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Abstract: The present work presents a performance comparison between two widely-used CFD
codes, namely: the open source platform OpenFOAM and the commercial software FLOW-3D, applied
to hydraulic structure modeling. To do so, a case study, consisting of a rectangular channel with a
cylindrical bridge pier attached to its rough bottom is modeled using both codes. The flow is assumed
to be turbulent transient incompressible multiphase and viscous and is simulated using the finite
volume method (FVM) and the volume of fluid approach (VOF). Turbulence is modeled by means of
the RANS model RNG k-¢. Two scenarios are considered: the initial situation, where the channel
bottom is even, and the equilibrium situation, where it is eroded. The eroded streambed geometry is
extracted from laboratory experiments using an open sediment transport channel. Several variables of
interest, such as shear stresses and vortex shedding period, are estimated and compared among both
numerical models and results available in the literature. The main purpose of this study is to assess
the accuracy of these solvers when modeling the hydrodynamics of common sediment transport
problems.
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1. Introduction

As the United Nations Environment Program states, erosion is one of the most potentially hazardous
physical phenomena occurred in semi-arid regions (UNEP, 2000). Its consequences can compromise
human and animal welfare as erosion jeopardizes agricultural yields, biodiversity of ecosystems and
water quality, as well as it promotes climate change (Blanco & Lal, 2008). In urban areas, rainfall-
induced erosion can also wash off asphalt, vehicle tire chips and all sort of urban debris, so polluting
the hydrosphere (Bouteglier et al., 2002). From the technical point of view, turbulent water flows can
have calamitous consequences on dam spillways, river banks, bridge piers and other hydraulic
structures. Indeed, as regards bridges, Landers (1992) found that foundation scour was behind 60% of
all reported bridge failure cases occurred since the 1950s, so this is a very active research topic.

Erosion occurs when flows exert shear stresses on solid boundaries over a certain threshold, which
depends on soil type, granulometry, temperature, etc. (Moody et al., 2005). The highly three-
dimensional and chaotic nature of environmental flows makes erosion processes difficult to foresee.
Furthermore, sudden increases of shear stress can occur due to changes of flow regime (Wu &
Rajratnam, 1996) or geometry (Pitt et al., 2007).

The present work focuses on a specific case of erosion process caused by a sudden geometry
variation, which is the flow encountering a cylindrical obstacle. This classical problem of fluid
mechanics can be often observed in environmental hydraulics, e.g. in flows over vegetated
floodplains. However, in this case more emphasis is done on river flows passing around bridge piers.
As Melville & Coleman (2000) state, the intensity of scour processes in these cases is extremely
variable. It depends on a wealth of factors, such as the flow alteration caused by piers and their
geometry, their relative position with respect to the river banks and the eventual presence of scour
protection systems.

Most protection works on bridge piers focus on preventing the erosive effects of the horseshoe vortex
(see Fig. 1): the most potentially hazardous flow structure formed in the upstream region of cylinders



surrounded by fluids in motion (Baker, 1979). Many authors devoted their careers to the study of these
protection methods. According to Melville and Coleman (2000), two main approaches exist in this
regard, namely: flow alteration actions and armoring protections.

Figure 1 — Left: collapse of Beniarbeig Bridge (Valéncia, Spain) due to flood-induced pier scour
(Server, 2007). Right: main flow structures formed around a circular cylinder.

Along the lines of the first type of systems, a wealth of studies on the use of inclined bridge piers
(Bozkus & Cesme, 2010), non-circular sections (Melville & Sutherland, 1988) and sacrificial piles
(Melville & Hadfield, 1999) has been reported. As regards armoring protections, some authors
analyzed the use of collars around the pier itself (Moncada-M et al., 2010; Zarrati et al., 2004),
whereas others focused on the implementation of protection systems on the foundations, such as
riprap (Parola, 1993), wire gabions (Yoon, 2005) and tetrahedral frames (Tang et al., 2009). More in-
depth information on this topic can be found in the specific literature (Tafarojnoruz et al., 2010; Chiew,
1992; Parker et al., 1998; Deng & Cai, 2009).

Nevertheless, all actions and efforts to design pier protection systems against scour are sterile unless
a complete understanding of the flow around these structures is achieved. For this reason, a wealth of
studies can be found in the literature. Most of them have focused on the analysis of a single cylinder,
both experimentally (Sumner et al., 2004) or numerically (Frohlich & Rodi, 2004). In the latter case,
most studies are conducted using techniques of computational fluid dynamics (CFD), although some
cases of use of statistical models have been reported (Hong et al., 2012). Many authors analyzed
variations of the cylinder geometry, ranging from square (Liu, 2010) or oscillating cylinders (Mittal &
Kumar, 2001) to dispositions of several cylinders into an array (Doolan, 2009; Stanescu et al., 1996).
Erosion-sedimentation processes using numerical approaches have not been so extensively studied,
although some cases can be found (Souza et al., 2010; Liu & Garcia, 2008).

