Wind and Structures, Vol. 17, No. 5 (2013) 479-494
DOI:http://dx.doi.org/10.12989/was.2013.17.5.479 479

Vehicle-induced aerodynamic loads on highway sound barriers
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Abstract. The vehicle-induced aerodynamic loads bring vibrations to some of the highway sound barriers,
for they are designed in consideration of natural wind loads only. As references to the previous field
experiment, the wvehicle-induced aerodynamic loads is investigated by numerical and theoretical
methodologies. The numerical results are compared to the experimental one and proved to be available. By
analyzing the flow field achieved in the numerical simulation, the potential flow is proved to be the main
source of both head and wake impact, so the theoretical model is also validated. The results from the two
methodologies show that the shorter vehicle length would produce larger negative pressure peak as the head
impact and wake impact overlapping with each other, and together with the fast speed, it would lead to a
wake without vortex shedding, which makes the potential hypothesis more accurate. It also proves the
expectation in vehicle-induced aerodynamic loads on Highway Sound Barriers Partl: Field Experiment, that
max/min pressure is proportional to the square of vehicle speed and inverse square of separation distance.

Keywords: vehicle-induced aerodynamic loads; highway sound barriers; numerical simulation; theoretical
model; potential theory

1. Introduction

In vehicle-induced aerodynamic loads on Highway Sound Barriers Partl: Field Experiment
(abbreviated as P1 in the following), the effect of vehicle-induced aerodynamic loads was
illustrated based on the experimental results. However, the experiment only provided the
phenomenon and was not sufficient to give the prediction without explanation of the mechanism. It
is necessary to explore other methodologies to predict the effect and to reveal the mechanism.

Firstly, the numerical simulation was adopted. Though limited researches were achieved in this
problem before, some methodologies in similar fields (Waymel et al. 2006, Corin et al. 2008,
Hemida and Baker 2010) were found helpful in developing the numerical simulation here. Another
way to solve the problem was the theoretical analysis. Sanz-Andrés et al. (2002, 2003, 2004)
proposed the solution to the vehicle-induced aerodynamic loads on signs and pedestrians based on
potential theory. Then Barrero-Gil and Sanz-Andrés (2009) take the flexibility of panel into
account and perceived that the aeroelastic effect cannot be neglected for it produces secondary
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load cycles. Inspired by the previous studies, a theoretical model of vehicle-induced aerodynamic
loads on sound barriers was established based on the potential theory.

Works reported here is focused on the numerical and theoretical way to study the
vehicle-induced aerodynamic loads on highway sound barriers. By these two methodologies, the
time-history of vehicle-induced aerodynamic loads on highway sound barriers and the flow field
are reproduced under the same conditions in P1. Then the variables are discussed based on the
theoretical model and the flow field achieved by numerical way.

2. Numerical simulation

The numerical simulation was based on fluid analysis software FLUENT, and all
computational domains were established referring to the field experimental cases.

2.1 Basic governing equations

The mathematical model of the flow field must obey the governing equations based on the
mass conservation law, momentum conservation law and energy conservation law, shown as
follows by Egs. (1)- (3)
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Since most of the flow fields in engineering are turbulent, the nonlinear Navier-Stokes equation
is difficult to solve directly. The complicated turbulent flow needs very small scale grids, so that
the computational conditions become too high to approach. Therefore, a turbulence model is
necessary to simplify the solution.

2.2 Turbulence model

Based on the conception that the average variations of the flow field rather than the transient
ones are important in engineering, a practical Reynolds Average Method (also called RANS) is put
forward. The averaging introduces more variables and needs supplementary equations. The
standard k —& model and its derivative models (RNG k—¢& & realizablek —g) add two
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equations about kinetic energy of turbulence (k) and turbulent dissipation rate (&) to help solving
the variables. A test was taken to find out the applicability of RNG k —& model and realizable
k —& model in this problem by using them to calculate pressures on measuring point 10* as
defined in P1 at an ultimate state. The test case assumed a Kinglong Coach passed by the sound
barrier at the speed of 120 km/h with the minimum distance of 0.75 m. The comparison of the
results shows in Fig. 1, which indicates that the two turbulence models won’t make great
difference (3% in maximum), and the realizable k —& model is the final choice in this paper.
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Fig. 1 Comparison of results from realizable K —& model and RNG K —& model

