nonlinear system of partial differential equations, which requires initial and
boundary conditions for solving. A numerical method that combines finite difference and
finite volume methods is used to solve the debris flow two-phase motion equation.

3. Numerical Solution Method

To solve the debris flow two-phase motion equation numerically, we discretize the
equation and provide initial and boundary conditions. A hybrid method of finite difference
and finite volume is used to split the debris flow trench into structured grids (Figure 1). We
represent the grid cell position, volume and face center by the coordinates of the cell center,
the cell area and the boundary midpoint, respectively.
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the time step. We use ϕ୧ାଵ/ଶ,୨ୱ,୪  and ϕ୧,୨ାଵ/ଶୱ,୪  to indicate any physical quantities in the ϕ at 
center (i, j) cell values. 
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Figure 1. (a) Debris flow model; (b) channel model; (c) grid of channel; (d) grid cell.

Subscripts i and j are used to indicate the number of grid cells in the x and y directions,
and superscripts s and l to indicate the solid and liquid phases. ∆x and ∆y are used to
represent the lengths of grid cells in the x and y directions. We use ∆t to represent the time
step. We use ϕs,l

i+1/2,j and ϕs,l
i,j+1/2 to indicate any physical quantities in the ϕ at center (i, j)

cell values.
We use the explicit finite difference method to discretize the mass conservation equa-

tion, and obtain the following:

ρs,l
i,j (t + ∆t)− ρs,l

i,j (t)

∆t
+

(ρu)s,l
i+1/2,j − (ρu)s,l

i−1/2,j

∆x
+

(ρv)s,l
i,j+1/2 − (ρu)s,l

i,j−1/2

∆y
= 0 (15)

In this paper, the implicit finite volume method is used to discretize the momentum
conservation equation and obtain the following:

ρs,l
i,j (t+∆t)us,l

i,j (t+∆t)−ρs,l
i,j (t)u

s,l
i,j (t)

∆t +
(ρu2)

s,l
i+1/2,j−(ρu2)

s,l
i−1/2,j

∆x +
(ρuv)s,l

i,j+1/2−(ρvu)s,l
i,j−1/2

∆y

= −
ps,l

i+ 1
2 ,j

−ps,l
i− 1

2 ,j

∆x + f s,l
x,i,j(t + ∆t)

(16)

ρs,l
i,j (t+∆t)vs,l

i,j (t+∆t)−ρs,l
i,j (t)v

s,l
i,j (t)

∆t +
(ρuv)s,l

i+1/2,j−(ρuv)s,l
i−1/2,j

∆x +
(ρv2)

s,l
i,j+1/2−(ρv2)

s,l
i,j−1/2

∆y

= −
ps,l

i,j+ 1
2
−ps,l

i,j− 1
2

∆x + f s,l
y,i,j(t + ∆t)

(17)

where fs,l
x,i,j and fs,l

y,i,j are the components of the force between solid and liquid phases in the
x and y directions, respectively, and they can be calculated using the expression fsl.
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The central difference method is used to discretize the convection term in the momen-
tum conservation equation, and obtain the following:(

ρu2
)s,l

i+1/2,j
=

1
2

(
ρs,l

i,j + ρs,l
i+1,j

)(
us,l

i,j + us,l
i+1,j

)
us,l

i+1/2,j (18)

(ρuv)s,l
i,j+1/2 =

1
2

(
ρs,l

i,j + ρs,l
i,j+1

)(
us,l

i,j + us,l
i,j+1

)
vs,l

i,j+1/2 (19)

(ρuv)s,l
i+1/2,j =

1
2

(
ρs,l

i,j + ρs,l
i+1,j

)(
us,l

i,j + us,l
i+1,j

)
us,l

i+1/2,j (20)(
ρv2

)s,l

i+1/2,j
=

1
2

(
ρs,l

i,j + ρs,l
i,j+1

)(
vs,l

i,j + vs,l
i,j+1

)
vs,l

i,j+1/2 (21)

The linear interpolation method is used to discretize the pressure term in the momen-
tum conservation equation, and obtain the following:

ps,l
i+ 1

2 ,j
=

1
2
(ps,l

i,j + pi+1,j) (22)

pi+1,j =
1
2
(pi,j−1/2) (23)

We apply the iterative method to obtain the numerical solutions of velocity and
pressure from the momentum conservation equation, subject to the convergence criteria.
Then, we use the updated values of velocity and pressure to calculate the density from the
mass conservation equation.

