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Abstract: A two-dimensional mathematical model is used to simulate the influence of water flow on the piers of a bridge for different incidence angles. In particular, a finite volume method is used to discretize the Navier-Stokes control equations and calculate the circumferential pressure coefficient distribution on the bridge piers’ surface. The results show that the deflection of the flow is non-monotonic. It first increases and then decreases with an increase in the skew angle.
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1  Introduction

After the bridge is built in a natural river, due to the compression and interference of the bridge piers on the water flow, a series of changes near the bridge location can occur. Due to the partial water blocking effect of the pier, the flow velocity upstream of the dock slows down, and the water level is high as a result. Its impact on the upstream and downstream involves the flood control safety of the dams on both sides of the bank, nearby cities, as well as factories and mines. The water flow structure at the bridge pier is more complicated [1]. On the front side of the bridge pier, the water flows down and flows around on both sides to form a horseshoe-shaped vortex on the bed surface. The boundary layer around the piers separates to create a wake vortex. Furthermore, small vortices are released from the bed surface behind and on both sides of the pier. In addition, many factors cause local water flow changes in bridge piers. The content includes:

The content includes:

•   The compression ratio.

•   The flow velocity of the upstream of the river.

•   The shape of the bridge piers.

However, despite that many studies on the flow structure near the bridge piers exist, there is no ideal result yet due to the complexity of the problem [2]. Specifically, the referenced authors use three turbulence models (standard, RNG, and realizable models) to carry out three-dimensional numerical simulation calculations on the flow structure near the bridge piers.

2  Three-dimensional Numerical Simulation of Water Flow Near Bridge Piers

2.1 Basic Equations of Fluid Motion

1)   Continuity equation


dρdt+ρ∂uj∂xj=0,j=1,2,3
(1)

Incompressible fluid has 
dρdt=0
, so the continuity equation of incompressible fluid is


∂uj∂xj=0,j=1,2,3
(2)

2)   Momentum equation


∂ui∂t+uj∂ui∂xj=1ρ∂pij∂xj,=i,j=1,2,3
(3)


pij
is the surface stress on the fluid cluster, which is a second-order tensor. The constitutive relationship is expressed as follows (that is, the generalized Newton formula):


Pij=−pδij+2μ(Sij−13Skkδij)+μ′Skkδij
(4)


p
is the static pressure. 
δij
is the Kronecker symbol. 
μ
is the dynamic viscosity coefficient. 
Sij
is the strain rate tensor. E is the second viscosity coefficient. It is related to the expansion and compression of the fluid [3]. For an incompressible fluid, 
Skk=0
is substituted into 
Sij=12(∂ui∂xj+∂uj∂xj);Skk=∂uk∂xk,k=1,2,3;u′
. (4) and after simplification, the momentum equation of incompressible fluid can be obtained as


∂ui∂t+uj∂ui∂xj=1−1ρ∂p∂xi+v∂2ui∂xj2,j=1,2,3
(5)

where: v is the kinematic viscosity coefficient of the fluid.

2.2 Basic Situation of Turbulence Mode

Taking the average of both sides of the N-S equation, the Reynolds average equation is


∂uj¯∂xj=0,j=1,2,3
(6)


∂ui¯∂t+uj¯∂ui¯∂xj=1−1ρ∂p¯∂xi+v∂2ui¯∂xj2−∂ui′uj′¯∂xj,i,j=1,2,3
(7)

The emergence of Reynolds stress 
−ρui′uj′¯
makes the originally closed equations not closed now. The 
k−ε
two-equation model is based on the Bushinsk vortex viscosity assumption to determine the solution method of 
vt
by establishing the relationship between 
k,ε,vt
, the k equation and the ε equation. In this way, the Reynolds average equation is closed. The 
k−ε
model is the most widely used among various two-equation models. This is the most extensively tested and applied turbulence model. On this basis, scholars have studied and improved the eddy viscosity model [4]. We introduce the standard 
k−ε
model of wall function processing to the near-wall area where there is a dense bottom layer and transition zone. The article revises the model constants, and the control equation is consistent with the standard 
k−ε
model RNG model. The article makes a new model for the dissipation rate of the standard 
k−ε
model equation to ensure that the 
k−ε
model with turbulent kinetic energy k ≥ 0 can be realized. This model assumes that the flow is completely turbulent, and the influence of molecular viscosity can be ignored. This standard 
k−ε
model is only suitable for the simulation of completely turbulent flow processes. In conclusion, the convergence of the k-epsilon model is better than that of the RNG model.