(a) Volkswagen Passat (b) Toyota Coaster
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Fig. 2 A2 m long section of sound barriers in
computational domain Fig. 3 Geometric model of typical vehicles

2.3 Geometric model

The three-dimensional geometric models of flow fields were established in AutoCAD. To reach
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a general conclusion for all kinds of sound barriers, the barrier bodies were created in a shape of
flat board instead of the experimental one. The columns were ignored, while the shape of the
concrete bump wall was taken into account. The sound barriers and bump walls were built in
full-length in the computational domain. A 2 m long section of sound barrier is taken for instance
in Fig. 2.

Fig. 3 gives out the vehicles’ three-dimensional geometric models. In order to balance the
computational accuracy and efficiency, the build was mainly focused on the vehicular profile, such
as the chamfering on the edges, bevel of fore window, whereas the tires, rearview mirror, wipers,
door handles and some other details were ignored. Removing the tires seemed to be a noticeable
change of vehicle shape, but the effect caused by tires was negligible in calculating the pressure on
sound barriers, since the tires were much lower than the sound barriers.

2.4 Computational domain mesh and boundary conditions

The computational domain should be sufficient to make vehicle-surrounding flow field fully
developed before it reaches the focus section. Considering the computational conditions we have,
an 80 mx40 mx15 m computational domain was determined. To simulate the motion of vehicles,
the dynamic layering model was used locally, which was specified to an 80 mx4 mx5 m region.
The dynamic layering model would move the grids by splitting or merging the grids next to the
boundary, on condition that the grid heights are greater or less than a user-defined value. The
velocity of grids movement was controlled by UDF (User Defined Function) in FLUENT.

The mesh was done by pre-processing software ICEM-CFD. Benefited by the simplified
geometric model, the whole computational domain was meshed to hexahedral grids with high
quality and efficiency. The dynamic mesh region and the static mesh region could be meshed
separately, and the boundary condition of interface in FLUENT was applied to the two regions, by
which data could exchange between regions with non-conformal mesh.

A 2m long section of sound barrier in the middle of the computational domain was chosen to be
the focus section, on which the pressure was monitored. Around the focus section, the grids were
dense, while the regions far from it were meshed in a relative coarse way. As a result, the
minimum volume of the grids was 1.39x10°m?, while the maximum one was 1.02x10"m®. The
overall number of grids was about 5 million, involving 1.4~1.7 million (due to the different
vehicle types) in the dynamic region.

Table 1 Summary of boundary conditions

Boundary
condition
Right side Velocity inlet
Left side Pressure outlet
Vehicle, sound barrier, ground Wall
Front/back side, top side Symmetry
Boundary of dynamic mesh region Interface

Table 1 shows all the boundary conditions in the computational domain. The setups of velocity
inlet and pressure outlet were for the pressure balance of the entire computational domain to avoid
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calculating divergence. As the vehicle-induced aerodynamic loads rather than the natural one is the
focus issue in this paper, the velocity was only set to 1x 10m/s, while turbulent kinetic energy and
turbulent dissipation rate were set to 1x10*m“/s? and to 1x10™m?s’, respectively.

o

Fig. 4 Mesh around sound barriers and boundary conditions

& &

Fig. 5 Mesh around vehicles
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2.5 Solution method and time step

The pressure-based solver with SIMPLE (Semi-implicit method for pressure-linked equations)
algorithm was used, and the discretization for the convective terms and diffusive terms were the
first order upwind scheme and central differencing scheme, respectively. It is believed that the
second order upwind scheme could make a better approach and thus is commonly used in CFD
projects. But due to a test case (under the same conditions to the one in Chapter 3.4), the two
schemes got very similar results except a little difference in the second negative peak, as shown in
Fig. 6. Therefore, the first order upwind scheme was adopted in this paper because of its higher
calculation efficiency.
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Fig. 6 Comparison of results from the first/second order upwind scheme

