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Fluent simulates the water-sand flow around a cylinder. Monitoring lines are set
up at different positions in the cylindrical surface and the very near wake area
behind the cylinder, in order to explore the speed difference of fluid and sand in the
water-sand two-phase flow in the boundary-layer and the very near wake area.
The results show that the sand particles stay for the longest time on the back of the
cylindrical surface and in the very near wake area, and a small part of the sand
particles are sticky on the back of the cylindrical pier. When the height of the
cylinder is z/D € (1.57, 3.14), the turbulent flow on the cylindrical surface is fully
developed. The dynamic pressure of the flow field in the very near wake area be-
hind the cylinder fluctuates greatly, and the water-sand flow is extremely unstable.
At the monitoring position of the cylinder, there is a sudden decrease in the ve-
locity of the fluid, while the velocity of the sand particles changes little and re-
mains finally at about —0.02 m/s. The water-sand flow field near the wall changes
drastically, but the velocity change of sand particles has obvious hysteresis com-
pared with fluid. When leaving the near-wall position but still in the cylindrical
wake area (x/D < 3), the changes in the water-sand flow field are more intense and
and the velocity of the sand particles is still slightly larger than the fluid velocity.
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Introduction

There are many rivers and multiple bridges in China. The water-sand flow around a
cylinder is common. Therefore, the study of the solid-liquid two-phase flow around a cylinder
has practical engineering significance. In view of this, many scholars have carried out exten-
sive research on the problem of solid-liquid two-phase flow around a cylinder. Righetti and
Romano [1] found that the closer to the wall, the interaction of the solid particles and the fluid
will be more affected through experiment. Ni and Huang [2] studied the motion characteris-
tics of non-cohesive particles in the water flow by changing the particle concentration. Gore
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and Crowe [3] found that the particle size would affect the turbulence intensity of fluid. Small
size particles inhibited fluid turbulence intensity and the large one enhanced the intensity. In
the same incoming flow velocity, Zhao et al. [4] used particle image velocimetry technology
to carry out the influence of particles in the flow field on the turbulence and the law of inter-
action between particles and the fluid. Lei and Tan [5] obtained the 2-D flow characteristics
near the wall in the wake area of the flow around the cylinder under different Reynolds num-
bers by Transition SST model. Cui et al. [6] found that the cross-sectional form of the sub-
merged part of the composite bridge pier had a great influence on the average drag coefficient
under different water depths. Zhang et al. [7] found that the free end of the finite-length cyl-
inder had a significant effect on the wake area. The boundary-layer separation of the fi-
nite-length cylinder was unstable. Duan and Wan [8] used LES to analyzed the instantaneous
velocity in the wake region behind the cylinders with four different slenderness ratios. It was
concluded that the instantaneous velocity profile always surrounded the time-average veloci-
ty. Huang and Wu [9] found that the particle diffusion distribution in the wake was closely
related to the Strouhal number of the particles and the structure of the wake vortex based on
the discrete vortex method. Qiao et al. [10] studied the influence of mixed flow under differ-
ent sand content on the force characteristics of cylinders with different surface roughness.

It can be seen that in the study of two-phase flow around a cylinder, most of the
two-phase flow is studied as a mixed flow, or only as the particle flow in the flow field. In
reality, when the mixed flow passes around the cylinder, there will be differences in the ve-
locity of fluid and sand particles in the boundary-layer of the cylindrical wall and the wake
region behind the cylinder [11]. In particular, the separation of the boundary-layer on the wall
often causes a large increase in resistance and fluid kinetic energy loss, while the presence of
sand particles in the flow field can regulate the separation of the boundary-layer, and enhance
fluid pulsation and the transportation capacity of energy and momentum in the flow process
[4, 12]. Therefore, if the velocity changes of the fluid and sand particles in the boundary-layer
and wake area can be accurately estimated, it is of great significance to effectively control the
boundary-layer flow in the project.

At present, most of the numerical simulation research on the boundary-layer is a 2-D
model, which ignores the velocity change of the mixed water-sand flow on the wall surface of
the cylindrical bridge pier in the span direction. Therefore, based on the common typical high
Reynolds number Re = 1 x 10%, a 3-D model is made to simulate the single cylinder of wa-
ter-sand flow field by setting monitoring positions on the cylindrical surface and the very near
wake area behind the cylinder, to explore the difference in velocity changes of fluid and sand
particles in the boundary-layer and in the very near wake region.

