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Numerical Simulations of 3D Flows around Bridge Piers 

By  

Choi, Sung-Uk
1
 and Yang, Wonjun

2

ABSTRACT 

In the present paper, the numerical simulations of the 3D flows around the 

bridge pier are presented. The LES and the RNG k-  model are used for the 

numerical analysis of Navier-Stokes equations. Flows without and with the 

scour hole are simulated and compared with measured data from the 

experiments by Melville and Raudkivi (1977). The computed flow patterns 

appear to agree well with the observed patterns. However, the LES is shown to 

reproduce the vortex at the upstream part of the pier much better than the RNG 

k-  model. Using the computed results, the downflow occurring at the frontal 

part of the pier is also investigated. At the location far from the pier, the 

downflow computed by the LES seem to be similar to that by the RNG k-

model. However, near the pier, the downflow by the LES is observed to be 

much stronger than that by the RNG k-  model. 

INTRODUCTION

The flow phenomenon related with the local scour around the bridge pier is 

extremely complicated, and it is characterized by highly 3D turbulent motions. 

The downflow, the horseshoe vortex, and the wake vortex are known to be 

responsible for the local scour. The complex nature of flow has prevented the 

hydraulic engineers from applying the hydrodynamic model to this problem. 
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Therefore, previous methods to predict the scour depth are empirical 

relationships such as CSU and Laursen formulas.  

Recent development in computational fluid dynamics enables the hydraulic 

engineers to study the local scour around the bridge pier based on 

hydrodynamics. Olsen and Melaaen (1993) solved the Reynolds equations with 

the k-  model for turbulence closure. Considering both suspended load and 

bedload, they solved the bed sediment conservation equation by iterating the 

procedure until the scour hole at an equilibrium state is obtained. Richardson 

and Panchang (1998) simulated the flow structures around a bridge pier with 

and without the scour hole. They used FLOW3D with the RNG k-  model. 

Comparing the simulated with the experimental results, they found that the 3D 

hydrodynamic model simulates well the complex flow patterns around the 

bridge pier. Wang and Jia (2000) simulated an evolution of the scour hole 

developing around the bridge pier by using CCHE3D. In the computations, 

they used empirical functions for sediment transport, which were calibrated by 

using the experimental data. Li and Lin (2000) performed the LES to study the 

flow structures around a rectangular pier. They carried out the spectral analysis 

of turbulent and coherent structures. Tseng et al. (2000) conducted the 

numerical simulation with the square and the circular piers by the LES. They 

found that the downflow is made at the front face of the pier and this affects the 

creation of the horseshoe vortex. They also compared turbulent structures, lift 

coefficient, and drag coefficient with the experimental results, and obtained 

good agreements. 

This paper presents an application of the 3D hydrodynamic model to the flow 

around the bridge pier. Herein FLOW3D is used (Sicilian et al., 1987), which 

solves time-dependent 3D Navier-Stokes equations by the volume-of-fluid 

method (Hirt and Nichols, 1981). Many techniques of turbulence modeling are 

available in FLOW3D. We employed the LES (Large Eddy Simulation) 

technique to both cases without and with the scour hole. We also use the RNG 

(Renormalization Group) k-  model to see the impact from the non-isotropic 

turbulence assumption. First, the flowfields are simulated and compared with 

the measured data. Then, the downflow characteristics are investigated.  
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LARGE EDDY SIMULATION 

The spatially-filtered Navier-Stokes equations for fluid motion are given by  
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where iU  is the i-component of instantaneous velocity, iu  and p are the 

spatially-filtered value of iU  and pressure, respectively,  is the density of 

water, and is the kinematic viscosity. In the above equations, the overbar 

denotes the spatially-filtered value. Expanding the non-linear advective term in 

the momentum equation leads to 
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Substituting the advection term into the momentum equation, we have the 

following form of the momentum equation: 
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where r

ij  is the deviatoric residual stress tensor defined by 
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where rk  is the residual kinetic energy (= R

ii2/1 ) and ij  is the Kronecker 

delta. The Smagorinsky’s (1963) model expresses the deviatoric residual stress 

tensor such as 

ijr

r

ij S2

where ijS  and r are the strain rate and the turbulent viscosity of the filtered 

velocity. The mixing length model can be used to obtain the turbulent viscosity 
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of the filtered velocity, i.e., 

SlSr

2

where Sl  is the characteristic length and S  is the filtered characteristic strain 

rate (
2/1

2 ijij SS ). In the above equation, the characteristic length is given by 

SS Cl

where  is the filter size and SC  is the Smagorinsky coefficient (= 0.1).  

RNG k-  MODEL 

The RNG k-  model is known to require less reliance on empirical coefficients 

and provide a better solution in areas affected by high shear (Versteeg and 

Malalasekera, 1995). The RNG k-  model developed by Yakhot et al. (1992) 

represents the effects of the small-scale turbulence by means of a random 

forcing function in the Reynolds equations. The RNG procedure systematically 

removes the small-scale motion from the governing equations by expressing 

their effects in terms of larger-scale motions and a modified viscosity. The 

equations of the time-averaged turbulent kinetic energy (k) and the dissipation 

rate ( ) of k are respectively given by (the tilde denotes the time-averaged 

value)
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where teff , /2kCt , C = 0.0845, k 1.39, 1C

1.42, 2C 1.68, 1/)11 CC , /
2/1
kEE ijij ,

4.377, and 0.012.