The literature on hydraulic structure modeling, be numerically or experimentally, is extensive. For this
reason, choosing the best model to reproduce this kind of phenomena is not a trivial decision. Thus,
the goal of this work is to compare the performance of two widely-used CFD codes, the open source
platform OpenFOAM and the commercial software FLOW-3D. To do so, a case study is analyzed
simulating two different scenarios: initial and equilibrium state. The geometry of the eroded streambed
is obtained using an open sediment transport channel. In order to assess the accuracy of both codes,
their results are compared to previous works.

2. MATERIALS AND METHODS

2.1. Geometry and mesh

The analyzed geometry consists of a single emerging cylinder attached to the bottom of a rectangular
channel with a rough streambed. As shown in Fig. 2, the three-dimensional spatial discretization of
this geometrical domain is conducted using three different meshing approaches. First, an unstructured



adaptive mesh of tetrahedral elements is used for its good ability to adapt to complex geometries
(Biswas & Strawn, 1998) and to refine only those regions where it is necessary (Kim & Boysan, 1999).
However, this kind of meshes present divergence problems when defining water free surfaces even
using very fine meshes, so its use is ruled out after some preliminary test simulations.

A six-block structured adaptive mesh of hexahedral elements is also tested to overcome the
aforementioned convergence problem. According to several authors, such as Keyes et al. (2000), this
kind of meshes ensure a more systematic storage of information and so a faster access to memory
during simulations. Nevertheless, preliminary simulations demonstrate that this approach is not always
able to refine selectively. Therefore,excessively dense meshes are necessary to achieve good results,
so the use of this kind of mesh is also ruled out.

At last, a quasi-structured non-adaptive mesh of hexahedral elements is used. This mesh is only
refined longitudinally from the inlet and the outlet to the cylinder with a scale factor of 2. The elements
in the other two directions have the size of the longitudinally finest region. Despite the simplicity of this
meshing approach, it yields the best results at the lowest computational cost and does not show any
problem in reproducing properly the modeled geometry. Despite both numerical models meshes are
exactly alike, how mesh elements are intersected by solid surfaces is treated in a different manner
according to the numerical code. FLOW-3D uses a porosity approach called FAVOR (Hirt & Sicilian,
1985) whereas OpenFOAM readapts mesh element configuration so that element boundaries become
tangential to solid surfaces.
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Figure 2 — Top view of the three meshing approaches used using the same number of elements.

2.2.Numerical model

Despite the Saint-Venant and Boussinesq equations can be applied to the flow around cylinders, in
cases like this, where a full three-dimensional description of the flow is required, the approximation of
the Navier-Stokes equations becomes compulsory. The numerical models used in this investigation
discretize these equations assuming transient multiphase incompressible isotropic turbulent viscous
flow using the finite volume method (FVM), extensively described by Versteeg & Malalasekra (2007).
The treatment of two coexisting fluids (i.e. water and air) and the definition of a neat interface between
them are achieved thanks to the implementation of the volume of fluid method (VOF), described by
Hirt & Nichols (1981).

As regards the treatment of turbulence, most of the cases found in the literature are based on a LES
approach (the use of DNS is out of the question due to its unaffordable computational costs).
Nevertheless, according to Rodi (1997), despite LES models yield significantly better results than their
RANS counterparts, their computation times are more than ten times larger. For this reason, RANS
models are often preferred as a good compromise between accuracy and computational cost. In this
case, RANS equations as described by Pope (2000) are numerically solved. In particular, the RNG k-¢
model (Yakhot et al.,, 1992) is preferred for its good performance in this kind of applications
(Bradshaw, 1996).

The definition of the model initial and boundary conditions is crucial due to the large effect they exert
on the final results. In order to force a subcritical developed flow with a hydrostatic profile throughout



the modeled domain, a constant water level boundary condition is imposed at both the inlet and the
outlet. A Dirichlet boundary condition is imposed to the velocity and the turbulence model variables
(i.e. k and ¢) at the inlet. An initial reach is simulated in order for the flow to develop completely. At the
outlet, a null von Neumann condition is imposed to k and ¢. The open air patch is treated by means of
an atmospheric boundary condition in OpenFOAM, which allows the flow to leave the domain if
necessary. In FLOW-3D, pseudo-single-phase approach is employed, not being necessary to solve
the flow equations in the void domain (Prosperetti & Tryggvason, 2007).