Turbulence model and numerical model

Turbulence model

The movement of the fluid in the boundary-layer is affected by the normal velocity
gradient. Therefore, RANS SST k- turbulence model based on turbulence theory [13] is
chosen to solve the turbulent flow field. Among them, the SST k-w turbulence model adopts
the k-w model in the near-wall region. The k- model can be expressed as the transport equa-
tion of turbulent kinetic energy, k, and specific dissipation rate, :
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where Gy is the turbulent Kinetic energy generated by the laminar flow velocity gradient, G, —
the turbulent kinetic energy generated by the @ equation, Ty and T, are the diffusion rate of k

and o, Yy and Y,, are the turbulence generated by diffusion, and D,, — the orthogonal divergence.
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Numerical model

The 3-D calculation model [14-17] established by ANSYS Workbench takes the
cylinder diameter, D, as the characteristic scale, and the specific dimensions are shown in fig.
1. The origin of the co-ordinates is at the center of the bottom surface of the cylindrical pier,
and the x-, y-, and z-directions are positive.
Setting the initial and boundary conditions [14-17] according to the actual situation:
— The entrance is the velocity inlet, the steady velocity of the water-sand two-phase flow U, =
1 m/s, water flows vertically into the velocity inlet [18], and the exit is free outflow.

— The left and right sides and upper and lower walls of the calculation domain are symmetrical
boundaries, and the surface of the cylindrical bridge pier is a non-slip wall.

— The density of water p= 1 x 10° kg/m®, the dynamic viscosity coefficient .= 0.001003, the
diameter of the cylinder D = 1.0 m, and the Reynolds number Re = 1.0 x 10°.

— The particle size is uniformly set to 5 x 10™ m, it belongs to sand according to the silt
particle classification standard.

— The density of sand is 2500 kg/m®, and the average sand content is 1.6 kg/m, which belongs
to the river with large sand content [19].

The ICEM is used to mesh the 3-D model, and fig. 2 shows the dense grid division
near the cylinder.

Water-sand flow
velocity entrance

=S 20D X
/ 10D
30D 3 A
Figure 1. Model of the computational domain Figure 2. The grid division diagram

Combining the symmetry of the cylinder and the transition position of the bounda-
ry-layer, the monitoring position of the cylinder is shown in fig. 3(a). The monitoring position
in the very near wake area (x/D < 3) [20] is shown in fig. 3.

Result analysis and discussion
Fluid and sand velocity changes at different monitoring positions
of the cylindrical surface

As shown in fig. 4(a), the sand particles stay for a long time on the back of the cy-
lindrical surface. Figure 4(b) shows that a small part of sand particles mainly sticks to the side
and back of the cylindrical surface. This phenomenon is consistent with the argument that
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particles moving near the wall are easily deposited on the wall due to the Saffman force men-
tioned in [11].
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Figure 3. Schematic diagram of the monitoring line positions; (a) monitoring position of
the cylinder and (b) monitoring location of very near wake area

(@) (b)
Figure 4. Distribution of sand particles in the cylinder; (a) sand particles residence time distri-
bution and (b) the distribution of sand particles sticking to the wall

Analyzing the output discrete phase model (DPM) file data after the FLUENT tran-
sient calculation is completed, and the velocity changes of fluid and sand particles at different
monitoring positions are obtained as shown in fig. 5.
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Figure 5. Velocity curves of fluid and sand particles at different monitoring positions of the cylinder;
(a) fluid velocity changes and (b) sand velocity changes
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From bottom to top along the cylinder A-A, the fluid velocity increases to 0.75 m/s,
then decreases to 0.68 m/s and finally stabilizes at 0.70 m/s. From bottom to top along the
cylinder B-B, the fluid velocity first increases to 0.23 m/s, then decreases to 0.06 m/s and
finally stabilizes at 0.07 m/s. From bottom to top along the cylinder C-C, the fluid velocity
increases to 0.19 m/s, then decreases to 0.01 m/s and remains stable. It can be seen that the
fluid velocity tends to be stable from the position of the cylinder z/D = 1.57, and the turbulent
flow on the cylindrical bridge pier surface is fully developed when z/D € (1.57, 3.14). Dur-
ing the mixed water-sand flow flows from A-A to B-B, the larger velocity gradient [21] in the
boundary-layer makes the fluid velocity drop from 0.70 m/s to 0.07 m/s in a shorter path.

Due to the existence of negative pressure, the velocity of the sand particles is rela-
tively unstable along the cylinder A-A from bottom to top. When the water-sand flow flows
from the cylinder B-B to C-C, the sand velocity gradually stabilizes at about —0.02 m/s, and a
small part of the sand moving near the wall is stuck on the cylindrical surface by the Saffman
force.

Fluid and sand patrticles velocity changes at different monitoring positions in
the very near wake area behind the cylinder

From the fluid velocity change curve at different monitoring positions of the cylin-
der, it is found that when z/D € (1.57, 3.14), the fluid velocity remains stable and the turbu-
lent flow is fully developed on the cylindrical surface. Therefore, this article analyzes the flow
field plane at z/D = 1.57:

— Figure 6(a) shows that the mixed water-sand flow velocity in the very near wake area ba-
sically does not exceed 0.2 m/s.

— Figure 6(b) shows that at z/D = 1.57, y/D = 0, the dynamic pressure fluctuates relatively
large in the very near wake area 0.5 < x/D < 3.

It shows that the movement of mixed water-sand flow is extremely unstable by the
large-scale vortices in the very near wake area of the cylindrical bridge.