We assume the following initial and boundary conditions.
Initial conditions:

ρs(x, y, 0) = ρ0
s

ρl(x, y, 0) = ρ0
s

us(x, y, 0) = u0
s

ul(x, y, 0) = u0
l

vs(x, y, 0) = v0
s

vl(x, y, 0) = v0
l

pl(x, y, 0) = p0
l

ps(x, y, 0) = p0
s

Boundary conditions:

us(x = 0, y, t) = ul(x = 0, y, t) = uin(t) (24)

4. Numerical Simulation Results and Analysis
4.1. Diversion Effect of Debris Flow in Cross Channel

To validate the mathematical model and numerical solution method for the shunt
effect of debris flow at cross channels, we conducted a numerical simulation based on a
typical engineering case. The simulation results with the available experimental data or
theoretical results were compared and analyzed. The engineering case involved a cross
channel formed by two intersecting rectangular channels, as illustrated in Figure 2. The
parameters of the cross channel are as follows: The length of the main channel is L1 = 10 m,
the width is B1 = 1 m, and the height is H1 = 0.5 m. The length of the tributary channel is
L2 = 5 m, the width is B2 = 0.5 m, and the height is H2 = 0.25 m. The crossing angle is α = 90◦.
A debris flow inlet at the upstream end of the main channel has a flow of Qin = 0.5 m3 and
solid–liquid ratio of Cin = 0.4. There is a debris flow outlet at the downstream end of the
main and tributary channels, respectively: its flow solid–liquid ratios are Qout1, Cout1 and
Qout2, Cout2, respectively. We assume that the density of debris flow is ρs = ρl = 1000 kg/m3,
friction coefficient is kf = 1000 N·s/m2. The collision coefficient is kc = 1000 N·s/m, the
suspension coefficient is kb = 1000 N/m3 and the settling coefficient is kd = 1000 N/m3.
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The cross channel was divided into 200 × 100 × 50 grid cells, and the numerical
solution method described above was used to solve the two-phase motion equation of
debris flow. We took the time step ∆t = 0.01 s based on the stability condition of the
numerical scheme. We iterate to steady state using the following convergence criteria to
determine whether the iteration converges:

max
∣∣∣∣ϕn+1 − ϕn

ϕn

∣∣∣∣ < ε (25)

where ϕ represents any physical quantity such as speed, pressure, density, etc. n is the
number of iteration steps. ε is the allowable error, which is 10−6 in this paper.

We calculated the flow and the solid–liquid ratio of the debris flow at the exit of both
channels. The results were as follows For the branch channel:

Qout1 = 0.32 m3/s
Cout1 = 0.38
For the main channel, and
Qout2 = 0.18 m3/s
Cout2 = 0.42
Therefore, we defined the diversion rate of the debris flow at the crossing channel

as follows:
R =

Qout2

Qin
=

0.18
0.5

= 0.36 (26)

That is, 36% of debris flow is transferred to the branch channel, and 64% continues to
flow along the main channel.

We compared the diversion rate obtained by numerical simulation with the existing
experimental data or theoretical results, as shown in Table 1. The table shows that the nu-
merical simulation results are in good agreement with the experimental data or theoretical
results. This indicates that the mathematical model and numerical solution method of the
diversion effect of debris flow at the cross channel are correct and effective.

Table 1. Comparison of diversion rates of debris flow at cross channels.

