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Abstract: Sediment transport in pipes is an effective engineering measure used to reallocate water–
sediment resources and is widely used in reservoir flooding and sediment discharging, river dredging,
floodplain area deposition, as well as other projects. An experimental investigation of sediment
transport in pressurized pipes, with heterogeneous sediment (d50 = 107 µm) of the lower Yellow River
as the experimental material, is presented. This study mainly explored the change law of sediment
transport and sorting in pressure pipes with an internal diameter of 0.08 m. The experimental results
reveal that the presence of sediment significantly changed the distribution of the flow velocity field.
At the same flow rate, the velocity of the lower water body with a high sediment concentration
decreased, while that of the upper water body increased. At a low water flow rate, the increase in
sediment concentration caused an asymmetric distribution of the cross-sectional velocity. The vertical
concentration decreased in height, and the obvious stratification of vertical sediment particles was
observed. With the increase in the flow rate, the asymmetry of the velocity distribution significantly
decreased, the concentration profile tended towards being uniformly distributed along the vertical
direction, and the separation effect of the sediment particles weakened.

Keywords: pipe experiment; heterogeneous sediment; velocity distribution; sediment concentration
profile; sediment sorting

1. Introduction

Sediment transport and sorting is a common phenomenon whose use is widespread
in rivers, reservoirs, estuaries and coastal areas. In fact, sediment transport and sorting is
also a redistribution process of water–sediment resources. Pipeline hydraulic transport has
the advantages of high efficiency, good continuity and large transport volume [1–7], and is
widely used in many aspects such as flood discharge and sediment discharge in reservoirs,
water and sediment diversion along rivers, river dredging and sediment deposition in
floodplains. It is also an important means of reallocating sediment resources.

In the process of water–sediment movement, sediment particles move forward in
the form of a bed load or suspended load due to the turbulence of water flow and the
nonuniformity of sediment particles. While the fluid properties change due to the increase
in fine sediment particles, its flow characteristics and sediment transport characteristics,
including its flow state conversion characteristics [8,9], turbulence energy dissipation char-
acteristics [10–12], sediment sorting characteristics [13–16], sedimentation patterns [17]
and sediment transport and flushing [18], all change significantly. From the perspective of
solid–liquid two-phase flow, some authors have established a two-phase flow model to ex-
plore the characteristics of water–sediment movement and analyze the distribution law of
the sediment concentration profile [19]. For example, Pu et al. [20] proposed a linear-power
couple model combining the sediment size, Rouse number, mean concentration and flow
depth parameters to model the sediment profile due to the differences between hypercon-
centrated and dilute flows. Liang et al. [21] proposed a mixture model for sediment-laden
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flows based on Eulerian–Eulerian two-phase flow theory, and the calculation speed can be
effectively improved while maintaining the calculation accuracy. Although research on
two-phase flow models has greatly progressed in recent years, their application in pipeline
sediment transport is not mature enough. The movement of water–sediment in pipelines
is actually a complicated movement of solid–liquid two-phase flow, which is much more
complicated than that in open channels.

From the perspective of engineering applications, the two most important issues in
the study of pipeline transportation processes are the influence of sediment movement
on energy dissipation and the sediment deposition law in the process of pipeline trans-
portation [22]. Regarding the problem of sediment deposition inside the pipeline, some
researchers have measured the evolution of sediment at the bottom of a pipeline and ana-
lyzed the physical and chemical characteristics of the sediment, as well as the characteristics
of the sediment’s movement [23,24]. Some researchers have conducted in-depth research
on critical sediment deposition velocity [7,22,23,25], resistance loss [26,27] and other related
topics. However, as a complex two-phase flow movement, pipeline sediment transport
still has space for further research. In pressurized pipelines, the movement properties
of heterogeneous sediment and sediment particle vertical sorting are valuable topics for
further research. In addition, in an actual pipeline transport project, the sediment-laden
flow contains different sediment particle sizes, and the relative position and velocity of
these sediment particles play an important role in the design and operation of the pipeline.
Sediment deposition directly affects the operation stability and sediment transport effi-
ciency of the pipeline. Due to the high friction resistance loss caused by the siltation of
coarse particles and the continuous erosion and corrosion of the pipe wall, the sediment
transport is blocked, the operating cost increases and the sediment leakage caused by
pipeline failure affects the local environment [7].

