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Towards on-road aerodynamics

Evaluation and implementation of real-world conditions
Agam Sadan, Vicente Sartor Poloni

Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract

As newer regulations require improved energy e ciency for road vehicles to reduce
their environmental impact, the need to study the e ect of real-world conditions
becomes a strategic step for improving the on-road performance and range of new
vehicles. The aerodynamic performance of a road vehicle is sensitive to the turbu-
lence it undergoes in realistic conditions, making the introduction of turbulence to
simulations a must. It also provides a better base for an early understanding of a
car's behaviour and optimizations that will perform better in the high turbulence
conditions experienced on-road. Adding turbulence levels experienced on the road
to aerodynamic simulations will ultimately benet the end-users, with improved
high-speed stability and decreased fuel or energy consumption.

The study starts by evaluating literature based on related topics to gather com-
mon ndings and recommendations. Based on the literature review, the simulations
are run with dierent turbulence settings and further bench-marked to standard
guasi-steady simulations in the Computational Fluid Dynamics (CFD) software
StarCCM+. Furthermore, coast-down test data is used to extract the aerodynamic
load from the total road load using a proprietary method. This serves as a compar-
ison to nd what settings are the most representative of realistic conditions.

Based on the ndings from the comparison between real-world data and in-house
simulations, an optimized set of parameters is proposed for a possible standardized
method of computing on-road conditions in CFD.

Keywords: Vehicle aerodynamics, On-road conditions, CFD, Turbulence, Transient
simulations, IDDES
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List of Acronyms

Below is the list of acronyms that has been used throughout this thesis listed in
alphabetical order:

CAD Computer-Aided Design

CFD Computational Fluid Dynamics
DES Detached Eddy Simulation

IDDES Improved Delayed Detached Eddy Simulation
LES Large Eddy Simulation

LS Length Scale

MRF Moving Reference Frame

PSD Power Spectral Density

RANS Reynold's Averaged Navier-Stokes
RMS Root Mean Squared

SST Shear Stress Transport

TI Turbulence Intensity

VCC Volvo Car Corporation






Nomenclature

Below is the nomenclature of parameters and de nitions used in this thesis.

Parameters

PSD

Air Density

Vehicle Frontal Area

Gravity

Kinematic Viscosity

Coe cient of Friction

Road Inclination

Coe cient of Drag

Coe cient of Lift

Front Coe cient of Lift

Rear Coe cient of Lift

Drag Force

Mean Velocity

Turbulence Intensity

RMS of Turbulent Velocity Fluctuations
Turbulent Length Scale
Turbulent Kinetic Energy
Turbulence Model Constant
Turbulence Dissipation

Speci ¢ Turbulence Dissipation
Power Spectral Density

kg/m 2

m/s 2

mé/s

m/s

m/s

J/kg
m/s
Jikgs
1/s
¢/Hz

Xi
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1

Introduction

1.1 Background

1.1.1 The on-road environment

From the beginning of aerodynamics studies, most simulations have focused on main-
taining low levels of turbulence, which have allowed controlled experiments and re-
peatability. However, these low turbulence environments hardly occur in real-world
conditions, where wind, gusts or the wakes of passing cars prevails. These e ects can
generate turbulence intensities of up to 15%, while in most simulations and wind
tunnel tests the turbulence intensities are 0.1% [1], thereby indicating a need for
simulations that can represent the on-road environment better.

On-road aerodynamics has been gaining relevance in recent years due to more strin-
gent requirements for lower emissions and e ciency of passenger vehicles. Exper-
iments were performed by Wordley and Saunders ([1] and [2]) to obtain data on
turbulence intensities and length scales in di erent on-road scenarios. Their results
serve as a starting point for this study. A turbulent environment can have adverse

e ects on a vehicle's performance, usually causing higher drag, which directly in u-
ences energy consumption. Turbulence can also change the vehicle's characteristics
regarding drivability by a ecting its response to the variation of wind.