Table 2 Summary of numerical simulation schemes and parameters

Discretization of governing equations Finite volume method
Size of computational domain 80 mx40 mx1 5m
Types of grids Hexahedral
Total number of grids About 5 millions
Dynamic mesh method Dynamic layering model
Turbulence model Realizable k —¢
Discretization of convection term First order upwind scheme
Discretization of diffusion term First order central difference scheme
Algorithm SIMPLE
Time step length 0.005s

Due to the dynamic layering model that is used in dynamic mesh region, the vehicle speed and
grids’ height on the grid generating/removing surface should be taken into account in determining
the length of time steps, which is ruled by the following formula
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Atva%l @)

where At is the length of time steps, V is the vehicle speed, Al is the critical value for
splitting or merging grids. As the grid heights on the boundary were about 0.1m, Al is set to be
0.1, thus At is set to be 0.005s to meet Eq. (4).

Table 2 gives out the main schemes and parameters in numerical simulation.

3. Theoretical model

The theoretical model was established on assumptions similar to the ones proposed by
Sanz-Andrés et al. (2002, 2003, 2004). It can be solved by theory of potential flows but with
inaccurate results since the vehicles’ body shapes can’t be described theoretically, therefore a
calibration is needed. Then the theoretical model consequently lead to an equation which provides
a very simple but effective way to calculate the vehicle-induced aerodynamic loads on highway
sound barriers.

3.1 Hypothesis

(1) The flow generated by the vehicle motion is a potential flow, both in the field influenced by
the vehicle head and wake. Here the wake part should not be neglected for the wake impact plays
an important role in vehicle-induced aerodynamic loads. Even though it is not showing purely
potential features, the potential hypothesis is able to develop a practical way to achieve the
accurate result.

(2) The potential flow generated by the vehicle is represented as the combination of a point
source and a point sink. The former one locates on the vehicle head, with intensity Q,, which is
determined by the vehicle speed and cross-sectional area. The latter one is at the end of the vehicle,
with intensity Q,, which is dependent on Q;.

(3) The sound barrier is considered as a plate with very large area but little thickness, and the
vibration of it could be ignored, which makes a boundary condition of wall in the model.

(4) The pressure field is determined by using the non-steady potential flow Bernoulli Equation.

3.2 Modeling

Take the origin in the coordinate system as the focus point, the model is described in Fig. 7.
The vehicle is represented as a box in dash line, moving towards the negative direction of x-axis in
a speed of v.

As the experimental results concluded that the vehicle-induced aerodynamic loads consists of
head impact and wake impact, the flow generated by the vehicle could be represented as that
produced by a moving point source, followed by a moving point sink. The point source intensity
Q. is determined by the vehicle speed and cross-sectional area, while the point sink intensity Q, is
dependent on Q;.

The original longitudinal position of the point source is b, while the horizontal source-barrier
separation distance is d, the vertical source-barrier separation distance is h. Therefore, after a
period time of t, the coordinate of the point source would be (-b+vt, d, h), while the one of point
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sink would be (-b-1+vt, d, h). Now that the sound barrier is considered a boundary condition of
wall, the image source/sink should be positioned symmetrical to the xz-plane, and the coordinate
of the image source/sink would be (-b+wt, d, h) and (-b-1+vt, -d, h).

I Z
L
b 4% 1 % d -
] y
2 Z— - X
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\L " X Point Source ¥ Point Sink
#
¥ Image Source % Image Sink

Fig. 7 Schematic layout of the model

Following the theory of potential flow, the potential functions in the flow field are as showing

below, in which ¢;, ¢; are for the point source and its image, ¢,, ¢, are for the point sink
and its image.

Ay, 20 =2 S
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where Q, = ¢, vA, v isthe vehicle speed, A is the cross-sectional area, Q, = c,Q;, ¢, <O0.
The potential function of the upper half flow field would be the superposition of ¢, ¢@;, @5,

@3-

P, Y. 2,0) =0+, + 0, +, (6)
At the focus point (0, 0%, 0)
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where u, v, w are the velocity component in X, y, z axis, respectively.

As for the point (0, 0, 0), all the velocity components would be zero, since the potential
function in the lower half flow field is the constant of zero.