To improve the efficiency and service life of pipelines used for transportation, it is
necessary to understand the physical characteristics of velocity distribution, concentration
profile and sediment sorting in pipes. The present study aimed to establish a physical test
model of pipe sediment transport based on the engineering background of the hypercon-
centrated sediment tunnel and sediment transport pipe of the reservoir in the Yellow River
Basin. The objectives of this study were to (1) explore the influence of sediment concen-
tration variation on the velocity distribution in pressure pipes; (2) analyze the changes in
the sediment concentration and transport flux in the vertical direction; and (3) discuss the
effects of different sediment concentrations on vertical sediment particle separation.

2. Materials and Methods
2.1. Experimental Facility

All experiments were carried out in a closed-circuit pipe which was approximately
40.0 m long and 0.08 m in internal diameter. The pipeline is horizontally arranged approxi-
mately 0.3 m from the ground surface, and it is fixed to the ground by a bracket placed at
one-meter intervals. Figure 1 illustrates the experimental setup. There is a 0.5 m connecting
hose between the pipe and centrifugal pump to eliminate the pipe vibration caused by
the centrifugal pump. Butterfly valves were placed near the inlet and outlet of the pipe
for flow rate control and sediment concentration measurement, and an electromagnetic
flowmeter was placed at least 5 m from the site of flow injection into the pipe. Valve 2 and
3 were used to control discharge, and valves 1 and 4 were used to collect sediment-laden
flow from the pipe, as shown in Figure 1a.
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Figure 1. Sketch of the circulating pipe experimental system (not to scale).

The length of the working test section of the plexiglass pipe was 12.0 m, and the
sediment movement in the pipe could be observed. A pressure sensor was installed
on both sides of the test section to detect pressure changes, and a Pitot tube (including
manometer) was arranged in the middle to measure the longitudinal velocity inside the
pipe. The sediment sampling in this experiment was a kind of sampling method similar to
siphon pipes [28]. The sediment samples in the pipe could be obtained by the existence
of a pressure difference inside and outside the pipe, which is different from the isokinetic
sampling (i.e., the velocity within the sampling tube has to be the same as the velocity
in the pipe at the location of measurement) [29]. The measuring steps were as follows:
(1) the total pressure tube outlet position connected to the measuring cylinder (Figure 1b);
(2) the slurry sample was siphoned out through the total pressure tube due to the pressure
difference inside and outside the pipe; (3) the volume of slurry in the measuring cylinder
was recorded; (4) the sediment concentration was calculated by drying and weighing the
slurry sample; and (5) the steps above were repeated, and the sediment concentrations at
different positions along the vertical direction were obtained. The dried sediment samples
can be used to analyze the sediment gradation curve by a particle size analyzer. Figure 2 is
the sketch of an improved Pitot tube, wherein the total pressure hole (#1) is aligned in the
flow direction and the static pressure hole (#2) is aligned on both sides of the Pitot tube,
perpendicular to the flow direction. The hole diameter was approximately 1.5 mm, less
than 1/50 of the pipe internal diameter (80.0 mm).
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Figure 2. Improved Pitot tube schematic diagram: (a) longitudinal; (b) plan; and (c) section.

