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Abstract.  This paper describes the effect of different testing parameters (configuration of infrastructure and truck position on road) on
truck aerodynamic coefficients under cross wind conditions, by means of a numerical approach known as Large Eddy Simulation (LES). In
order to estimate the air flow behaviour around both the infrastructure and the truck, the filtered continuity and momentum equations along
with the Smagorinsky—Lilly model were solved. A solution for these non-linear equations was approached through the finite volume
method (F\VM) and using temporal and spatial discretization schemes. As for the results, the aerodynamic coefficients acting on the truck
model exhibited nearly constant values regardless of the Reynolds number. The flat ground is the infrastructure where the rollover
coefficient acting on the truck model showed lowest values under cross wind conditions (yaw angle of 909, while the worst infrastructure
studied for vehicle stability was an embankment with downward-slope on the leeward side. The position of the truck on the road and the
value of embankment slope angle that minimizes the rollover coefficient were determined by successfully applying the Response Surface
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Methodology.
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1. Introduction

As a consequence of cross wind induced accidents in
road/rail transportation, the amount of research on this issue
has increased over the last years (Baker and Reynolds 1992,
Bettle et al. 2003, Bocciolone et al. 2008). Several
accidents due to cross wind have been registered and
analysed worldwide (Coleman and Baker 1990, Imai et al.
2002, Shao et al. 2011). High-sided vehicles such as trucks,
caravans and trains are especially affected by cross wind
since the risk of rollover is higher than for other kinds of
vehicles (Dorigatti et al. 2012). In addition, new vehicles
are designed to be lighter to reduce their energy
consumption and this aspect negatively affects their
stability during driving (Alvarez-Legazpi et al. 2010).

The overturning risk associated with cross wind mainly
depends on local wind characteristics and the dynamic
behavior of vehicles. The local wind characteristics are
influenced by the infrastructure scenario along
transportation routes (Suzuki et al. 2003, Cheli et al. 2010).
At locations such as embankments, bridges and tunnel exits,
vehicles have more susceptibility to rollover than in other
places. Therefore, better knowledge of the stability of
vehicles by measuring the aerodynamic coefficients in these
scenarios may improve the safety regulations in cross wind
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conditions.

For this reason, several methodologies have been used
by different researchers to analyze the stability of high-
sided vehicles under cross wind conditions in these risky
infrastructures.

Dorigatti et al. (2012) carried out wind tunnel tests to
obtain the aerodynamic loads of three kinds of vehicles
located on two models of bridge. Other research has been
focused on vehicle stability in special bridge locations such
as bridge towers (Argentini et al. 2011, Ma et al. 2016, Wu
et al. 2017). This is because the towers cause sudden
changes in the aerodynamic loads of the vehicles.
Moreover, the effect of embankments on the overturning
risk of wvehicles has been analyzed in several studies
(Diedrichs et al. 2007, Miao et al. 2010, Schober et al.
2010) due to the wind speed increasing on upslopes
(Bitsuamlak et al. 2004).

This knowledge of unstable aerodynamic loads acting
on vehicles for different scenarios has been used for the
development of wind warning systems to protect high-speed
trains against strong cross winds (Hoppmann et al. 2002,
Delaunay et al. 2006). Other studies focus on the
optimization of barriers to improve the protection of
vehicles against cross wind conditions (Yang et al. 2017).
So far, different techniques such as numerical simulation,
wind tunnel testing and full scale experiments have been
used to evaluate vehicle stability under cross wind
conditions. For instance, Hibino et al. (2010) carried out a
full-scale experiment to validate the equation that is applied
to solve the overturning problem of a rigid body. Wind
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tunnel tests were performed by Bocciolone et al. (2008) to
analyze the most critical conditions in several road
infrastructures as a result of cross wind action. Sterling et
al. (2010) contrasted the results of aerodynamic loads
acting on a truck by using the three techniques cited above.
In this paper, the aerodynamic coefficients of a truck
model in different scenarios and subjected to cross wind
conditions are obtained by means of numerical simulation.
This study aims to analyze how different configurations of
embankments affect vehicle stability by using a validated
numerical model in combination with a design of
experiments (DOE) methodology. This methodology
enables scenarios to be distinguished in which risk of
rollover accident due to cross wind action is especially
relevant. This information can be very useful for making
relevant decisions in terms of traffic safety improvement
(use of wind fences, new regulations, etc.). Moreover, a
better understanding of how different geometric parameters
of embankments affect the aerodynamics of the vehicle can
be very valuable for the design of road structures with
reduced risk of rollover accidents. The first section of the
paper describes the CFD model and its numerical setup
while the second analyzes the results provided by the
numerical simulation. Finally, the most important
conclusions are drawn based on the results obtained.