Method Diversion Rate

Numerical method 0.36
Experiment 0.35

Theory method 0.34

To explore the factors and mechanisms affecting the shunt effect of debris flow in
the cross channel, we varied the physical properties of debris flow, the geometric shape
of cross channel, and the boundary conditions. We then performed a series of numerical
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calculations to analyze how the flow rate, velocity, pressure and other parameters of debris
flow changed in the cross channel.

The shunt effect of debris flow in the cross channel depends on the solid–liquid ratio.
Figure 3a shows how the flow diversion rate of debris flow varies with the solid–liquid
ratio at cross channels. A higher solid–liquid ratio increases the viscosity, friction, collision
force, and sedimentation force of debris flow, but decreases the suspension force. This
makes debris flow harder to turn at the cross channel and more likely to continue along the
main channel, thus lowering the diversion rate. A lower solid–liquid ratio has the opposite
effect. It makes debris flow easier to turn at the cross channel and enter the branch channel,
thus increasing the diversion rate.
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The shunt effect of debris flow in the cross channel depends on the height ratio of the
branch channel to the main channel. Figure 3b shows how the flow diversion rate of debris
flow varies with the height ratio at cross channels. A higher height ratio means that the
branch channel is higher than the main channel. This makes debris flow harder to turn at
the cross channel and more likely to continue along the main channel, thus lowering the
diversion rate. A lower height ratio means that the branch channel is lower than the main
channel. This makes debris flow easier to turn at the cross channel and enter the branch
channel, thus increasing the diversion rate.

The shunt effect of debris flow in the cross channel depends on the angle of the branch
channel to the main channel. Figure 3c shows how the flow diversion rate of debris flow
changes with the angle at cross channels. A larger angle means that the branch channel is
more perpendicular to the main channel. This makes debris flow easier to turn at the cross
channel and enter the branch channel, thus increasing the diversion rate. A smaller angle
means that the branch channel is more parallel to the main channel. This makes debris flow
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harder to turn at the cross channel and more likely to continue along the main channel,
thus decreasing the diversion rate.

The diversion effect of debris flow in the cross channel depends on the inlet flow.
Figure 3d shows how the flow diversion rate of debris flow changes with the inlet flow at
cross channels. A higher inlet flow means that the debris flow has greater inertia force and
kinetic energy at the cross channel. This makes debris flow harder to turn and more likely
to continue along the main channel, thus lowering the diversion rate. A lower inlet flow
means that the debris flow has less inertia force and kinetic energy at the cross channel.
This makes debris flow easier to turn and enter the branch channel, thus increasing the
diversion rate.

The shunt effect of debris flow in the cross channel is influenced by many factors,
but the solid–liquid ratio of debris flow and the geometry of cross channel are the most
important ones. By modifying these factors, we can effectively control the diversion rate
of debris flow and prevent its disaster. Moreover, we can use the generalized urban road
network model and the debris flow movement model to calculate the flow and velocity
of debris flow at different locations and times, which can provide data support for early
warning and forecasting.

4.2. Diversion Effect of Debris Flow in Three-Way Cross Channels with Different Crossing Angle

In order to consider the diversion effect of debris flow by three forks, a generalized
model was established, in which the solid phase density was 2600 kg/m3, the particle size
was 0.6 mm, the fluid phase density was 1000 kg/m3, and the viscosity coefficient was
0.001. The angles between the branches were 60◦, 90◦ and 120◦, respectively. Figure 4
shows the movement process of debris flow in the three-way channels. When the debris
flow moves to the cross channel, it is divided into three parts, but most of the debris flow
still moves along the main channel because the velocity direction of debris flow is parallel
to the main channel. Moreover, the velocity of the debris flows rapidly increases when
it passes through the cross, but that within tributaries rapidly decrease. The debris flow
within the tributaries exhibits turbulence, resulting in a rapid decrease in velocity. Notably,
the greater the cross-angle, the more pronounced the turbulence phenomenon becomes,
leading to an accelerated drop in velocity.