In this experiment, the lower Yellow River fine sediment from the floodplain area of
Jiyang in Shandong Province was selected as the test material, and the sediment sample
density was approximately 2650 kg/m3. There are two main considerations for choosing
sediment in the lower Yellow River: (1) the physical test model of pipe sediment transport
based on the engineering background of the hyperconcentrated sediment tunnel and the
sediment transport pipe of the reservoir; and (2) the sediment particle size in the lower
reaches of the Yellow River is larger than that in the upper reservoir area. Natural sediment
with a median particle size slightly larger than that in the upper reservoir area was selected
as the experimental material, and the kinematic viscosity coefficient was less than that
of the sediment in the reservoir area. An ultrafast Malvern 3000 intelligent particle size
analyzer (Malvern Instruments Ltd., Malvern, UK) was used for the particle size analysis
of sediment samples, and the measurement range of the instrument was 0.01–3500 µm.
Compared with the sedimentation method and sieve analysis method, the laser particle
size analyzer has the advantages of fast speed, good repeatability and high measurement
accuracy [30]. Laser diffraction technology was used to measure the particle size. When a
laser beam passes through a dispersed particle sample, the intensities of light scattered from
particles of different sizes are different. The volume ratio of different sediment particles was
obtained by analyzing and calculating the scattering spectrum. According to the analytical
results, a sediment particle size distribution diagram was created, as shown in Figure 3.
The distribution of particle sizes is narrow, and the gradient of the grading curve is steep,
which indicates that the particle size of the sediment sample is relatively uniform. The d25,
d50 and d75 of the sediment particles are 73, 107 and 133 µm, respectively, and the degree
of nonuniformity ϕ = d75/d25 = 1.82.

Figure 3. Sediment particle distribution: (a) histogram; and (b) cumulative size distribution.
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2.2. Test Conditions

The velocity distribution and sediment concentration distribution were measured
under conditions of full turbulence and relatively stable sediment concentration in the
pipe. This experiment includes two working conditions, clear water and muddy water, in
which clear water conditions are taken as the reference group, with a discharge range of
5.05–50.13 m3/h. The discharge range in the pipe can be controlled by adjusting butterfly
valves 2 and 3 after the pipe pump. The muddy water discharge ranges from 5.81 to
40.29 m3/h, and the sediment volume concentration ranges from 2.2 to 26.27%, as shown
in Table 1.

Table 1. Pipe/sediment properties and sediment concentration conditions.

Pipe Diameter
D/mm

Discharge
Q/m3/h

Range of Grain Sizes
d/µm

Range of Volume
Concentrations

C/%

80 5.05–50.13 - 0

80 5.81–40.29 0.82–323 2.2–26.27

These tests were conducted in the turbulent regime with Reynolds’ numbers ranging
from 2.2 × 104 to 2.7 × 105. To ensure that the measured data were obtained at a relatively
stable sediment concentration in the pipe, the following measures were taken: (1) the pool
was equipped with a spiral agitator to continuously stir the muddy water to ensure that
sediment could fully enter the circulating pipeline; (2) after the sediment flow entered
the pipeline for a period of time, the sediment concentrations were measured through the
valves at the inlet and outlet of the pipeline and compared. If the value was large, the
group test was carried out again; (3) the Pitot tube was set up in the middle of the pipeline
test section. The vertical sediment concentration of the pipeline can be obtained by the
stratified sampling method and compared with the sediment concentrations measured at
the inlet and outlet.

3. Results and Discussion
3.1. Velocity Distribution

Turbulence motion, whether in laboratory model experiments or natural rivers, is
an important form of water movement. By analyzing the velocity distribution caused by
the change in sediment concentration in the pipe, the physical mechanism of the change
in velocity structure in the pressurized pipe can be investigated. When clear water is
transported in the pressurized pipe, the measurement results show that the velocity of
the circular pipe section has an axisymmetric distribution. Figure 4 shows the measured
velocity distribution from the bottom wall to the central axis of the pipe (0 ≤ y ≤ R). The
distribution of the mean flow velocity in the turbulent flow of clear water is generally
described by the logarithmic flow velocity formula:

um − u
u∗

=
1
κ

ln
ym

a
(1)

where um is the maximum velocity of the flow; u∗ is the shear velocity, i.e., u∗ =
√

τw/ρ,
whereas τw is the shear stress acting on the pipe walls, i.e.,τw = ρgRJ/2; ρ is the density of
the liquid; J is the horizontal pipe slurry energy slope; u is the time-averaged velocity at a
distance a from the pipe wall; k is the von Kármán constant (in clear water, K value is 0.40);
and ym is the location of the maximum velocity in the vertical direction.
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Figure 4. Observed clear water velocity distribution with different flow discharges: (a) Q = 5.05–25.09 m3/h; and
(b) Q = 29.45–50.13 m3/h.

