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Abstract

The results of several bridge decks 2D steady and unsteady RANS (Reynolds
Averaged Navier-Stokes) simulations are reported in this work. The focus has
been put on the potential of CFD based simulations in industrial applications in
the realm of bridge engineering aerodynamic and aeroelastic problems. The force
coefficients of a box deck have been computed at different angles of attack
finding a good match with the experimental data available in the literature. Also
CFD steady simulations have been used to obtain the force coefficients of a IT
section considered in the original design proposal of a cable-stayed bridge. Based
on the numerical computations, modifications in the original design have been
proposed adding fairings and baffles which showed an improved aerodynamic
response. The scale effects in the performance of guide vanes for mitigating the
vortex-induced response of a twin box girder have been analyzed by means of
CFD obtaining a good agreement with experimental measurements. Finally
the effect of wind barriers in a twin box deck have been assessed based on the
spectrum of the lift coefficient for both the cross-section fitted with or without
wind barriers.

Keywords: CFD, bridge deck, RANS, URANS, force coefficients, vortex
shedding.

1 Introduction

The use of CFD (Computational Fluid Dynamics) is steadily progressing in its
way towards its general use in bridge design problems. From the late 1990s the
number of references dealing with the numerical simulations of aerodynamic and
aeroelastic problems in bridges has certainly increased and the inherent difficulty
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in the addressed problems and the accuracy in the simulations has definitely
improved. On the other hand, the references reporting cases where CFD results
have been applied in industrial applications of bridge engineering are scarce
[1-3] since this keeps on being a challenge in spite of the recent advances in this
field. There are several reasons for this lack of penetration of numerical
simulations in real bridge projects. In first place, CFD modelling requires a level
of expertise in fluid mechanics, bridge and wind engineering, and CFD solvers
which only recently is being transferred to the industry. Besides this, the demand
of computer power resources has been always high and cluster technology has
been available and affordable for the industry only recently. Finally, the cost of
licenses has prevented the massive use of general purpose commercial solvers
for bridge engineering problems outside research or very specific high profile
projects. In this respect, the introduction of open source solvers has made easier
the access to this technology.

In this work the authors are going to summarize a number of CFD based
applications in aerodynamic problems of bridge decks which they have been
involved with in recent years. In some cases the motivation for the work has
been mainly linked with research and in some others, the work has been
developed in the frame of technology transfer agreements with the industry. In
any case, the practical implications of the works reported herein will be
highlighted in spite of the primary purpose of the work, since the main goal of
this work is to show the potential of CFD based techniques in bridge engineering
applications.

2 Assessment of the aerodynamic response of bridge decks

In industrial applications, at the early design stage, force coefficients of the deck
cross-section are the primary source of information in order to judge the
feasibility of a particular design. Also the analysis of the vortex shedding
response can provide valuable information concerning the vortex-induced
excitation risk and the possible mitigation strategies by means of aerodynamic
appendages.

2.1 Force coefficients

Force coefficients are defined as follows:

D L M
Ca= C = Cp = 0

2pUB 2pUB 2 PUB?

In the former expressions D is the mean drag force per span length, L is the
mean lift force per span length and M is the mean twist moment per unit of span
length, positive clockwise. U is the flow velocity, p is the air density and B is a
reference dimension, the deck width in this case.
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Force coefficients are particularly important for assessing the aerodynamic
response of bridge decks [4]. They allow identifying the average load caused by
the wind on the deck. Consequently, force coefficients also permit quantifying
the effect of certain aerodynamic devices such as wind barriers. Moreover, they
are also present in the expression of buffeting forces; therefore studies of bridge
behaviour under turbulent flow require this piece of information. Force
coefficients also provide qualitative information about the expected flutter
performance of a deck cross-section, as to avoid one degree of freedom
instability the first derivative of lift and moment coefficients must be positive
according to the criteria of figure 1; additionally, the greater the value of those
derivatives is the lower the flutter critical wind speed of the structure is.
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Figure 1: Sign convention for the force coefficients.
2.2 Vortex shedding

At the early design of the bridge deck it is very important to take into account the
risk of vortex induced excitation at low wind speed. Unsteady simulations
considering the static section allow identifying the existence of vortex shedding,
its frequency and the effect caused by aerodynamic appendages such as guide
vanes or wind barriers. These preliminary assessments must be confirmed latter
by wind tunnel tests at the final design evaluation, studying specifically the
vortex-induced vibration response of the deck.