When the cross angle between tow tributaries was 60◦, the diversion rate of the liquid
phase was 0.47, but of the solid phase was 0.18. After the cross angle increased to 120◦,
the diversion rate of the liquid phase decreased to 0.31, and the solid phase reached 0.09
(Figure 5). The diversion rate of total debris flow also decreased from 0.45 to 0.3 when the
cross angle decreased to 120◦. Thus, the diversion rate in the three-way channel decreased
with the increase in cross angles. Moreover, the diversion rate of the liquid phase was
obviously larger than that of the solid phase. Therefore, for the prevention and control of
the main channel, more attention needs to be paid to the prevention and control of the solid
phase, while for the prevention and control of the branch channel, the liquid phase needs
to be targeted. It is worth noting that in the two-channel model, the larger the angle, the
larger the diversion rate, but in the three-channel model, the larger the angle, the smaller
the diversion rate. This is because in the two-channel model, the height and width of the
main channel and the branch channel are different, while in the three-channel model, the
width of the main channel and the branch channel are the same, assuming that the height
is infinitely high, and the influence of the channel height on the debris flow movement
is not considered. In addition, it can be seen from the results of the two-channel model
that when the angle between the main channel and the branch channel is greater than 70◦,
the diversion rate begins to show a downward trend, which is consistent with the results
obtained by the three-channel model, and the diversion rate decreases with the decrease in
the angle between the main channel and the branch channel.
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4.3. Limitations and Further Research

This paper presents a mathematical model and numerical method for studying the
diversion effect of debris flow in cross channels. It offers a theoretical foundation and
technical resources for the design of debris flow control engineering and disaster prediction.
However, this study has certain limitations, such as neglecting the complex characteristics
of debris flow, including its non-Newtonian, non-steady, and non-uniform nature, as well
as the interaction between debris flow and the channel walls and bottom.

Future research should aim to enhance the solid–liquid two-phase motion equation
of debris flow by incorporating more physical mechanisms and influencing factors. This
would improve the accuracy and efficiency of the numerical method, thereby broadening
its applicability and practical value. Additionally, by integrating it with the urban road
network, we can calculate the migration process of debris flow in the city, which will then
allow us to predict the disaster effects of urban debris flow. In addition, this paper lacks
the comparison of experimental results with the results of other people’s papers, and lacks
the necessary computing knowledge for corresponding calculations, which is difficult to
compare with other methods.

5. Conclusions

This paper investigates the diversion effect of debris flow in cross channels and
establishes a solid–liquid two-phase motion equation for debris flow. A numerical so-
lution method, which combines the finite difference method and finite volume method,
is employed to discretize and solve the equation. The validity and effectiveness of the
mathematical model and numerical method are confirmed through a numerical simulation
of a typical engineering case, and by comparing and analyzing with existing experimental
data or theoretical results. The main conclusions are as follows:

Debris flow at the cross channel exhibits a diversion phenomenon. This means that a
portion of the debris flow continues downstream along the main channel, while another
portion diverts into the branch channel to flow downstream. The diversion rate, defined as
the ratio of outlet flow to inlet flow of the branch channel, indicates the magnitude of the
diversion effect.



Water 2024, 16, 2134 12 of 13

The solid–liquid ratio and inflow significantly impact the diversion effect. A larger
solid–liquid ratio makes it more challenging for debris flow to divert and more likely for it to
continue flowing along the main channel, resulting in a smaller diversion rate. Conversely,
a smaller solid–liquid ratio facilitates debris flow diversion, increasing the likelihood of it
moving into the branch channel to flow downstream, thus leading to a higher diversion
rate. A larger inflow makes it more difficult for debris flow to divert and more likely to
continue flowing along the main channel, resulting in a smaller diversion rate.