APPLICATIONS 

Among the literatures published, Melville and Raudkivi (1977) provided 

perhaps the most detailed quantitative descriptions of the flow structures of the 

local scour. So, in this study, we perform the numerical simulations using the 
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experimental conditions in Melville and Raudkivi (1977). Fig. 1 shows the 

schematic figure of the flow condition used in the computation. Two cases are 

simulated separately, i.e., without and with the scour hole. Figs. 2(a) and (b) 

show the constructed grids for the cases without and with the scour hole, 

respectively. The number and size of the grids for each case are given in Table 

1. Unfortunately, a detailed geometric description of the scour hole at the 

equilibrium state is not given in Melville and Raudkivi (1977). Thus, herein, 

the shape of the scour hole is approximated by a frustum of a cone, which is 

thought to be a good assumption at the upstream side of the pier (Richardson 

and Panchang, 1998). 

Figs. 3(a)-(c) show the velocity vector fields at the vertical symmetry plane 

upstream of the pier. The computed results in Figs. 3(a) and (b) are from the 

LES and the RNG k-  model, respectively, and Fig. 3(c) is the experimental 

data measured by Melville and Raudkivi (1977). In the figures, the velocity is 

made dimensionless by the mean approach velocity ( ou ) of 0.25 m/s. It is seen 

that the computed and measured velocity fields show a similar flow pattern, i.e., 

the downflow is made along the upstream face of the pier. Compared with the 

measured profile, the magnitude of the downflow velocity from the numerical 

simulation is slightly small. Notice in Fig 3(a) that a return flow is observed 

nearly at the bottom. This cannot be decided to be realistic or not because the 

measurement is made on a too coarse grid.  

The numerical simulations same as the previous ones are performed but the 

scour hole at the equilibrium state is included. The velocity vector fields made 

within the scour hole are presented in Figs. 4(a)-(c), where the first two figures 

are computed results by the LES and the RNG k-  model, respectively, and the 

last is the measured data by Melville and Raudkivi (1977). Fig. 4(c) shows the 

flow descending into the scour hole along the vertical plane of symmetry and 

the formation of an eddy that constitutes the horseshow vortex. Among the two 

computed results, the LES is seen to simulate the formation of the eddy much 

better than the RNG k-  model although the center of the vortex is located 

slightly downstream compared with Fig. 4(c).   

Figs. 5(a)-(c) depict the distributions of the downflow velocity at the x-z plane 

parallel to the main flow direction. The distributions are given at three 

locations, i.e., x = 0.5D, 1D, and 2D. In the figures, both simulations without 
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and with the scour hole are presented, and the magnitude of the downflow 

velocity is made dimensionless by the mean approach velocity ( ou ), and the 

distance from the bed by the uniform flow depth ( h ). In the figures, the minus 

downflow denotes vertically upward direction.  

In the case without the scour hole, it is seen that the downflows by the LES and 

the RNG k-  model are similar and negligible at x = 2D. However, as it is close 

to the pier, the profiles look differently and the maximum value of the 

downflow by the LES is seen to be larger than that by the RNG k-  model. That 

is, as it gets close to the pier (at x = 0.5D), the downflow grows considerably 

and reaches a magnitude of 0.5 ou  and 0.4 ou  by the LES and by the RNG k-

model, respectively.  

In the case with the scour hole, the downflow profiles computed by the LES 

and the RNG k-  model look very similar at x = 1D and 2D. However, at x = 

0.5D, the downflow by the LES is seen to be much stronger than that by the 

RNG k-  model. That is, the maximum values of ouw /  appear to be 0.6 and 

0.2 by the LES and by the RNG k-  model, respectively. This may indicate that 

the anisotropy of turbulence increases the strength of the downflow. Very 

recently, Graf and Istriarto (2001) performed laboratory experiments and 

showed that the maximum downflow reaches 0.6 ou  at x = 0.67D, which 

coincides well with the results presented herein. 

Fig. 6 shows the distribution of the downflow velocity at the y-z plane normal 

to the main flow direction. The profiles are provided at 0.5D, 1D, and 2D. Like 

the previous cases, it is seen that the two simulated results look similar at y = 

2D but they look differently in the region close to the pier. In both cases 

(without and with the scour hole), the downflow velocity computed by the LES 

is larger than that by the RNG k-  model. 

CONCLUSIONS 

This paper presented a 3D numerical simulation of the flow around the bridge 

pier. The Navier-Stokes equations were solved by using the LES and the RNG 

k-  model. Flow patterns without and with the scour hole were simulated. We 

applied the numerical model to the experimental condition in Melville and 

Raudkivi (1977), and compared the computed results with their measured data.  

Comparisons with the measured velocity fields revealed that the LES and the 
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RNG k-  model are capable of computing the flow around the pier nicely. 

Specifically, the LES performed better than the RNG k-  model in that it 

reproduces the vortex flow quite similarly with the observed data.  

The downflow characteristics were also studied by using the simulated results. 

The computed downflows look similar at a distance far from the pier but, as it 

gets close to the pier, the maximum downflow by the LES appears larger than 

that by the RNG k-  model. This may indicate that the non-isotropic nature of 

turbulence will increase the strength of the downflow. 
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Table 1. 

zyx

k

15 m

50.8 mm

4 m

0.15 m

flow direction

Vmean=0.25 m/s

1.8 m

0.13 m

x

y
z

Fig 1. Schematic Figure of Experiments (Melville and Raudkivi, 1977) 

(The origin is located at the center of the pier) 

(a) Grid for Simulation without Scour Hole 

(b) Grid for Simulation with Scour Hole 

Fig 2. Grid used in Computation 
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Fig. 3 Velocity Vectors at x-z Plane (without Scour Hole)
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Fig. 4 Velocity Vectors at y-z Plane (with Scour Hole)
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Fig 5. Downflow Velocity Profiles at the x-z Plane (y = 0) 
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Fig 6. Downflow Velocity Profiles at the y-z Plane (x = 0) 
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