2. Numerical procedure
2.1 Mathematical approach

Cross winds that negatively influence vehicle stability
are characterized by a turbulent regime, which consists of
eddies with a wide range of length and time scales. It is
possible to solve the whole spectrum of turbulent scales by
applying the method known as direct numerical simulation
(DNS). However, the high computational cost required to
solve common engineering problems by using the DNS
approach makes this unfeasible (ANSYS FLUENT 2017).
With another approach known as Large Eddy Simulation
(LES) only large eddies are solved directly whereas the
small eddies are solved using turbulence models. Therefore,
LES enables the use of coarser grids and larger time steps in
comparison to DNS, as well as finer grids than those used in
models solved with the Reynolds-Averaged Navier—Stokes
equations approach (RANS). All turbulent scales are
modeled in RANS; therefore, LES allows more accurate
results to be obtained than RANS, particularly for cases
where significant unsteadiness in the large scale of flow are
generated, as could happen around trucks under cross wind
conditions. Accordingly, the LES approach was used to
carry out the 3D numerical simulation presented in this
work. The LES approach was also used in other studies to
analyze the effect of cross wind conditions on the stability
of vehicles such as cars and trains (Tsubokura et al. 2010,
Garcia et al. 2015, Dragomirescu et al. 2016).

The LES approach filters the Navier-Stokes equations
and resolves these equations for the large-scale eddies. The
filtered continuity and momentum equations for an
incompressible flow are
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where u; and p are the filtered component of velocity in
the i direction and pressure, respectively; o is the stress

tensor due to molecular viscosity; and z; is the subgrid-

scale turbulent stress tensor. In order to obtain the term z;,
the Boussinesq assumption was considered and the
Smagorinsky—Lilly model (Smagorinsky 1963) was
employed. Detailed information about these equations can
be found in ANSYS FLUENT (2017).

The finite volume method (FVM) is applied to solve the
equations described above, which detail the transport of the
main properties of turbulent flow. The geometric domain is
divided into a finite number of cells with nodal points. The
virtual control volumes are cell-centered and are directly
delimited by the grid nodes, and the variables’ values will
only be available at the center of cells. The governing
equations that describe the conservation of a general
variable of flow ¢ (e.g., components of the flow velocity u,
or pressure) are integrated within the control volumes.

In this research work, a bounded second-order implicit
scheme was used for time discretization. Regarding spatial
discretization, the following schemes were used: Least
Squares Cell-Based to calculate gradients; second order to
calculate the pressure gradient term; and bounded central
differencing to solve the convection-diffusion equations.
The SIMPLE algorithm of Patankar and Spalding (1972)
was used to solve pressure-velocity coupling. This is a
recommended configuration for single-phase problems
using either the pressure-based or density-based solver
(ANSYS FLUENT 2017). The time step was set based on
the ratio between the vehicle width and the upstream wind
velocity obtained at the level of the vehicle (Wang 2014).
Therefore, the time step was defined as

W
At=01—- 3
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where W is the width of vehicle and U is the upstream wind
velocity. The Courant-Friedrichs—Lewy number (CFL) was
below one in most of the cells for the time step used. The
flow covered three times the domain before the results were
sampled. The aerodynamic coefficients were averaged
during 2300At, which is the time required by the air flow to
cover three times the domain.