Figure 5 shows a velocity profile in a circular pipe under clear water conditions which
agrees with a logarithmic distribution, and Table 2 lists the shear velocity under different
flow rate conditions.

Figure 5. Theoretical curve and experimental data in the clear water pipe.

After the flow is mixed with sediment, it changes from clear water to water–sediment
two-phase flow, resulting in obvious changes in the flow movement characteristics and
velocity structure. Figure 6 shows a schematic diagram of the water–sediment two-phase
flow in the pipe.

Table 2. Shear velocity for different flow rates under clear water conditions.

Discharge
Q/m3/h

Head Loss
Hf/cm

Energy Slope
J

Shear Stress
τw/N/m2

Shear Velocity
u*/m/s

5.05 1.85 0.00156 0.3057 0.0175
10.06 4.80 0.00405 0.7933 0.0282
15.02 8.90 0.00750 1.4708 0.0384
20.33 14.50 0.01223 2.3963 0.0490
25.09 21.00 0.01771 3.4705 0.0589
29.45 27.70 0.02336 4.5777 0.0677
35.18 36.20 0.03052 5.9825 0.0773
40.26 45.70 0.03853 7.5524 0.0869
45.12 55.50 0.04680 9.1720 0.0958
50.13 63.20 0.05329 10.4445 0.1022
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Figure 6. Schematic diagram of water–sediment two-phase flow in the pipe: (a) section; and (b) longitudinal.

Compared with those of clear water, the physical and movement characteristics of
sediment-laden flow changed significantly. The increase in sediment concentration resulted
in an increase in the bulk density of muddy water, which led to the corresponding change
in settlement regularity and the rheological characteristics of sediment-laden flow [31]. The
velocity characteristics of water–sediment two-phase flow are much more complex than
those of clear water flow. The interaction between the sediment particles and surround-
ing water changes the rheological characteristics of the flow, and the velocity structure
changes significantly. Figure 7 shows the vertical distribution of velocity in the pipe
caused by the change in sediment concentration under different flow rate conditions. The
most obvious change is from the axisymmetric velocity distribution of clear water to the
nonaxisymmetric distribution.

Figure 7. Vertical distribution of observed velocity for different flow rates: (a) Q = 9.87–10.2 m3/h; (b) Q = 19.87–20.45 m3/h;
and (c) Q = 29.45–30.99 m3/h.

When the flow rate is approximately 10 m3/h (Figure 7a), sliding beds or sediment
deposition occurs at the bottom of the pipe with increasing sediment content, and the
vertical velocity distribution has an obvious change compared with that of clear water. The
maximum velocity is greater than that of clear water and located in the region above the
pipe center (y/D = 0.5). The sediment concentration affects the flow turbulence; especially
when there is a sliding bed or deposition at the bottom of the pipe, the suspended sediment
concentration in this region is relatively high, and the velocity gradient significantly
increases. When the sediment concentration increased to 9.19%, the maximum velocity
increased to 0.6 (y/D), and the velocity distribution changed little in the range of 0–0.3.
However, the velocity gradient in the region from 0.3 to 0.6 was significantly larger than
that in other regions. When the sediment concentration increased to 17.15%, the maximum
velocity increased to 0.7 (y/D), and the thickness of the sediment sliding bed at the bottom
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of the pipe further increased. The velocity distribution in the region below 0.4 was basically
the same, showing signs of laminar flow movement.

When the flow rate increased to approximately 20 m3/h (Figure 7b), the velocity
structure changed significantly. When the sediment concentration gradually increased
from 13.24 to 21.45%, the velocity gradient in the region below 0.5 gradually increased
and the maximum velocity increased and was greater than the maximum velocity of
clear water, which led to asymmetry in the section velocity distribution. When the flow
rate was approximately 30 m3/h (Figure 7c), the hydrodynamic condition was enhanced,
the sediment-carrying capacity was further improved and the asymmetry of the velocity
distribution was significantly reduced.