2.3 Meshing

We simulate the water flow near the pier in the case of a single pier. We then calculate the length, width, and height of the water tank to be 8 m × 1.2 m × 0.18 m. The side length of the pier is 0.2 m, and the height of the pier is 0.18 m. The quality of grid generation directly affects the calculation accuracy and convergence. We can use grid segmentation technology to generate grids for different calculation areas to calculate the water flow near the bridge piers. The complex three-dimensional area can be deconstructed into a series of three-dimensional sub-blocks through block division. In each sub-block, different grid densities can be arranged conveniently according to the characteristics of the flow field [5]. The water flow changes drastically near the bridge piers, so the grids near the bridge piers need to be encrypted. To better observe the characteristics of the backwater of the bridge piers at the free water surface, the mesh at the free water surface also needs to be encrypted.

2.4 Discrete Method and Calculation Scheme Determination

The numerical calculation method used by the author is the finite volume method. The discrete format we chose is the upwind difference format [6]. The upside-down style has good stability. Its characteristic is that the spatial difference form adopts the front or back difference with the flow velocity direction. Numerical simulation of free surface problems can be realized by the VOF method. Its essence is to use the volume ratio function F of the grid cells filled with fluid to complete this function.

3  Analysis of the Results of Three k-ε Turbulence Models Simulating Water Movement Near the Bridge Piers

We use three 
k−ε
models to study the changes in the free water level and the average flow velocity under the two flow levels set above in the case of a single pier (Fig. 1).

[image: images]

Figure 1: Three-dimensional view of single pier geometric model

3.1 Simulation of the Standard k-ε Model

1)   Criterion 
k−ε
simulates the change of free water surface. When the flow rate is 144 m3/h, and the outlet water depth is 15 cm, the contour map of the free surface water level is shown in Fig. 2a. There was stagnant water upstream of the bridge pier, and the maximum inactive water height was 0.35 cm. It appears within the range of 10 cm × 10 cm directly upstream of the bridge pier [7]. The height of the backwater in most areas upstream of the piers is in the range of 0.1∼0.2 cm. The water level decreases on both sides and downstream of the bridge piers, and the maximum decrease is 0.3 cm. It is located near both sides of the bridge pier, with a range of 10 cm × 10 cm.

[image: images]

Figure 2: Standard simulated free surface water level contour

In addition, a significant drop in the water level can also be observed in the corresponding range of the downstream rear end of the bridge pier, and the drop in the water level is generally in the range of 0.1 cm. When the flow rate is 288 m3/h, and the outlet water depth is 15 cm, the contour map of the free surface water level is shown in Fig. 2b. Retention water is also common upstream of the bridge pier, and the maximum height of the backwater is about 0.9 cm. It appears in the middle and upper reaches of the bridge piers, with an area of 10 cm × 10 cm. The height of stagnant water upstream of the bridge piers is generally between 0.1 and 0.5 cm. This is a significant increase compared to the flow rate of 144 m3/h under the same model. The water level decreases downstream and on both sides of the pier, and the maximum decrease is 0.9 cm. Under this condition, the water level decrease in most areas downstream of the pier exceeding 0.3 cm.

2)   The change of the average flow rate: In the case of a flow rate of 144 m3/h and an outlet depth of 15 cm, the vertical average flow velocity contour diagram is shown in Fig. 3a. The flow velocity in a local upstream area of the bridge pier is reduced due to the backwater, and the maximum value of the reduction is 0.17 m/s. The affected area is located in the range of 10 cm × 10 cm upstream of the middle pier. The flow velocity increases on both sides of the pier due to the squeezing water flow [8]. The maximum increase in velocity is 0.038 m/s. Due to the water blocking effect of the pier, the flow velocity decreases in a larger area downstream of the pier. The maximum reduction is 0.21 m/s. When the flow rate is 288 m3/h, and the outlet water depth is 15 cm, the vertical average flow velocity contour diagram is shown in Fig. 3b. The maximum value of the flow velocity reduction in front of the pier is 0.34 m/s. The velocity reduction range upstream of the pier is between 0.04 and 0.34 m/s. The decrease in the flow velocity is greater than the case of the flow rate of 144 m3/h under the same model [9]. The flow velocity on both sides of the bridge pier increased significantly, and the maximum increase was 0.1 m/s. The flow velocity downstream of the bridge pier has a large decrease, and the maximum value of the decrease is 0.41 m/s.
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Figure 3: Schematic diagram of standard 
k−ε
simulated vertical average velocity