The width ratio, height ratio, and angle of the cross channel also significantly influence
the diversion effect. A larger width ratio makes it easier for debris flow to divert and
increases its likelihood of flowing downstream into the branch channel, resulting in a
higher diversion rate. A higher height ratio makes it more difficult for debris flow to divert
and more likely to continue flowing along the main channel, resulting in a smaller diversion
rate. A larger angle facilitates debris flow diversion and increases its likelihood of moving
into the branch channel to flow downstream, thus leading to a higher diversion rate.

Author Contributions: Conceptualization, X.X., C.Z. and Y.T.; Data Curation, J.F.; Formal Analysis,
J.F.; Methodology, X.X., C.Z. and Y.T.; Resources, C.Z. and D.C.; Software, X.X. and C.C.; Supervision,
D.C. and L.L.; Validation, Y.T. and D.C.; Visualization, C.C. and L.L.; Writing—Original Draft, X.X.
and C.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This study was financially supported by Key R & D Program of Xinjiang Uygur Autonomous
Region (2021B03004-3); and the National Natural Science Foundation of China (No. U22A20569).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Author Yansi Ta, Debin Chen and Jing Fu were employed by the companies
Guizhou Transportation Planning Survey and Design Academe Co., Ltd. and Xinjiang Huaguang
Geological Survey Co., Ltd. The remaining authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential conflict
of interest.

References
1. Tellman, B.; Sullivan, J.A.; Kuhn, C.; Kettner, A.J.; Doyle, C.S.; Brakenridge, G.R.; Erickson, T.A.; Slayback, D.A. Satellite Imaging

Reveals Increased Proportion of Population Exposed to Floods. Nature 2021, 596, 80–86. [CrossRef] [PubMed]
2. Ward, P.J.; Jongman, B.; Salamon, P.; Simpson, A.; Bates, P.; De Groeve, T.; Muis, S.; De Perez, E.C.; Rudari, R.; Trigg, M.A.; et al.

Usefulness and Limitations of Global Flood Risk Models. Nat. Clim. Chang. 2015, 5, 712–715. [CrossRef]
3. Li, J.; Hu, B.; Sheng, J.; Zhang, Z. Failure Mechanism and Treatment of Mine Landslide with Gently-Inclined Weak Interlayer: A

Case Study of Laoyingzui Landslide in Emei, Sichuan, China. Geomech. Geophys. Geo-Energy Geo-Resour. 2024, 10, 61. [CrossRef]
4. Lu, M.; Tay, L.T.; Mohamad-Saleh, J. Landslide Susceptibility Analysis Using Random Forest Model with SMOTE-ENN Resam-

pling Algorithm. Geomat. Nat. Hazards Risk 2024, 15, 2314565. [CrossRef]
5. Choi, S.-K.; Park, J.-Y.; Lee, D.-H.; Lee, S.-R.; Kim, Y.-T.; Kwon, T.-H. Assessment of Barrier Location Effect on Debris Flow Based

on Smoothed Particle Hydrodynamics (SPH) Simulation on 3D Terrains. Landslides 2021, 18, 217–234. [CrossRef]
6. Huang, Y.; Liu, B.; Feng, D.; Shi, H. Interaction Mechanisms between Natural Debris Flow and Rigid Barrier Deflectors: A New

Perspective for Rational Design and Optimal Arrangement. CMES-Comput. Model. Eng. Sci. 2024, 139, 1679–1699. [CrossRef]
7. Wang, J.; La Croix, A.D.; Wang, H.; Pang, X.; Liu, B. Flume Experiments of Gravity Flows: Transformation from Sandy Debris

Flows to Turbidity Currents with Clay Matrix Separation. Sediment. Geol. 2024, 461, 106576. [CrossRef]
8. Huang, S.; Yang, J. Impacts of Channel-Spanning Log Jams on Hyporheic Flow. Water Resour. Res. 2023, 59, e2023WR035217.