Finally, the algebraic equation system was solved by
using an iterative method. A converged solution was
reached when the following requirements were met
(ERCOFTAC 2000): scaled residuals of all the variables
below 1-10™ and constant value (4 significant figures) of the
monitored aerodynamic coefficient. To carry out the
simulations, a server with Intel Xeon 5630 @ 2.53 GHz (16
processors) CPU, 64 GB RAM memory and 4 TB hard disk
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was used that worked under the Windows server 2003
operating system.

2.2 Infrastructure models

In order to analyze the effect of the infrastructure
scenarios on the aerodynamic coefficients involved in the
rollover of a truck, three stationary ground configurations
were proposed for study (see Fig. 1): embankment with
downward-slope on the leeward side (type-1 embankment),
embankment with upward-slope on the leeward side (type-2
embankment) and flat ground. Height, slope angles and
road width have the same dimensions in both embankment
scenarios (see Fig. 1). Detailed information about these
dimensions as well as about those of the truck can be found
in Cheli et al. (20114, b).

To carry out the numerical simulation, the three-
dimensional domain representing the regions of air around
the truck has to be built (see Fig. 2). The upstream and
downstream distances from the bluff bodies (truck and
embankment models) in the three scenarios are at least
6Hobs (Hobs being the obstacle height) and 14.4Hobs,
respectively (see Fig. 2). The cross section has the same
dimensions as the boundary layer test section used in the
wind tunnel located in the Polytechnic of Milan: 14 m x 4 m
(Bocciolone et al. 2008). In addition, the domain was
divided into three sub-domains (near domain and two far
domains) for several reasons. The near domain surrounding
the truck model was defined in order to build a finer grid in
this region, which enables the precise capture of the
gradients of the flow variables in the proximity of the truck
and infrastructures. The remaining domain was divided into
two sub domains to set different values in the inlet
boundary condition (see Fig. 2).

(a)

Fig. 1 Truck model located on studied ground
configuration: (a) type-1 embankment and (b) type-2
embankment and (c) flat ground

wall

15Hobs

'/AHobs , M
Aobs
Fig. 2 Geometrical model and boundary conditions used in

CFD for type-1 embankment, Hqs being the height of
obstacle

near-domain

Trbick model

Fig. 3 View of the grid in several regions of the domain
for type-2 embankment

2.3 Grid and boundary conditions

Three kinds of grid were used in the CFD models:
inflation grid for the regions of fluid close to solid surfaces
(infrastructures, walls of test section and truck), tetrahedral
grid for far domain.1 and near domain and structural grid
for far domain.2 (Fig. 3). The inflation grid enables the high
gradients of the variables in the region of the boundary
layer to be represented with a greater accuracy. The
inflation grid consists of ten inflated layers with a growth
rate of 1.2, the thickness of the first layer being calculated
to obtain a y* value of 1. The variable y* is the
dimensionless distance from the wall and is calculated as
follows

yt =t @)

Where y is the distance from the wall; u, is the shear
velocity; and v the kinematic viscosity.

The grid size used to solve the CFD models varied from
11.87 million to 20.05 cells for the flat ground and type-1
embankment, respectively. The boundary conditions
adopted for solving the numerical model are the following
(see Fig. 2) (Tu et al. 2012, Madenci and Guven 2015, Yang
et al. 2017):

e Inlet: U(z) was defined according to the wind speed
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profile introduced in Cheli et al. (2011a, b) for low
turbulence condition, where the free stream velocity,
U.., was equal to 13.9 m/s. The components of the wind
speed in the Y and Z directions are zero (V,\W=0). The
fluctuating inflow was generated with the Spectral
synthesizer (SS) method proposed by Kraichnan (1970)
and modified by Smirnov et al. (2001). This method
randomly synthesizes a divergence-free velocity field
from the summation of Fourier harmonics to generate
fluctuations of the wvelocity components (ANSYS
FLUENT 2017). The turbulent length scale I, and the
turbulence intensity |, were adjusted to 0.1m and 2%,
respectively, as in Cheli et al. (20114, b).

e Outlet: Relative pressure p = 0. At the outlet boundary
I, the normal gradients of all variables are set to
zero, which corresponds to the Neumann boundary
condition.

e Solid walls: A non-slip condition (U,V\W=0) was
adopted at the solid surface of the domain (walls of test
section, surfaces of both infrastructures and truck), as
seen in Fig. 2.