3.2 Simulation of RNG k-ε Model

1)   Free surface water level analysis: When the flow rate is 144 m3/h, and the outlet water depth is 15 cm, the contour map of the free surface water level is shown in Fig. 4a. Upstream of the bridge, piers all appear with backwater, and the height of the backwater is symmetrical. The maximum value of backwater is 0.2 cm. It is located at the upstream front end on both sides of the bridge pier. In addition, the obvious high-water level can also be observed in the corresponding range of the upstream front end of the middle and upstream of the bridge piers. The height of the backwater is between 0.1∼0.2 cm. The water level drops on both sides and downstream of the bridge piers. The maximum reduction value is 0.3 cm near the piers on both sides [10]. The range is 10 cm × 10 cm, respectively. In addition, a significant drop in water level can also be observed in the corresponding range of the downstream rear end of the bridge pier. The range of the water level droppage is generally between 0.1 and 0.2 cm. When the flow rate is 288 m3/h, and the outlet water depth is 15 cm, the contour map of the free surface water level is shown in Fig. 4b. The upstream backwater range is between 0.2∼0.8 cm, and the maximum backwater value appears directly upstream of the pier. It appears in the area of 10 cm × 10 cm. The height of the upstream backwater is higher than the upstream backwater height with the flow rate of 144 m3/h under the same model [11]. Large-scale water drops occurred on both sides and downstream of the bridge piers. In most downstream areas, the water level decreased in the range of 0.2 to 0.8 cm, and the maximum water level decrease was 1.1 cm and appeared downstream of the bridge pier.
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Figure 4: RNG 
k−ε
simulated free surface water level contour

2)   Analysis of average flow rate: When the flow rate is 144 m3/h, and the outlet water depth is 15 cm, the vertical average flow velocity contour diagram is shown in Fig. 5a. The flow velocity in a local upstream area of the bridge pier is reduced due to stagnant water, and the maximum value of the reduction is 0.17 m/s. This are is located within the range of 10 cm × 10 cm upstream of the pier. As the water flow area decreases on both sides of the bridge piers and between the bridge piers, the flow velocity increases [12]. The maximum increase in flow velocity is 0.065 m/s. The flow velocity decreases downstream of the pier, and the maximum value of the decrease is 0.2 m/s. The reduced area is mainly at the end of the pier. When the flow rate is 288 m3/h, and the outlet water depth is 15 cm, the vertical average flow velocity contour diagram is shown in Fig. 5b. The flow velocity upstream of the bridge pier shows the same law as the flow rate of 144 m3/h under the same model, but the maximum value of the flow velocity reduction reaches 0.34 m/s. This is greater than the flow rate of 144 m3/h under the same model. When the maximum increase in flow velocity is 0.11 m/s, it appears in the downstream area on both sides of the pier. The maximum reduction is 0.42 m/s. This are is mainly located at the end of the middle pier. The velocity reduction value in other areas is between 0.04 and 0.39 m/s.
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Figure 5: Schematic diagram of RNG 
k−ε
simulated vertical average velocity

3.3 
k-ε Model Can be Simulated

1)   Free surface water level analysis: When the flow rate is 144 m3/h, and the outlet water depth is 15 cm, the contour map of the free surface water level is shown in Fig. 6a. There is backwater upstream of the bridge pier, and the maximum value of backwater is 0.2 cm. In addition, there was a drop in the water level downstream of the pier [13]. The maximum water level drop was 0.4 cm and appeared in the range of 10 cm × 10 cm on the right side of the pier. The downstream water level generally decreases in the range of 0.1∼0.3 cm. When the flow rate is 288 m3/h, and the outlet water depth is 15 cm, the contour map of the free surface water level is shown in Fig. 6b. The backwater phenomenon appeared upstream of the pier, and the maximum height of the backwater reached 0.9 cm and appeared in the area of 5 cm × 5 cm upstream of the pier. This is significantly higher than the flow rate of 144 m3/h under the same model. The water level downstream of the bridge piers generally decreases, and the decrease range is between 0.2∼0.9 cm.