3.2. Sediment Concentration Distribution

In the turbulent sediment transport process in circular pipes, continuous exchanges
occurred between the upper and lower water layers due to water flow turbulence. The
concentration profiles along the vertical direction show that the low concentration near
the top and high concentration near the bed are affected by the gravity effect of sediment
particles. In this paper, several types of vertical distributions of sediment concentration in
pipes under constant uniform flow are summarized, as shown in Figure 8.

Figure 8. Concentration profiles: (a) Type I, homogeneous flow; (b) Type II, heterogeneous flow; (c) Type III, heterogeneous
flow with a sliding bed; and (d) Type IV, heterogeneous flow with a sedimentary layer.

For stable and uniform pipe flow, the sediment concentration C varies with distance
y from the pipe wall. Under the condition of low flow, the sediment-carrying capacity is
weak, and the concentration of sediment particles becomes increasingly large near the bed
as the sediment concentration increases. For the area near the top of the pipe, the velocity
is smaller than that in the central region due to the resistance of the pipe wall. Additionally,
the sediment concentration is obviously smaller because of the self-gravity effect of the
sediment particles [32], and the vertical concentration distribution tends to be low in the
upper layer and high in the lower layer. Under conditions of large flow, the hydrodynamic
conditions are enhanced, and the sediment particles of the bottom pipe are disturbed and
suspended when the turbulent velocity fluctuations are sufficiently large to maintain the
particles [33]. Figure 9 shows the distribution of sediment concentrations along the vertical
direction in the test section of the pipe.

When the flow rate is approximately 10 m3/h, the vertical concentration profile shows
the distribution characteristics of a low concentration in the upper region and a high
concentration in the lower region, corresponding to the Type IV profile. With an increase
in the flow rate to a value such as approximately 20 m3/h, the vertical concentration
distribution of high sediment-laden flow in the pipe is significantly different from that of
low sediment-laden flow, and the concentration profile changes from Type III to Type II
when the sediment content gradually increases. When the flow rate is further increased
to approximately 30 m3/h, the hydrodynamics are further enhanced, and the vertical
concentration profile gradually tends to become uniformly distributed from top to bottom
(Type I). It is clearly seen that at a given flow rate with an increase in sediment concentration,
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the concentration at the bottom and top of the pipe approaches unity, which implies that
the sediment concentration decreases in the lower half and increases in the upper half [34].

Figure 9. Vertical distribution of measured sediment concentrations in pipes for different discharges:
(a) Q = 9.87–11.14 m3/h; (b) Q = 19.87–20.72 m3/h; and (c) Q = 29.45–30.99 m3/h.

3.3. Influence of Sediment Concentration on the Resistance Coefficient

The pipeline resistance coefficient f is generally described by the Darcy–Weisbach
Equation (2). In the sediment transport process in pipes, the resistance is affected by the
rheological characteristics of hyperconcentrations, which are very different from clear
water. Resistance loss for pipe sediment-laden flows directly affects the sediment transport
capacity. The flow velocity, sediment concentration, sediment particle composition and
other factors will affect the resistance coefficient. Here, we mainly analyzed the influence
of sediment concentration on the resistance coefficient.

The pipe head loss due to friction is obtained from the Darcy–Weisbach equation:

h f = f
L
D

V2

2g
(2)

where f is the resistance coefficient; L is the length of the pipe over which the loss occurs;
hf is the head loss due to viscous effects; g is the gravitational acceleration; D is the pipe
diameter; and V is the mean velocity of the pipe section.

As shown in Figure 10, at the same flow rate, the resistance coefficient f increases
with the sediment concentration in the pipe. In addition, as the sediment concentration
increased, the resistance coefficient at a flow rate of 20 m3/h was significantly faster than
that at a flow rate of 30 m3/h. Under the same transportation conditions, the sediment
concentration increase means that the solid volume fraction in the unit volume increases
and the collision of the interparticle increases. This also increases the energy of water used
to support the particle suspension and increases the pipeline resistance loss [35].