2.4 Evaluation of aerodynamic loads and moments

The aerodynamic loads and moments acting on the truck
are side force (Fs), lift force (F.) and rollover moment (Mg)
(Fig. 4). The side and lift forces acting on the truck were
obtained by integrating the pressure distribution over the
vertical and horizontal surfaces of truck. On the other hand,
the rollover moment was calculated by summation of the
moments of side and lift forces around point O (Fig. 4). The
aerodynamic force and moment described above were
transformed into non-dimensional coefficients by using the
following equations:

EPU As S As EPU AsH

where p is the density of the air, 1.18 kg/m®; As is the side
area of the truck, 0.189 m% H is the reference height, 0.262
m; and U is the mean streamwise wind speed measured at
several heights above the ground according to the
experimental study by Cheli et al. (2011a, b). Particularly,
U was measured at the heights of 0.25 m and 0.60 m for the
flat ground and embankment infrastructures, respectively.

L.

Fiift I& ‘

Fside

dy
Point O

Fig. 4 Aerodynamic loads responsible for the rollover
moment acting on the full-scale truck

2.5 Design of experiments (DOE) methodology

The influence on the aerodynamic behavior of the truck
of variables such as the slope angle g of the type-1
embankment and the horizontal distance d between the edge
of the embankment slope and the truck (See Fig. 1), were
studied by means of a DOE. The type-1 embankment was
used for analysis instead of the type-2 because of its more
unfavorable influence on the vehicle stability, as can be
seen in section 3.2. The first step in the DOE procedure
(Del Coz Diaz et al. 2012, Telenta et al. 2015) consists of
selecting a method to determine the number of cases to run
and the values of the input variables for these cases. In this
case, the Central Composite Design (CCD) method was
selected and then the different combinations of input values
were considered to obtain the predefined output variables.

The Response Surface models (RS-models) were
developed based on the second order polynomial regression
models chosen as an approximation technique along with
the results obtained from the DOE method. As a part of the
Response Surface Methodology (RSM), the input variables
X1, X2..., Xy Must be coded to compare their effects on truck
stability. Factors vary between -1 and +1, which
corresponds to a variation between a minimum and a
maximum value in the coded scale, respectively. The
second-order models obtained during the RSM enable the
identification of the critical points (maximum, minimum, or
saddle) and can be expressed in a general form as
(Montgomery 2001)

Y =q, +Zn:ai X, +Zn:a“xi2 +Zn:aijxixj 6)
i=1 i=1

i<j

where Y is the predicted response variable; x; denotes the
coded values of the input variables; ao, @i, aii, ajj indicate
the regression coefficients (offset term, main, quadratic and
interaction effects); and n is the number of variables
studied. The regression coefficients are determined by the
Ordinary Least Squares (OLS) method. The OLS estimator

is defined according to the following expression
(Montgomery 2001, Del Coz Diaz et al. 2011)
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where aos s a vector of regression coefficients; X is an
extended designed matrix for the input variables including
the coded levels; and Y is a column vector of response
variables that includes the numerical simulation results for
the combinations of input variable values previously
proposed by the DOE method. The input variables with
their variation ranges (maximum, minimum and current
value) as well as the output variables, are shown in Table 1.
Finally, an optimization of the input variables was carried
out by means of identifying the combination of input
variables values that minimized or maximized a given
objective function.
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Table 1 Ranges of input variables and response variables
used in the DOE analyses

Input variables ) d® (mm)
Maximum 53 180
Minimum 15 30

Current 34 105

Output variables Cf_Side Cf_Lift Cm_Rollover

®Angle of the type-1 embankment slope with the horizontal
plane (see Fig. 1).

PDistance between the edge of the type-1 embankment slope and
truck in full scale (see Fig. 1).