[image: images]

Figure 6: 
k−ε
simulated free surface water level contour can be realized

2)   Analysis of average flow rate: When the flow rate is 144 m3/h, and the outlet water depth is 15 cm, the vertical average flow velocity contour diagram is shown in Fig. 7a. The flow velocity in a local upstream area of the bridge pier is reduced due to stagnant water. The reduction range is between 0.02∼0.17 m/s. The water flow area decreases on both sides of the pier, increasing flow velocity [14]. The maximum increase in flow velocity is 0.08 m/s. The flow velocity decreases downstream of the pier, and the maximum value of the decrease is 0.21 m/s. The reduced area is within a larger range at the end of the pier. When the flow rate is 288 m3/h, and the outlet water depth is 15 cm, the vertical average flow velocity contour diagram is shown in Fig. 7b. The upstream flow velocity generally decreases, and the maximum value of the decrease is 0.31 m/s. It is located directly upstream of the pier. The area with the largest increase in velocity is located downstream on both sides of the pier, and the maximum increase is 0.15 m/s. At the same time, the flow velocity is greatly reduced downstream of the pier, and the maximum reduction is 0.42 m/s.
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Figure 7: Schematic diagram of 
k−ε
simulation of average vertical velocity

3.4 Comparison and Analysis between the Results of Mathematical Simulations of Three Turbulence Models and the Measured Results

Based on some hydraulic characteristics of the water movement near the bridge piers, we compared the calculation results mainly from the free surface water level change, the average flow velocity, the wake vortex shape, and the upstream cross-sectional water level change with the measured data [15].

Fig. 8 shows the experiment with two cross-sections taken at the distance of 4.8 m and 4.9 m from the inlet, respectively, when the flow rate is 144 m3/s. We use three turbulence models to simulate the water level of the cross-section near the single pier and the comparison chart of the measured water level. It can be seen from Fig. 8 that there is a big difference between the simulation results of the standard 
k−ε
model and the measured results when the water surface is simulated. Both the RNG 
k−ε
model and the achievable 
k−ε
model can simulate the free water surface well.
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Figure 8: Cross-sectional water level comparison when the flow rate is 144 m3/h

Fig. 9 is a comparison diagram of the vertical average velocity contours near a single pier simulated using three turbulence models at a flow rate of 144 m3/s and the actual measured velocity [16]. The points of different shapes in the figure represent the distribution of different flow velocity points. It can be seen from the figure that scheme 1 (standard 
k−ε
) has a large deviation from the measured data in the simulation of flow velocity. In contrast, scheme 2 (RNG 
k−ε
) and scheme 3 (achievable 
k−ε
) can better simulate the distribution of flow velocity.

[image: images]

Figure 9: Comparison of average flow velocity and measured flow velocity of 144 m3/s

3.5 Comparison of Mathematical Simulation Results of Three Turbulence Models

Under the same model, with the flow rate increase, the maximum value of the decrease of the flow velocity presents the same change law as the maximum height of the backwater. There is an unstable flow state at the end of the pier [17]. The boundary layer will be forcibly separated near the singularity. The vortex shedding occurs at the sharp corners of the square column surface and gradually develops into a more mature Karman vortex at the tail. From the comparison of the free surface water level, the average vertical velocity, and the experimental data, it can be seen that the RNG 
k−ε
model and the achievable 
k−ε
model are better than the standard 
k−ε
model in the simulation of water surface and velocity near a single pier. All three models can achieve good results in the simulation of the tail flow field. Therefore, in general, the RNG 
k−ε
model and the achievable model can better simulate the water flow near a single pier.

4  Conclusion

The flow rate of the stagnant water upstream of the bridge pier decreases. The squeezing water flow on both sides of the bridge piers and between the bridge piers causes the flow velocity to increase. Due to the water blocking effect of the bridge piers, the flow velocity at the end of the bridge piers decreases more. In the same model, with the flow rate increase, the maximum value of the flow rate decrease shows the same change law as the maximum height of the backwater.
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10 _Gravelly sand to sand
11 Very stiff fine grained
12 Sand to clayey sand
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