Figure 10. The influence of sediment concentration on the resistance coefficient.
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3.4. Sediment Transport Flux and Sediment Sorting
3.4.1. Sediment Transport Flux

The sediment concentration and velocity determine the sediment transport capacity of
the pipe. Under the given flow conditions, many sediment transport equations can predict
the sediment transport capacity of a given sediment. Existing sediment transport formulas
can be classified into several categories due to their basic approaches [33]: (1) sediment
transport formulas based on convection; (2) sediment transport formulas based on the
energy dissipation rate; and (3) graphic methods and empirical formulas based on regres-
sion analysis. The cross-sectional velocity and sediment concentration distribution of the
pipe under stable and uniform conditions were obtained through the experiment, and the
sediment flux in the vertical line was graphically calculated. A schematic diagram of the
velocity and sediment concentration in the pipe is shown in Figure 11.

Figure 11. Sketch of the velocity distribution, concentration profile, as well as the sediment settling
and erosion processes (modified from Julien, 2010 [33]).

The total sediment transport discharge per unit width q can be calculated from the
sum of the unit bed sediment transport discharge qb and the unit suspended sediment
transport discharge qs from Equation (3):

q = qb + qs = qb +
∫ D

a
Cuxdz (3)

where q is the total sediment transport discharge per unit width; qb is the bed load transport
discharge per unit width; qs is the suspended load transport discharge per unit width;
ux is the time-averaged velocity; a is the reference elevation above the pipe wall; z is the
elevation above the reference elevation; and D is the pipe diameter.

For a certain section of the pipe, the sediment flux at different heights y can be
expressed as the product of the average velocity ui and sediment concentration ci, i.e.,
qi = uici. According to the physical process of sediment transport, the sediment trans-
port flux at different heights in a certain section of the pipe can be calculated by using
Equation (2). This research aimed to obtain the vertical distribution of sediment transport
discharge per unit width of the center section, and the results are shown in Figure 12.

At a low flow rate of 10 m3/h (Figure 12a), there are different degrees of sediment
deposits or sliding layers in the pipe bottom with increasing sediment content. The vertical
velocity gradually tends toward zero near the bed, resulting in the sediment flux approach-
ing zero in this region, while the maximum sediment flux zone gradually moves up with
increasing bottom sedimentary layer thickness. When the flow rate reaches 20 m3/h
(Figure 12b), the maximum sediment transport flux zone in the pipe gradually moves up
with increasing sediment content, the maximum sediment transport intensity is generally
located in the pipe center (y/D = 0.5), and the maximum velocity is also located in this
region. With the increase in sediment content in the pipe, the sediment transport character-
istics change, unlike those under the low-concentration flow condition. When the flow rate
increases to 30 m3/h (Figure 12c), the profile of the velocity and sediment concentration
tends to distribute evenly along the vertical direction with increasing sediment content,
and the overall sediment transport intensity increases. Under high-concentration flow
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conditions, the settling velocity of sediment particles decreases, and the gravity effect is
relatively weakened. Additionally, the number of collisions between particles increases
and the sediment concentration distribution is relatively uniform, which leads to the strong
sediment-carrying capacity of the hyperconcentrated flow.

Figure 12. Distribution of sediment transport flux per unit width: (a) Q = 9.87–11.14 m3/h; (b) Q = 19.87–20.72 m3/h; and
(c) Q = 29.45–30.99 m3/h.

3.4.2. Sediment Sorting

Under natural conditions, the movement and deposition of solid–liquid two-phase
flow are often accompanied by the separation of solid particles. The temporal and spa-
tial separation information of these particles is of great significance for the analysis of
environmental climate change, geomorphic evolution and the movement mechanism of
solid–liquid two-phase flow [13]. Sediment sorting is a process of adjustment caused by
the energy conversion and continuous dissipation of sediment-laden flow. The interactions
between flow turbulence and sediment settlement affect each other. The gradient of the
sediment concentration distribution along the vertical direction and the turbulence inten-
sity of the water flow are the main factors affecting sediment settling and sorting [36]. In
this experiment, sediment samples with different sediment concentrations were obtained
by the stratified sampling method, and an ultrafast Malvern 3000 intelligent particle size
analyzer was used to analyze the particle sizes in each group of sediment samples.