3. Results and discussion

3.1 Reynolds number effect on aerodynamic
response

In order to correctly obtain the aerodynamic loads acting
on the full-scale truck, it is necessary that the dynamic
similarity between the 1/10 scaled-down truck model and
the full-scale truck is fulfilled. To satisfy the dynamic
similarity criterion, the magnitudes of the Reynolds number
Re, analyzed during the numerical simulation of the 1/10
scaled-down truck model should be equal to the full-scale

truck case (Cermak and Isyumov 1998, Kang and Lee 2008).

Therefore, to obtain the same value of Re, the wind speed
should be 10 times the actual wind speed in the numerical
simulation. None information about the fulfillment of the
dynamic similarity criterion was indicated in Cheli et al.
(20114, b) so it was found interesting to check it in this
section. Accordingly, the independence between the
aerodynamic coefficients of the truck model and the Re
values was assessed, since the actual wind velocity for the
full scale truck was unknown.

For this study, flat ground was selected, because the part
of the speed profile that influences the truck model does so
at lower values of Re in this infrastructure. The
aerodynamic coefficients of the truck model under cross
wind conditions (yaw angle of 909 were obtained for five
magnitudes of Re between 2.5x 10° and 7.2 x 10°. The
range of Re values proposed in this study includes the value
used in the experimental tests. The Re values were obtained
by using the following expression

M

where U, is the undisturbed wind speed and L is the
characteristic linear dimension whose value is equal to the
reference height value defined for the aerodynamic
coefficients. The aerodynamic coefficients of the truck
model showed small variations in the range analyzed, as
seen in Fig. 5. As the minimum value of Reynolds number
defined in the numerical simulation for the studied
scenarios was 2.5 x 10°, it can be assumed that the dynamic
similarity requirement is satisfied.

(8)
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Fig. 5 Relationship between the Reynolds number and the
aerodynamic coefficients of truck model under cross wind
conditions

3.2 Influence of the embankment type

In order to analyze the influence of the embankment
type on the stability of a truck model, the aerodynamic
coefficients of a truck were determined for flat ground, an
embankment with downward-slope on the leeward side
(type-1 embankment) and an embankment with upward-
slope on the leeward side (type-2 embankment) (see Fig. 6).

The rollover moment is the key coefficient when the risk
of suffering a rollover accident under cross wind conditions
(Schober et al. 2010) has to be evaluated; accordingly, the
results indicate that the embankments affect the truck
stability more negatively than flat ground (see Fig. 6). This
could be due to the slope of the two embankments located
on the upward side of the truck, because the slope causes a
decrease in the distance between the streamlines and
consequently the air flow speed increases (see Fig. 7).
Specifically, the maximum velocity of the air flow is
reached at the end of the upward slope for both types of
embankments. Therefore, the greatest differences in
pressure between the windward side and the leeward side of
the truck are found for the embankments (see Fig. 8). The
most significant relative differences between the
experimental reference values and those from the numerical
simulation were found for the lift aerodynamic coefficient
(see Fig. 6). However, in general, the aerodynamic
coefficients obtained through both techniques suggest the
same conclusions regarding the infrastructures having a
more detrimental influence on the vehicle stability under
cross wind conditions, as shown in Fig. 6.

A higher value of the rollover coefficient was obtained
for the type-1 embankment than for the type-2
embankment. This is because the slope of the type-2
embankment on the leeward side of the truck can slow
down the wind speed in the air region between the truck and
this slope (Fig. 8). Therefore, the relative pressure values
are closer to zero and as a consequence, the suction force
acting on the leeward surface of the truck is less on the
type-2 embankment. Regarding the lift coefficient, the
small differences in pressure between the top and the
bottom of the truck for all the infrastructures are in
agreement with the positive low values obtained for the lift
coefficient shown in Fig. 6.
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Fig. 6 Comparison of aerodynamic coefficients with perpendicular wind (y=909), obtained through wind tunnel tests
(EXP) by Cheli et al. (2011b) and numerical modeling (CFD)
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Fig. 7 Streamlines of velocity field around: (a) the type-1 embankment; and (b) the type-2 embankment
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Fig. 8 Mean pressure and velocity contours calculated from the numerical simulation results for the: type-1 embankment
(a) and (b); type-2 embankment (c) and (d); and flat ground (e) and (f)
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3.3 Effect of the slope angle and the truck’s position