The non-steady potential flow Bernoulli Equation is

1 op
P+=pVi+p—=C 8
VP (8)
where P is the pressure, V = vu2 + v2 + w2, p is the density of air, C is a constant.
By introducing Eq. (7) to Eq. (8), the pressure difference between the point (0, 0%, 0) and (0, 0,
0) is givenin
1

op
AP=—=pV?—p—— 9
2p pat 9)

Table 3 Calibration coefficients of typical vehicles

Vehicle type Cy C; Cs
KC 1.8 -0.5 1
TC 1.8 -0.5 1.15
VP 1.7 -0.7 0.9

3.3 Model calibration

Since the vehicle is simplified to point source & sink, the vehicle shape is not taken into
consideration. Therefore, the intensity of the point source/sink should be modified, with the
coefficient ¢, ¢z, which are only influenced by the vehicle shape, and the values can be achieved
by the numerical results, as shown in Table 3.

Besides, the interval between the head impact and wake impact is not precisely the vehicle
length (see P1), so it might lead to some errors in predicting the pressures, especially for the VP
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cases. By calculating R; as P1 defined and the flow field showing in Fig. 11, a coefficient cs is
introduced to calibrate the distance between point source and point sink, i.e., I= c3-Lo, where Ly is
the vehicle length.

4. Results and discussion

4.1 Time-history of pressures

In P1, the conditions in field experimental cases and the results were already given. By
choosing typical values of variables in field experiment, a total of eight cases (KC-2, 4, 5, & TC-1,
4, 7, & VP-1, 4) were taken into selective analysis, which would investigate these cases in
numerical and theoretical ways.

100
Experimental results

50

0 -

3
# -«\/sf

¥

-50 o

Pressure (Pa)

&

-100 o

I'ime (s)

(a) experimental results

100 —

Numerical results|

50

Pressure (Pa)

-50

-100 A

T
0.0 0.5 1.0 15 2.0 25
Time (s)

(b) Numerical simulation results

100

Theoretical results|

50 o

Pressure (Pa)
iv

-50 o

-100

T T T T T 1
0.0 0.5 1.0 1.5 2.0 25

Time (s)

(c) theoretical results

Fig. 8 Comparison of experimental, numerical and theoretical results on measuring point 6*~10" of case
TC-1
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Take case TC-1 for instance, Fig. 8 shows the numerical and theoretical results on different
locations in comparison of the experimental ones. The theoretical results are not so precise on
higher measuring points (see the bolder lines in Fig. 8), which is attributed to the wall boundary in
theoretical model for separating the two sides of sound barrier completely. Nevertheless, the
time-history trend is almost consistent, which means the time-history curves on one point will be
enough to illustrate the whole process. Pressures on measuring point 10” collected by three
methodologies will be shown and discussed in the following.

Because of the similarities of the pressure time-history curves in KC & TC cases, results of KC
& TC cases are put together in Fig. 9. Noticing that the time spans in the three methodologies are
different, the origin of time is chosen to be the one in numerical simulation. Thus negative time
may appear in some curves, and the same to the following figures.
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Fig. 9 Comparison of experimental, numerical and theoretical results of KC & TC cases
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The numerical results appear to be beyond the experimental ones, especially in the negative
peak. The main reason could be the personal error in driving vehicles. It is hard for the drivers to
keep the distance close enough to meet the plan exactly due to the concern of risks, so the bigger
distances make the lower pressures in the experiment. Therefore, the numerical results show
stronger regularities in all cases, which is the reason why the calibration of theoretical model is
based on it.

The theoretical results are in great agreement with the numerical one in head impact part, but
with slight differences in the wake impact part. It is consistent to previous studies, showing that
wake impact is influenced by the vortex shedding and reattachment rather than an effect caused by
pure potential flow. However, the potential hypothesis is still helpful for the simple form of
solution with acceptable error, even in the part of wake impact.

Pressure (Pa)
Pressure (Pa)

-100

-120 A

T T T T T T
-1 0 1 2 -1 0 ) 1 B
I'ime (s) Time (s)

(a) VP-1 (b) VP-4

Fig. 10 Comparison of experimental, numerical and theoretical results of VP cases

Due to the streamlined vehicle shape of VP, the results are obviously different from other
vehicles. Apparently seen in Fig. 10, the pressure time-history curves of VP cases significantly
vary from other cases with only one negative peak with a much greater value compared to the
positive one, which can be attributed to the head impact and wake impact overlapped each other.