1.1.2 Vehicle aerodynamics

As emission regulations and environmental requirements become more strict, the
energy e ciency of road vehicles needs to improve to comply with these new rules.
Aerodynamics plays a big role in the energy consumption for automobiles, usually
at speeds above 70 to 80 km/h [10], when the aerodynamic drag force becomes the
dominant force opposing the motion of a vehicle. The equations for driving force
are given below:

Fx = FA + FG + FR + FD (11)

WhereF, is the resistance from acceleratiorkg is the climbing resistancefFr is the
rolling resistance andFp is the drag force. Expanding the terms above we obtain
the following equation [11]:

Fx=m (;\t/ + mgsin( )+ mg cos( )+ ;C b Av?; (1.2)
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where is a factor that accounts for the resistance caused by moving parts in a
vehicle, m is the vehicle's massg is the gravitational acceleration, is the road
inclination, is the coe cient of friction, Cp is the drag coe cient, A is the frontal
area of the vehicle andv is its velocity. To obtain the power requirement, i.e.
the power needed to drive at a certain velocity with given acceleration and road
inclination, the driving force is multiplied by velocity:

P, = VF, (1.3)

The power requirement is related to the energy consumption of the vehicle, and
velocity has a great impact on it. At high speeds, the energy consumption per
distance is the asymptote ofF, and proportional to the square of velocity, while
Py is proportional to the cube of velocity. At speeds above 70 to 80 km/h [10],
Fp is the main force acting on the vehicle at a constant velocity and small road
inclinations, causing optimizations in aerodynamics to have a great e ect on the
energy consumption of road vehicles.

1.1.3 Wind tunnels and turbulence generators

Most wind tunnels today have structures that reduce turbulence to have quasi-steady
air ow conditions in their test sections. Only a small number of wind tunnels
have turbulence generation systems. There are di erent methods for generating
turbulence in wind tunnels, with both passive and active methods. For passive
turbulence generators, grids are used to increase the unsteadiness of air, whilst for
active generators, turning vanes working at pre-determined frequencies are used as is
the case for the Pininfarina and FKFS wind tunnels. Commonly, active turbulence
generators are capable of generating high turbulence intensity levels of up to 45%,
whereas passive generate up to only 3% turbulence intensities.[2]

1.1.4 Computational uid dynamics(CFD)

To save time and cut costs, most new vehicle projects have their aerodynamics tests
starting with CFD. The bene ts are that the virtual model of the car can be tested
before physical models are assembled, which is more cost-e ective and allows for
early improvements in the shape of the vehicle. Also, it gives the added bene ts
of predicting the vehicle behaviour and aerodynamics which can serve as a base for
initial predictions on energy consumption, as well as the need for add-ons to rectify
possible stability problems.

For CFD, a virtual environment is created where all physics are de ned by the
user, and in conjunction with a CAD model of a vehicle. Generally, most CFD
simulations use low levels of turbulence intensity of 1% or less. However, for this
study, the turbulence intensities will be varied along with a more complex physical
modelling to represent realistic road conditions. The software used in the following
study is STAR-CCM+ developed by Siemens Digital Industries.

2
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1.2 Purpose

The purpose of this project is to show the importance of implementing more realis-
tic, turbulent conditions to the current aerodynamics simulation methods used for
passenger vehicles, to realistically represent their behaviour on the road. As most
simulations in the Vehicle Aerodynamics industry run low turbulence simulations
and prioritize the reduction of Cq4, the computational costs and time spent on these
ne optimizations may not have the intended e ect when the vehicle is nally on-
road where it faces di erent and unpredictable conditions.

Low turbulence simulations are commonplace in CFD and wind tunnel simulations,
an e ective way to improve the aerodynamics of a car. However, the addition of
real-world conditions with higher levels of turbulence in simulations, would facilitate
early predictions and improvements of a vehicle's on-road performance. This allows
for optimization in the early stages of the design of a new vehicle, o ering better
estimates for its aerodynamic e ciency and range, which are important factors for
new electric vehicles due to limitations in range.

1.3 Project scope and limitations

The scope of this project is to implement close to real-world ow conditions that
vehicles face on-road, in CFD simulations. Standard procedure for testing in CFD
is done using ideal conditions, with lower levels of turbulence than seen on-road,
showing an under prediction of drag force that a vehicle will experience under real-
world ow.

To accomplish the scope of the study, a turbulence model will be implemented using
the STAR-CCM+ software, by varying the turbulence intensities and length scales
to match the trend of energy spectra of turbulence to what has been found in the
literature studies of on-road tests. A limitation of STAR-CCM+ is the inability

to di erentiate the turbulence intensities and length scales along each of the three
components (U, V or W). Other smaller limitations and solutions are discussed in
the Methodology. Due to the limited time for the thesis, experiments were only run
in CFD, where real-world ow conditions can be modelled and simulated.

To further validate the results, coast-down data provided by the Vehicle Energy
E ciency department at Volvo Cars is used for comparisons to high turbulence sim-
ulations. The coast-down tests are performed by recording the forces opposing a
vehicle, starting from high speed and then coasting to a halt. The tests are done on
a at straight road, with minor external disturbances, to obtain the loss-inducing
forces a ecting the vehicle. As the energy consumption data is not gathered specif-
ically for the thesis, the exact vehicle speci cations may vary from the model used
in simulations and thus could cause tiny discrepancies.