As regards solid boundaries, a no-slip condition is imposed. In order to save computational resources,
boundary layers are not resolved down to their lowest scale, but they are modeled instead. To do so, a
high-Reynolds-number rough wall function is used. This allows the treatment of solid walls roughness
by adding an extra term to the smooth wall function implementation (Cebeci & Bradshaw, 1977).

Simulations are run using a Courant-dependent variable time step algorithm to ensure convergence;
which forces the maxium Courant number to remain below 0.75. All variables are averaged using 4-
seconds time windows measured once simulations have converged to a quasi-periodical state.
Simulations are considered converged when fluid fraction and turbulent kinetic energy (k) in the
domain become stable in time.

2.3.Case study

As stated above, a case study is simulated numerically and compared to previous studies. Two
scenarios are reproduced using both numerical codes, OpenFOAM and FLOW-3D. First, the initial
situation, where the channel streambed is still even, is simulated. A second simulation is run with the
eroded streambed in the equilibrium state (see Fig. 3). To do so, the channel bottom surface is
experimentally tracked using a point gauge when erosion-sedimentation processes stabilize after
several hours of experiment. The physical model used consists of a sediment transport open channel
of methacrylate walls, PVC piers and sandy streambed of grain diameter between 0.63 and 0.40mm.
The channel is 0.8000m long and 0.0640m wide and a single cylindrical pier of diameter 0.0107m is
inserted on the channel center at 0.3000m of the inlet. The flow rate imposed is 0.75-10-¥ m3/s and the
water surface level is 0.0792m at the inlet and 0.0786m at the outlet, respectively.

Initial situation

Equilibrium situation

Figure 3 — Two scenarios simulated: initial and erosion-sedimentation equilibrium state.

All the conditions exposed above, assuming a water density of 1000kg/m?2 and a kinematic viscosity of
10 m?/s, yield a diameter-based Reynolds number of 1,570 and an approaching Froude number of
0.167. Given the experimental model dimensions, scale effects could be significant when comparing it
to a real-life scale prototype. However, as the numerical model is set up according to the experimental
model size, scale is not expected to bias results. Fig. 4 sketches the experimental facility
configuration.
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Figure 4 —Experimental facility.

A mesh sensitivity analysis is conducted in order to determine at which refinement level the accuracy
of results is mesh independent. Four different mesh element sizes are tested, namely 5, 4, 3 and
2mm, which imply a number of elements ranging from 0.8 to 3.0-108. Also preliminary simulations are
run to ensure that no significant differences are observed when varying the length of the simulated
channel stretch. Only certain undesirable effects may appear when bringing inlet and outlet boundary
conditions extremely close to the pier. Nevertheless, the channel length analyzed in this case is far
away from such situation. The insensitivity to this parameter is corroborated by observing the
experimental facility behavior.

Among the variables analyzed, three of them are used to determine the mesh independence of
results, namely: the recirculation zone length after the deposition region, the vortex shedding period
and the maximum y* coordinate on the streambed. Also the shear stress exerted by the flow on the
channel bottom is analyzed due to the important role that it plays in erosion-sedimentation process
triggering. In order to neglect the effects exerted by the domain boundary conditions, all variables are
taken into account only 3.75 and 28.00 diameters upstream and downstream of the bridge pier,
respectively.

3. ANALYSIS OF RESULTS

The results of the simulated case study seem to reproduce all the expected features of the system
analyzed. The water surface is nearly even in the initial situation simulations, except for the region
upstream of the bridge pier, where stagnation produces a slight water level rise, observed in both the
numerical and experimental models. The constriction produced by the pier accelerates the flow, with
the subsequent water level decrease downstream of the pier. In the equilibrium situation, small
undulations occur at the free surface downstream of the pier. This is due to the action of vertical flows
caused by the presence of the scour hole.

As regards the mesh sensitivity analysis, the three variables used as criterion of convergence
demonstrated, both in OpenFOAM and FLOW-3D, that very little improvement is obtained beyond
mesh element sizes of 3mm, whereas computational costs increase significantly from this point on.
The flow recirculation length (downstream of the deposition zone) is a very sensitive variable in RANS
models, which is why it is considered a good criterion variable. In this case, OpenFOAM predicted an
average recirculation length of 0.406m, whereas in FLOW-3D this variable reached 0.418m. The
second variable used to test the results sensitivity to the mesh size, the maximum y* coordinate value
on the streambed surface, remains in both cases around 60.