3 OQOutline of the numerical formulation

The time averaging of the equations for conservation of mass and momentum
gives the Reynolds averaged equations of motion in conservation form [5]:

oU;
Fr (1.a)
l
oU; oU; oP 0
pE+pUja—xj= —G—Xi+a—xj(2u5ij—pu‘lu}). (1.b)

where U; is the mean velocity vector, x; is the position vector, t is the time, p is
the fluid density, u; is the fluctuating velocity and the over-bar represents the
time average, P is the mean pressure, u is the fluid viscosity, S;; is the mean
strain-rate tensor. From the former equation, the specific Reynolds stress tensor
is defined as:
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Tij = —u;u]', (2)

which is an additional unknown to be modeled based on the Boussinesq
assumption for one and two equation turbulence models.

2
Tij = ZVTSij — §k5” (3)

where vr is the kinematic eddy viscosity, S;; is the mean strain-rate tensor and k
is the kinetic energy per unit mass of the turbulent fluctuation.

In the examples that are going to be presented next the closure problem has been
solved applying k-g¢ and both Wilcox's and Menter’s k-@ SST models for
incompressible flows.

4 Computational approach

In the sections ahead the results of several simulations conducted using 2D
RANS and 2D unsteady RANS are going to be presented. Since the goals of
these simulations have been very different and they have been completed in
different moments along the latest six years it is not possible to fully describe
the characteristics and data of the numerical approach adopted in all of the
simulations since it has not always been the same. In the following some general
characteristics of the numerical setup are going to be described. Details of each
particular simulation can be found in the references provided with the description
of the results of each particular case.

The flow domain has been always considered as 2D in order to avoid the high
computer power demands of burdensome 3D simulations. The chosen geometry
for the domain has been rectangular. In figure 2 a generic flow domain is
presented. A velocity inlet is defined at the windward side of the domain and a
pressure outlet at atmospheric pressure is set at the leeward end.

=
ol
I
)]
[se]

Figure 2:  Flow domain geometry.

Low turbulence flow has been generally considered, with typical values of
turbulent intensity around 1% and length scale about 0.1 B. A refined structured
mesh is defined around the bride deck with enhanced wall treatment. In general,
a non-structured pave type mesh has been defined in the main flow domain.
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5 Force coefficients of a box deck

The force coefficients of the box girder of the Normandy Bridge have been
obtained by means of 2D RANS simulations adopting k- SST turbulence model
[6, 7], which has offered better results in bridge engineering problems than k-¢
turbulence model [8].
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Figure 3: Mesh detail and force coefficients for the Normandy Bridge.

Figure 3 shows the ability of the inexpensive steady state 2D RANS
simulations to correctly reproduce the values and the slopes of the force
coefficients, even in the range of angles of attack where the values are nearly
constant. This type of simulation allows a quick assessment of the mean action
on the deck or the expected aeroelastic response of the structure based on the
values and signs of the lift and moment force coefficients.

6 Shaping the cross-section of a cable-stayed bridge girder

In the following the CFD based modifications proposed in the design of the
cross-section of a cable stayed bridge are going to be reported. Further
information can be found in [9]. In the frame of the studies for the initial design
of a 425 m length cable-stayed bridge, the aecrodynamic response of a II type
cross section depicted in figure 4 wished to be assessed. The cross-section is
asymmetric since the layout of the bridge was parallel and adjacent to an already
existent bridge, located at the right side in figure 4. In all the studies the flow has
been assumed as undisturbed, coming from the left side according to figure 4.

It is well know that II type cross-sections do not provide a feasible
aerodynamic and aeroelastic response, therefore the expected aerodynamic
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performance of the original design should be assessed and modifications in the
design proposed if needed. Due to the tight time schedule for providing results it
was not possible to conduce wind tunnel tests, thus a CFD based approach was
the only available alternative. In order to avoid high computer times a steady 2D
RANS approach was chosen for the initial set of simulations.

Figure 4:  Original design of the cross-section a 425 m cable-stayed bridge.

One of the key issues in this kind of problems is setting mesh characteristics
and a computational approach capable of providing results accurate enough for
the purpose of the simulation. Due to the absence of wind tunnel tests of the
original design for validating the numerical computations, the cross section was
modified in order to obtain a geometric arrangement similar to the one in
published references reporting wind tunnel tests data. In figure 5 the force
coefficients of the original cross-section with a shorter windward overhang are
compared with experimental data in [10] for an overhang to depth ratio
C/D = 0.5. It must be noticed that in reference [10] no barriers are considered on
the deck, therefore discrepancies between numerical and experimental data are to
be expected. Besides this, the width to depth ratio of the cross-section (without
barriers) is about 8.5 while the cross-section in [10] this ratio is 10.