1500
Dynamic pressure

43400
1350400 [0}

s

1 0100 £ 800

sate0n ‘

- D E 700
2 o
>
a

-

s

o

o
T T T T T

s 400
20t 300
sae2 200

543210123 45
(@) (b) xID
Figure 6. Velocity and dynamic pressure diagram of the flow field plane at z/D = 1.57;

(a) velocity distribution of mixed water-sand flow and (b) dynamic pressure diagram

According to the analysis in fig. 6, this paper extracts the DPM data of three loca-
tions at z/D = 1.57, y/D € (-1, 1) in the very near wake area to analysis. The velocity changes
of fluid and sand particles at different monitoring positions in the very near wake area are
shown in fig. 7.

When x/D = 0.58, the dynamic pressure begins to fluctuate, and the flow field
changes begins to become violent. At y/D € (-0.5, -0.4) and y/D € (0.4, 0.5), although both
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Figure 7. Velocity distribution curves of sand particles and fluids at different positions in the very near
wake area; (a) x/D =0.58, (b) x/D = 2.02, and (c) x/D = 3.0

the velocity of fluid and sand drop from 1.22 m/s due to the obstruction of the cylindrical
bridge piers, the velocity of the sand particles is always slightly greater than that of the fluid.
It can be seen that the velocity change of sand particles has an obvious hysteresis than that of
the fluid. In the same way, the fluid velocity basically drops to zero at y/D € (-0.4, 0.4), but
the post-cylinder sand velocity is not zero due to the negative pressure. At the same time, the
Saffman force also helps the sand particles moving near the wall stick to the wall.

When x/D = 2.02, the dynamic pressure fluctuates greatly and the flow field changes
relatively sharply. Although the change of fluid velocity decreases rapidly from 1.12 m/s in
the area y/D € (-0.5, -0.15) and y/D € (0.15, 0.5), the area where the fluid velocity is basi-
cally zero has been reduced to (-0.15, 0.15), and the sand velocity is still slightly larger than
the fluid velocity. However, the sand movement is dominated by inertial force at this time. It
can be seen that the movement of sand particles responds slowly to changes in turbulence, and
is greatly affected by the impact on the wall of the cylindrical bridge pier and the velocity is
greater than that of the fluid.

When x/D = 3.0, the water-sand flow is far away from the cylinder but still in the
very near wake area. The minimum velocity of the fluid behind the cylinder is no longer zero
and has a tendency to gradually increase at this time. In the area affected by the diameter of
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the cylinder y/D € (-0.5, 0.5), the velocity of sand particles is still slightly larger than that of
fluid. 1t can be seen that the movement of sand particles is still mainly controlled by inertia at
this time and responds to turbulence changes slowly. The sand particles are greatly affected
by the impact on the wall.

Conclusion

By analyzing the velocity changes of fluid and sand particles at different monitoring
positions on the cylindrical surface and in the very near wake area behind the cylinder, the
conclusions are obtained as follows.

e On the back of the cylindrical surface and in the very near wake area behind the cylinder,
the sand particles stay for the longest time. A small part of the sand particles moving near
the wall are stuck to the back of the cylindrical surface due to the Saffman force. In the
process of flowing around the cylinder, the velocity of the water-sand flow at the cylinder
z/D = 1.57 begins to remain stable. When the cylinder height is z/D € (1.57, 3.14), the
turbulent flow on the cylindrical bridge pier surface is fully developed.

e The fluid on the cylindrical surface is subjected to viscous shear stress. Due to the large
velocity gradient in the boundary-layer, the fluid velocity has a sudden drop to about 0.07
m/s during the movement of the fluid from A-A to B-B on the cylinder. The sand velocity
on the back of the cylinder is basically stable at about —0.02 m/s. At this time, it is more
likely to stick to the wall due to the Saffman force in the boundary-layer.

e In the very near wake area behind the cylindrical bridge pier, the mixed water-sand flow
velocity does not exceed 0.02 m/s. The dynamic pressure fluctuates greatly due to the ex-
istence of large-scale vortices.

¢ In the very near wake area behind the cylindrical pier, the velocity of fluid and sand parti-
cles decreases rapidly in the area blocked by the cylindrical pier, but the velocity of the sand
particles is always slightly greater than that of the fluid. The dynamic pressure of the wa-
ter-sand flow in the wake area behind the cylinder fluctuates greatly and the flow is ex-
tremely unstable. The inertial force plays a role in leading the movement of sand particles in
the very near wake area. Compared with the velocity change of the fluid, the velocity
change of sand particles has obvious hysteresis. It can be seen that the movement of sand
particles responds to turbulence changes slowly, and it is greatly affected by the impact on
the wall.

e The study of the speed difference phenomenon of fluid and sand in the boundary-layer
and the very near wake area has a certain significance for the effective control of bounda-
ry-layer flow in engineering. But there are still some shortcomings in this paper, such as
temperature change can significantly affect the energy transmission in the boundary-layer,
but this simulation is conducted at room temperature, and further research can be done on
this.
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