The vortex shedding period also converged but, in this case, to different values according to the model
used: OpenFOAM estimates a vortex shedding period of 0.334s, whereas FLOW-3D yields a value of
0.414s. Both results are compared to the value obtained following the method proposed by Blevins
(1990) to estimate the Strouhal number as a function of the diameter-based Reynolds number. The
value calculated using this method yields a period of 0.372s, which implies a relative error of -10.2%
and 11.3% committed by OpenFOAM and FLOW-3D, respectively. It is important to remark that these
values correspond exclusively to the initial situation simulations. This is due to the fact that, as it can
be observed in Fig. 5, the formation of wake vortices in the equilibrium situation occurs in a more



irregular and less perceptible way. Apparently, the presence of the scour hole makes the recirculation
zone downstream of the pier longer and tends to mitigate the vortex formation to a certain extent.
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Figure 5 — Left: vortex shedding (velocity at z = 0.40m). Right: shear stress distribution on streambed.

As regards the shear stresses exerted by the flow on the channel streambed, several interesting facts
arise from the simulation results. First, it can be observed that the larger stresses in the initial situation
occur in the zone of formation of the horseshoe vortex, in agreement with that stated by Baker (1979).
It can also be seen that the lower stresses correspond to the future sediment deposition zone.

When analyzing the equilibrium situation, it is found that shear stresses tend to distribute in a more
uniform way in the immediate vicinity of the bridge pier. This makes sense bearing in mind that it is an
erosion-sedimentation process equilibrium state. Nevertheless, large shear stresses occur on the
deposition mound, which can probably be explained by the acceleration caused by the flow
constriction that it produces.

Authors have not found an explanation to the existence of this unexpectedly large shear stress in the
equilibrium state; however the slope of the bed in combination with the shear stress could yield a
stable state. It can be observed how this stresses are even larger than those caused by the horseshoe
vortex formation and so are likely above the critical shear stress. However, the latter value, which can
be easily obtained using the Shield’s Diagram, is not always able to determine the triggering of erosion
processes. On the one hand, it attempts to reproduce in a simplistic way an extremely chaotic
phenomenon, where lift, drag, buoyancy, soil cohesion and other forces interact in a nonlinear way.
On the other hand, the critical shear stress can only be estimated as long as the flat streambed
hypothesis is fulfilled. E.g. the presence of obstacles, such as bridge piers, cause non-tangential flows
that can trigger sediment transport at unexpectedly low velocities. In this case, on the ascending slope
of the deposition mound, the flow has to exert a higher shear stress than the critical value to maintain
the equilibrium, as it has to overcome the effect of gravity. All these reasons have led some authors,
such as Lavelle & Mofjeld(1987), to wonder if it is useful (or even possible) the use a threshold to
determine the incipient particle movement.

As it is discussed above, OpenFOAM and FLOW-3D results are slightly different. Despite the model
setup has been set intentionally as similar as possible in both cases, this only affects general aspects
of its implementation: certain details may differ from one model to another. E.g. the free surface
definition method used in FLOW-3D is the so-called one-fluid VOF, whereas OpenFOAM uses another
variation of the VOF involving the resolution of both phases and the use of a surface compression
algorithm to obtain neat free surfaces. Differences in evaluation of advection and viscous terms can
also yield the observed differences in the models. Besides, the meshing approach is not exactly
similar, as discussed above, which can also exert significant effects on this kind of simulations.
Therefore, it is important to remark that a sediment transport model implemented in both numerical
models could require a different calibration since hydrodynamic results are different.



4. CONCLUSIONS

A comparison of two widely-used CFD models in hydraulic engineering, OpenFOAM and FLOW-3D, is
performed. To do so, a case study consisting of a circular cylinder attached to the rough bottom of an
open air channel, is conducted. The results are analyzed in order to determine the result
independence to mesh cell size and time-averaging window size. Among the studied variables, the
most important ones from the hydraulic point of view are the water free surface level, the formation of
wake vortices, the recirculation region length and the shear stress distribution throughout the channel
streambed.

The physics of the phenomenon analyzed is properly reproduced by both numerical models and mesh
independent results are obtained at mesh sizes below 3mm. The length of the recirculation region
downstream of the deposition mound is estimated higher by OpenFOAM than by FLOW-3D, whereas
the latter tends to overestimate shear stresses with respect to the first.

Flow pattern variations are observed when passing from the initial to the equilibrium situation, as well
as changes in the shear stress distribution are detected. While in the initial situation the largest
stresses occurred in the horseshoe vortex formation region, in the equilibrium situation these values
move to the deposition mound ascending slope. This raises some important questions about the use
of a critical shear stress value that are addressed in the previous section.

As regards vortex shedding, when comparing to the results found in the bibliography, OpenFOAM
underestimates its period by 10.2%, whilst FLOW-3D overestimates it by 11.3%. It is also found that,
in the equilibrium situation, the presence of a scour hole tends to weaken the wake vortex formation
downstream of the pier. This could be interesting from the point of view of the design of structures to
mitigate vortex shedding in cylinders in order to prevent undesirable vibrations.
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