The results in figure 5 allow the validation of the numerical simulation
reported here in. The discrepancies in the force coefficients can be explained due
to the effect of the existing barriers in the studied cross-section. However,
the steady simulations show their ability to correctly provide mean values for the
force coefficients as well as the slopes of lift and moment. Once the adequacy of
the mesh and numerical approach has been showed, the force coefficients for the
original section have been computed. The results in figure 6 show negative
slopes in both lift and moment coefficients which are indicative of one degree of
freedom flutter. With the aim of improving the expected aerodynamic response
several alternative designs were studied using CFD. The modifications in the
design comprised adding fairings and baffles with different separation ratios. In
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figure 6 the force coefficients of the original design and the proposed modified
design are presented. It is clear the improvement obtained in terms of slopes of

lift and moment coefficients.
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Figure 6:

Force coefficients of the original design and the original design

fitted with fairings and baffles.
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Vortex shedding response of the cross-section has also been studied by means
of unsteady 2D RANS simulations at 0 deg. angle of attack. It has been found
that strong vortices were shed for the original design, with a Strouhal number of
0.11. This is the same value reported in [11] for the first Tacoma Narrows Bridge
cross-section, which is similar to the so-called original design in this work. On
the other hand, the proposed design with fairings and baffles did not show any
vortex shedding when the unsteady response was computed for a set of different
flow velocities.

7 Performance of guide vanes for mitigating vortex shedding
in a twin box deck

Twin box decks offer a notable performance in terms of flutter instability;
however they are prone to vortex induced vibrations. In [12] the experimental
tests conducted during the design of the Stonecutters Bridge with the aim of
studying the mitigation of the vortex induced vibrations by means of guide vanes
have been reported, and it has been remarked the need for conducting the wind
tunnel tests at a sufficiently high Reynolds number to avoid thick boundary
layers which make inefficient the guide vanes when the tests are performed at
low Reynolds numbers. As a further form of cooperation between CFD and wind
tunnel testing several 2D URANS simulations have been conducted at different
Reynolds numbers for a static twin box deck in order to ascertain the potential of
numerical techniques to identify beforehand the required Reynolds number to
avoid scale effects when checking the performance of guide vanes. More details
can be found in [13].

In figure 7 measurements of the boundary layer upstream of the upwind guide
vane are reported for different Reynolds numbers, finding results close to the
experimental ones reported in the literature. Therefore, it can be identified by
means of CFD simulations the Reynolds number in the wind tunnel tests that
satisfies the condition that the displacement thickness must be about 10% of the
guide vane offset.

Comparison between CFD results and experimental Comparison between CFD results and experimental
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Figure 7:  Boundary layers at different Reynolds numbers.
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8 Performance of wind barriers for mitigating
vortex shedding in a twin box deck

It has just mentioned that twin box decks are vortex-induced vibration prone
cross-sections. Besides this, wind barriers are increasingly present in long span
bridges due to its shelter effect for traffic, which allows a more comfortable
driving and a decrement in the number of bridge closure hours due to high
winds. Another important issue to deal with when analyzing the effect of wind
barriers is the increment in drag forces due to wind. These forces must be
considered since they are finally transmitted to the towers and their foundations.
However, another positive effect of wind barriers is their ability to mitigate
vortex shedding, as it has been reported, for instance by Ge et al. [14]
for the Xihoumen Bridge. In figure 8 the spectrums of the lift coefficient for the
twin box arrangement considered at the early design stage of the Forth
Replacement Crossing with and without wind barriers are presented. It can be
seen how the strong peak at a Strouhal number of 0.16 for the static deck has
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Figure 8: Effect of wind barriers in the lift coefficient spectrum.
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vanished for the case with wind barriers. This remarks the capability of 2D
URANS simulations for assessing the aerodynamic performance of bridge deck
designs [15].

9 Conclusions

Several 2D steady and unsteady RANS simulations of bridge decks have been
presented. The focus has been put on the applicability of CFD based simulations
in industrial applications in bridge engineering. It has been shown the ability of
steady simulations to accurately provide the mean force coefficients for different
cross-sections at different angles of attack. It has also been highlighted the
importance of force coefficients to preliminary assess the aeroelastic response of
bridge deck and how the design can be improved based on this information.

Unsteady simulations have provided the response in terms of vortex shedding
for the static decks. The CFD simulations have been used to preliminary
ascertain the effect of fairings and baffles, guide vanes or wind barriers in the
mitigation of this effect. It must also be noted how CFD simulations can shed
light on scale effects in wind tunnel tests.

CFD based techniques have a great future in the simulation of aecrodynamic
and aeroelastic effects in bridge engineering. The improvements in modeling
formulation, computer power and software are in the way to change the standard
procedures in the wind design of long span bridges.
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