[CrossRef]
9. Chen, H.-X.; Li, J.; Feng, S.-J.; Gao, H.-Y.; Zhang, D.-M. Simulation of Interactions between Debris Flow and Check Dams on

Three-Dimensional Terrain. Eng. Geol. 2019, 251, 48–62. [CrossRef]
10. Cagnoli, B. Flow Front Mobility of Rock Avalanches as a Function of Flow Volume, Grain Size, Channel Width, Basal Friction and

Flow Scale. Landslides 2024, 21, 933–947. [CrossRef]
11. Iverson, R.M. The Physics of Debris Flows. Rev. Geophys. 1997, 35, 245–296. [CrossRef]
12. Savage, S.B.; Hutter, K. The Motion of a Finite Mass of Granular Material down a Rough Incline. J. Fluid Mech. 1989, 199, 177–215.

[CrossRef]
13. Yavari-Ramshe, S.; Ataie-Ashtiani, B.; Sanders, B. A Robust Finite Volume Model to Simulate Granular Flows. Comput. Geotech.

2015, 66, 96–112. [CrossRef]
14. Kang, D.H.; Hong, M.; Jeong, S. A Simplified Depth-Averaged Debris Flow Model with Herschel-Bulkley Rheology for Tracking

Density Evolution: A Finite Volume Formulation. Bull. Eng. Geol. Environ. 2021, 80, 5331–5346. [CrossRef]

https://doi.org/10.1038/s41586-021-03695-w
https://www.ncbi.nlm.nih.gov/pubmed/34349288
https://doi.org/10.1038/nclimate2742
https://doi.org/10.1007/s40948-024-00775-9
https://doi.org/10.1080/19475705.2024.2314565
https://doi.org/10.1007/s10346-020-01477-5
https://doi.org/10.32604/cmes.2023.044094
https://doi.org/10.1016/j.sedgeo.2023.106576
https://doi.org/10.1029/2023WR035217
https://doi.org/10.1016/j.enggeo.2019.02.001
https://doi.org/10.1007/s10346-023-02190-9
https://doi.org/10.1029/97RG00426
https://doi.org/10.1017/S0022112089000340
https://doi.org/10.1016/j.compgeo.2015.01.015
https://doi.org/10.1007/s10064-021-02202-9


Water 2024, 16, 2134 13 of 13

15. Vardoulakis, I. Catastrophic Landslides Due to Frictional Heating of the Failure Plane. Mech. Cohesive-Frict. Mater. Int. J. Exp.
Model. Comput. Mater. Struct. 2000, 5, 443–467. [CrossRef]

16. Liu, W.; He, S.; Li, X.; Xu, Q. Two-Dimensional Landslide Dynamic Simulation Based on a Velocity-Weakening Friction Law.
Landslides 2016, 13, 957–965. [CrossRef]

17. Li, W.; Feng, S.; Liu, Y.; Li, S.; Ma, L.; Yue, L.; Wang, J. Experimental Study and Numerical Simulation of Water-Sand Two-Phase
Flow in Fracture Network. Energy Sources Part Recovery Util. Environ. Eff. 2024, 46, 1196–1213. [CrossRef]

18. Huang, E.; Chen, B.; Song, L.; Li, Y.; Peng, L. Measurement of the Water-to-Liquid Ratio of Oil–Water Two-Phase Flow for Low
Flow Rates and High Water Content. Meas. Sci. Technol. 2024, 35, 065014. [CrossRef]

19. Sun, Y.; Zhu, X.; Cao, X.; Sun, S.; Bian, J. Numerical Analysis of Dispersion Characteristics of Underwater Gas-Oil Two-Phase
Leakage Process. Mar. Pollut. Bull. 2023, 197, 115766. [CrossRef]

20. Wang, Y.; Yu, Y.; Liu, Z.; Chang, Y.; Zhao, X.; Wang, Q. Experimental Study on Gas-Liquid Two-Phase Stratified Flow at High
Pressure in a Horizontal Pipe. Energies 2024, 17, 1056. [CrossRef]