Figure 13 shows sediment sorting caused by sediment concentration under different
flow conditions. (1) When Q = 10.2 m3/h and C = 9.19%, the sediment gradation at
different positions along the vertical direction obviously changes. The slope of the sediment
gradation curve decreased from bottom to top (Figure 13a) and the sediment particle size
distribution became progressively uniform. The sediment composition in the range below
the pipe center (y/D = 0.5) was very uneven and was mainly dominated by coarse particles.
For sediment particles with y/D values above 0.5, the proportion of fine sediment obviously
increased, and the size composition of the upper sediment was more uniform and mainly
dominated by fine particles. (2) When Q = 10.02 m3/h, C = 13.02% and Q = 9.87 m3/h,
and when C = 17.15%, the sediment deposition thickness in the pipe bottom increases,
the composition of the sediment particles below 0.5 is still uneven, and the proportion
of coarse particles in the sediment is still large. Sediment with values above 0.5 presents
different layers, the grading curve is obvious and the volume density of the fine sediment
gradually increases.
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Figure 13. Sediment sorting with different sediment concentrations: (a) Q = 10.2 m3/h; C = 9.19%; (b) Q = 10.02 m3/h;
C = 13.02%; (c) Q = 9.87 m3/h; C = 17.15%; (d) Q = 20.43 m3/h; C = 13.24%; (e) Q = 20.45 m3/h; C = 17.15%; and
(f) Q = 20.72 m3/h; C = 24.21%.

When Q = 20.43 m3/h and C = 13.24%, obvious stratification of the sediment grading
curve still occurred along the vertical direction, and the proportion of fine particles in the
sediment gradually increased from bottom to top in the pipe; however, the coarse particles
still accounted for a large proportion of the sediment (Figure 13d). When Q = 20.72 m3/h
and C = 24.21%, the composition of the sediment particles along the vertical direction was
basically the same, and the gradation curve had no significant change (Figure 13f). In
addition, the effect of sediment sorting progressively weakened, and coarse particles in
the sediment were still the main component. The interaction forces between solid particles
included Coulomb friction, collision stress and dispersion stress. When the concentration
of particles is high, collisions between particles are dominant [13]. At the same flow rate,
the increase in sediment concentration leads to the enhancement of collisions between
particles, and the ascending effect of coarse particles is obviously strengthened [37]. The
free movement distance between suspended sediment particles is reduced, and the number
of collisions increases, weakening the separation of coarse and fine particles.

In sediment-laden flow, there is always relative movement between the sediment par-
ticles and the surrounding water. The increase in sediment particles restricts the turbulent
development of the flow; however, the number of particle–particle collisions increases, the
sedimentation of coarse particles is limited to a certain extent, and the separation strength
of sediment particles is also relatively reduced.

To further illustrate the vertical separation effect of sediment particles, a specific
analysis of the median particle size (d50) of sediments at different heights was carried out.
Figure 14 shows the distribution of the median particle size (d50) along the vertical direction
at different discharges and sediment concentrations. Under low-discharge conditions, the
median grain size of the sediment particles varied greatly along the vertical direction
gradually, with a gradual decrease from 100–116 µm at the pipe bottom to 5–20 µm at
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the pipe top (Figure 14a). When the flow rate was approximately 20 m3/h, the vertical
change in the median particle size was weakened, and the vertical change in the median
particle size was small with increasing sediment content. For example, when the sediment
concentration was 24.21%, the median sediment particle size hardly changed along the
vertical direction, as shown in Figure 14b. When Q = 30 m3/h and C = 20.89%, the median
sediment particle size was uniformly distributed along the vertical direction, and there was
no obvious change (Figure 14c). At high transportation velocities, the sediment particles
are generally uniformly distributed across the cross-section of the pipe [38]. The reason for
this is that the average free moving distance between sediment particles is reduced, and
the dense particle arrangement inhibits the generation and development of larger-scale
turbulent eddies, weakening the separation effect of coarse and fine particles in the vertical
direction [39,40].

Figure 14. Distribution of the median particle size (d50) along the vertical direction at different sediment concentrations and
different discharges: (a) Q = 9.87–11.14 m3/h; (b) Q = 19.87–20.72 m3/h; and (c) Q = 29.45–30.99 m3/h.