The numerical results of VP cases show great agreement with experimental ones. By the
benefits from Volkswagen Passat’s low position of cab and small width of vehicle body, the
distances are more controllable than other vehicles. Therefore the personal error in the experiment
decreased, so as to meet the situations in numerical simulation more perfectly.

The theoretical model explains how the extremely large negative peak is produced, and its
results of VP cases are accurate comparing to the experimental and numerical results, showing that
it is a practical and effective way in solving this problem.

4.2 Flow field analysis
The methodologies of numerical and theoretical would gain not only the time-history of

pressure, but also the solution of the whole flow field. The streamline pattern in numerical
simulation is shown in Fig. 11. It is observed that the flow field is similar to potential one, as the
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streamlines converge near the vehicle head and end, just the same to the effect of the point source
and point sink.

The vortex shedding can be certainly observed in the wake of KC and TC, but not in that of VP,
at least in a range of two times of vehicle length. It can be mainly attribute to the streamlined
shape and fast speed in VP cases, which, to a certain level, is identical to the hypothesis that “the
pass is so quick that there is not time enough for a wake to be developed on the flow behind the
barrier”, proposed by Sanz-Andrés et al. (2004). Besides, the flow obviously separates on the top
of the sound barrier in Fig. 11, which proves that the different boundary condition caused the
numerical results differs from the theoretical ones on higher measuring points, as mentioned
before.

“4

 TeT

@bl

Fig. 11 Typical streamlines around vehicles and sound barriers

4.3 Discussion on variables

By carrying out the discussions above, the theoretical results are considered practical and
effective in predicting the time-history of pressures, at least in the positive and negative peak.
Therefore the theoretical model is able to reveal the effect of variables such as vehicle type and
vehicle speed.

The vehicle type consists of the shape, length and cross-sectional area. The former two are
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included in the calibration coefficients, ci, C,, Cs, While the last one is included in the source/sink
intensity. As Table 3 presents, ¢; & c, for streamlined vehicles would certainly be smaller, because
of the weaker head impact and stronger wake impact. However, the coefficient c; is difficult to
determine, for the streamline converge to an area rather than a point as Fig. 11 represents,
therefore the value of c; is experiential ones here.

As for the vehicle speed and vehicle-barrier separation distance, the Eq. (9) already describes
their relation to the pressure. The max/min pressure changes with vehicle speed and separation
distance (from the point source to the barrier), as shown in Figs. 12 and 13 respectivley. The
separation distance is only concentrated on the horizontal one for the source is set at the same
height as the focus point, so that the vertical separation distance is zero, i.e., h = 0 m. Since the
results are based on the potential theory, it is not surprise that the max/min pressure is proportional
to the square of vehicle speed and inverse square of separation distance.
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Fig. 12 Variation of max/min pressure with vehicle  Fig. 13 Variation of max/min pressure with
speed (KC type, d=1.745 m) horizontal separation distance (KC
type, V=90 km/h, h=0 m)

5. Conclusions

The numerical approach using FLUENT and the theoretical one based on potential theory are
developed to study the vehicle-induced aerodynamic loads on highway sound barriers. Since the
numerical and theoretical results are both in good agreement to the experimental ones, it is
possible to predict the effect of vehicle-induced aerodynamic loads on sound barriers, and to
investigate the mechanism of it.

The effects of head impact and the wake impact defined in P1 can be identically generated by a
point source together with a point sink in theoretical model. By analyzing the flow field achieved
in the numerical simulation, the potential flow is proved to be the main source of both head and
wake impact. Therefore the theoretical model is effective and practical, with acceptable errors.
However, the model requires calibration that is related to the vehicle shape, so the coefficients
provided here is only available for the three vehicle types. Further study is still needed.

Through the analysis of flow field and the discussion on variables, the following can be
concluded: (1) the shorter vehicle length would produce large negative pressure peak as the head
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impact and wake impact overlapping with each other; (2) the fast speed and short vehicle length
would lead to a wake without vortex shedding, which means more potential feature in that case; (3)
the max/min pressure is proportional to the square of vehicle speed and inverse square of
separation distance.
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