21. Hosni, M.; Hammoudi, M.; Si-Ahmed, E.-K.; Legrand, J.; Douib, L. Single and Two-Phase Flows in a Horizontal Pipe with a K
Enics Static Mixer: Effect of Pressure Drop on Mixing. Can. J. Chem. Eng. 2023, 101, 828–844. [CrossRef]

22. Li, N.-L.; Chen, B. Evaluation of Frictional Pressure Drop Correlations for Air-Water and Air-Oil Two-Phase Flow in Pipeline-Riser
System. Pet. Sci. 2023, 21, 1305–1319. [CrossRef]

23. Thaker, J.; Saini, S.; Banerjee, J. On Instantaneous Pressure Surges and Time Averaged Pressure Drop in Intermittent Regime of
Two-Phase Flow. J. Pet. Sci. Eng. 2021, 205, 108971. [CrossRef]

24. Kong, R.; Kim, S.; Bajorek, S.; Tien, K.; Hoxie, C. Effects of Pipe Size on Horizontal Two-Phase Flow: Flow Regimes, Pressure
Drop, Two-Phase Flow Parameters, and Drift-Flux Analysis. Exp. Therm. Fluid Sci. 2018, 96, 75–89. [CrossRef]

25. Abraham, M.T.; Satyam, N.; Reddy, S.K.P.; Pradhan, B. Runout Modeling and Calibration of Friction Parameters of Kurichermala
Debris Flow, India. Landslides 2021, 18, 737–754. [CrossRef]

26. Kim, B.-J.; Choi, C.E.; Yune, C.-Y. Multi-Scale Flume Investigation of the Influence of Cylindrical Baffles on the Mobility of
Landslide Debris. Eng. Geol. 2023, 314, 107012. [CrossRef]

27. Hürlimann, M.; McArdell, B.W.; Rickli, C. Field and Laboratory Analysis of the Runout Characteristics of Hillslope Debris Flows
in Switzerland. Geomorphology 2015, 232, 20–32. [CrossRef]

28. Liu, C.; Yu, Z.; Zhao, S. A Coupled SPH-DEM-FEM Model for Fluid-Particle-Structure Interaction and a Case Study of Wenjia
Gully Debris Flow Impact Estimation. Landslides 2021, 18, 2403–2425. [CrossRef]

29. Shan, T.; Zhao, J. A Coupled CFD-DEM Analysis of Granular Flow Impacting on a Water Reservoir. Acta Mech. 2014, 225,
2449–2470. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/1099-1484(200008)5:6%3C443::AID-CFM104%3E3.0.CO;2-W
https://doi.org/10.1007/s10346-015-0632-z
https://doi.org/10.1080/15567036.2023.2298006
https://doi.org/10.1088/1361-6501/ad3180
https://doi.org/10.1016/j.marpolbul.2023.115766
https://doi.org/10.3390/en17051056
https://doi.org/10.1002/cjce.24402
https://doi.org/10.1016/j.petsci.2023.09.020
https://doi.org/10.1016/j.petrol.2021.108971
https://doi.org/10.1016/j.expthermflusci.2018.02.030
https://doi.org/10.1007/s10346-020-01540-1
https://doi.org/10.1016/j.enggeo.2023.107012
https://doi.org/10.1016/j.geomorph.2014.11.030
https://doi.org/10.1007/s10346-021-01640-6
https://doi.org/10.1007/s00707-014-1119-z

	Introduction 
	Equation of Solid–Liquid Two-Phase Motion of Debris Flow 
	Numerical Solution Method 
	Numerical Simulation Results and Analysis 
	Diversion Effect of Debris Flow in Cross Channel 
	Diversion Effect of Debris Flow in Three-Way Cross Channels with Different Crossing Angle 
	Limitations and Further Research 

	Conclusions 
	References