During the DOE analysis, 9 numerical models were
solved in order to determine the surface response models.
Figs. 9(a)-9(c) indicate the maximum variation undergone
by the aerodynamic coefficients of the truck studied as a
function of the truck’s position on the road, and the slope
angle, for the type-1 embankment (see Fig. 1). All the
aerodynamic coefficients are sensitive to variations both in
the truck’s position on the road and the slope angle (see Fig.
9). Particularly, a negative correlation exists between the
aerodynamic coefficients and the truck’s position on road d.

The increase in the aerodynamic coefficients with the
decrease in the distance between the truck and the
embankment slope located on the windward side is due to
the accelerated streamlines from the slope that hit a greater
side surface of truck and flow closer to the top surface of
truck.

On the other hand, the relationships between the
aerodynamic coefficients and the slope angle are similar for
the rollover moment and side force, but not for the lift
force.

Cm_Rollover 1.7

1.65

50
O,
S0, 100

o, 150

@,
© £

20
3

w 2 g()
slope ot

50

Fig. 9 Response surfaces of the truck’s position on the
road and the slope angle versus the aerodynamic
coefficients of the truck: (a) side force, (b) lift force; and
(c) rollover moment

In the case of the lift force, an increase in slope angle
diminishes the coefficient whereas, in the case of the
rollover moment and side force, the coefficients firstly
increase with higher values of slope angle and then
diminish (see Fig. 9). An increase in the slope angle moves
the streamlines away from the top surface of the truck, and
as a consequence, the lift force decreases. In addition, this
increase of slope angle can accelerate the flow lines,
narrowing the distance between them (see Fig. 7) and in
turn allowing the increase in the side and rollover
coefficients. However, these coefficients can also decrease
at the highest values of the slope angle studied due to the
streamlines from the slope hitting a smaller side surface of
the truck. Therefore, both the side force and rollover
moment versus slope angle may exhibit different trends
depending on the range of the slope angle values studied, as
shown in Fig. 9.

A lower risk a rollover accident is expected when an
appropriate combination of input variables minimizes the
rollover moment coefficient. Thus, the minimum rollover
coefficient is 1.23 and it is obtained for a truck position on
the road of 180 mm (1800 mm in full scale) and a slope
angle of 532 Meanwhile, the worst combination of values
from a rollover perspective was obtained for a truck
position on the road of 30 mm (300 mm in full scale) and a
slope angle of 27.7°

4, Conclusions

In this work, several numerical simulations were carried
out to analyze the relationships between the aerodynamic
coefficients of a truck and the type of road infrastructure. In
addition, the effect of both the slope angle of an
embankment and the truck position on the road on the
aerodynamic response of the truck was studied. The main
findings from the results are summarized as follows:

e Flat ground is the infrastructure where the rollover
coefficient acting on the truck model shows the
lowest values under cross wind conditions (yaw
angle of 909, while the highest values were obtained
for the type-1 embankment.

e A negative sensitivity of the rollover moment
coefficient with respect to the truck’s position on the
road has been found. However, the sensitivity of the
rollover moment coefficient to the slope angle can be
negative or positive depending on the range of slope
angle values considered.

e The good agreement between the experimental and
numerical results demonstrates that the LES
approach in combination with the Finite Volume
Method is a suitable methodology to estimate the
vehicle’s aerodynamic response.

e The values of the truck’s position on the road and the
slope angle that optimize the vehicle stability were
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determined by applying the Response Surface
Methodology.

e The dynamic similarity between the 1/10 scaled-
down truck model and a full-scale model can be
considered to have been fulfilled according to the
existing relationship between the aerodynamic
coefficients and the Reynolds number.

e The DOE procedure, when applied on a validated
model, enables the saving of time and costs when
manufacturing prototypes and carrying out field
testing.
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