Pipeline transport is widely used in river sediment engineering applications, such as
flood discharge and sediment discharge in upstream reservoirs, diversion and sediment
diversion along the river channel, dredging in downstream river channels and siltation
in floodplains, due to its efficient sediment transfer capacity. The optimal allocation of
water and sediment resources in the river plays an active role in promoting the recovery
of reservoir capacity, maintaining the stability of the river channel and improving the soil
fertility of floodplain areas. The sediment-carrying flow structural change and the sediment
sorting mechanism were experimentally determined at different sediment concentrations;
these results can provide technical support for flood discharging and sediment flushing,
reservoir capacity restoration and channel dredging.

3.5. Limitations and Uncertainties

The movement of water–sediment in pipelines is actually a complicated movement of
solid–liquid two-phase flow, which is much more complicated than that in open channels.
In this experiment, there were the following limitations and uncertainties.

The measurement accuracy of the local velocity in the pipe depends on the distance
between the total and static tubes, the rheological behavior of the fluid and the Reynolds
number. When the Reynolds number is low, frictional losses become predominant over
the dynamic pressure term, and the measured pressure difference is not an adequate
representation of the kinetic energy transformation. Additionally, the rheological behavior
of the fluid plays a key role in the accuracy of the measurements [41]. In addition, the
sediment concentrations at different heights are obtained by using a Pitot tube. When the
sediment in the pipeline is too large, it easily causes internal blockage. When this happens,
it is necessary to flush the blocked sediment via water injection and then perform a retest
to obtain the sediment concentration.
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There are many factors that will affect pipeline sediment transportation, such as diam-
eter, pipeline material characteristics and sediment particle sizes. The relevant data in this
study were obtained from tests performed in a pipe with an inner diameter of 80 mm. For
slurry pipeline transportation, the boundary effect of an 80 mm inner diameter is relatively
obvious compared to that of pipes with large diameters of hundreds of millimeters or more
in the project. Therefore, the experimental results could only perform qualitative analysis.
Regarding the transformation of experimental results to practical engineering, we need to
consider the Reynolds similarity and resistance similarity, which will be further explored
in subsequent experiments.

4. Conclusions

Through the design of a horizontal pressured sediment transport pipeline test model,
nonuniform sediment (d50 = 107 µm) was used as the experimental material, and the
distributions of the velocity and sediment concentration for a variety of hyperconcentrated
and dilute flows were studied. The detailed conclusions are as follows.

Under conditions of low flow rate (Q = 10 m3/h), the thickness of the sliding bed or
sedimentary layer at the bottom of the pipe increases with increasing sediment content. The
maximum velocity zone moves up significantly, and the asymmetry of the velocity profile
becomes large. The low-velocity hydrodynamic force is weak, and the vertical sediment
particles are obviously stratified. The pipe bottom area is dominated by coarse-grained
sediment (d50 = 110–125 µm), and the fine-grained sediment (d50 ≤ 90 µm) is mostly
concentrated in the upper area. At the same flow rate, the sediment flux in the central area
of the pipe increases with increasing sediment content.

When sediment transport is driven by a large flow rate (Q ≥ 20 m3/h), there is little
or no sediment at the bottom of the pipe, and most of the sediment moves forward in the
form of a suspended load. The sediment-carrying capacity of the water flow increases,
and the asymmetry of the velocity profile distribution is reduced. With the increase in
the sediment content, the concentration profile gradually transforms from the “upper
small, lower large” type to a uniform type, and the sediment transport capacity in the pipe
increases accordingly. When Q = 20.72 m3/h and C = 24.21% and when Q = 29.60 m3/h
and C = 20.89%, the sediment concentration profile becomes uniformly distributed along
the vertical direction, the separation effect of sediment particles weakens, and the median
particle size (d50) does not change much along the vertical line.

This paper mainly discussed the technical engineering issues of sediment transport
and sorting in horizontal pipelines. The characteristics of the flow velocity structure,
concentration profile, sediment transport flux and sediment sorting that vary with flow rate
and sediment content were studied, and the interaction mechanism between sediment and
water flow was revealed. These research results can provide some references for reservoir
flooding and sediment discharging, river dredging and floodplain area deposition.
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