The studies are conducted on two de ned car models, the 'DrivAer' model in notch-

3
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back con guration and the Volvo XC40 Recharge model. The DrivAer model is
chosen due to its simplicity, whilst the Volvo XC40 Recharge model to see the full
e ect of turbulence on a complex vehicle model. The other reason for choosing the
Volvo XC40 model is due to the availability of coast-down test data from VCC.
More details of these models are mentioned later.
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Theory

In this section, the intricate process of setting up the computational uid dynamics
models as well as turbulence and how it in uences ow will be explained. The goal
of this section is to cover the basics of what has been used in the rest of this thesis.

2.1 Computational uid dynamics (CFD)

By breaking down a computational domain into nite volume cells, it is possible
to numerically analyse the uid ow within the domain's environment quickly and
accurately with the means of Multiphysics computational software. The thesis will
be using STAR-CCM+ to emulate the dierent turbulence models/setups. The
CFD theory will thereby focus on the modelling of turbulence. It will also focus on
the characterization of turbulence and the di erent synthetic turbulence parameters,
which are required by STAR-CCM+ to implement a turbulent inlet.

2.1.1 Turbulence modelling

As the uid ow around a passenger car is very complex while also consisting of
a very turbulent wake, the Improved Delayed Detached Eddy Simulation (IDDES)
which is a complex hybrid model between the standard Reynold's Averaged Navier-
Stokes (RANS) and Large Eddy Simulation (LES) is chosen. It is proven to be more
accurate for vehicle aerodynamic simulations. [4]

The RANS model shows poor performances with high unsteadiness and in areas
where ow separation occurs, and can thus be omitted from consideration. LES
on the other hand cannot e ectively resolve the near-wall regions where turbulence
length scales reach minimalistic ranges but have shown to be reliable for giving bet-
ter results with a free shear ow that consists of large eddies.

Detached Eddy Simulations (DES) is a hybrid between the previous 2 models spec-
I ed, where the RANS model aims to resolve the inner boundary layer and LES the
detached regions. This e ectively provides increased accuracy and cuts computa-
tional costs. The SST IDDES however minimizes the losses at the boundary layer
formation areas near the walls and simulates instabilities.[5] It further resolves the
log layer mismatch between wall-resolved and wall-modelled regions that is present
in DES simulations.
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The SST k-omega, a two-equation model of turbulent kinetic energy and dissipation,
Is easier to solve in comparison to the k-omega model. Another reason for choosing
the SST model is because it blends between the k-epsilon model in the far- eld parts
of the domain and the k-omega model at the near wall, thereby saving computational
power. [6]

2.1.2 Turbulence kinetic energy

Turbulence kinetic energy (TKE ork) concerning transient uid ows is de ned as
the kinetic energy per unit mass in relation to turbulent eddies:

k= S92+ (V92 + (W2 21)
where the uctuating part of the velocity components,
uw=u u (2.2)
V=v v (2.3)
w=w w (2.4)

are the instantaneous velocity minus the average velocity for each component. The
uctuating velocity components are squared, time-averaged and halved to produce
the TKE.

2.1.3 Turbulence intensity

Turbulence which is the irregular motion of a uid or air resulting from eddies can
be characterized as turbulence intensity or turbulence levels. It can be derived from
the turbulence velocity uctuations in the 3 dierent components and the mean
free stream velocity J; ). As mentioned previously in the introduction, it is very
important to get a good understanding of the turbulence intensity values that need
to be at the inlet of the domain to represent accurate real-world conditions.

To determine turbulence intensity (TI),
UO
Tl = —
Uy

where, U' is the root mean square of turbulent velocity uctuations that can be
determined from,

(2.5)

S
U= (Uo7 + (V02 + (W) (26)

or, s

U= (2.7)

OO\N‘
~
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where, Kk is represented as the turbulent kinetic energy.

The mean velocity orU; can be computed as,

q
U = (U2+ vZ+ w?) (2.8)

The mean velocity equation as shown in equation 2.8 can be negated altogether
when used as a eld function for calculating turbulence intensity in equation 2.5 in

a uid simulation. The absolute value of the velocity speci ed at the inlet can be
considered.

2.1.3.1 Turbulence intensity estimation

To accurately mimic real-world conditions, based on previous studies and on-road
tests it is important to have a good understanding of the estimated turbulence
intensities that a car undergoes in various conditions. As wind-tunnel simulations are
made in the most controllable manner with the main focus of achieving steady ow
in the most ideal conditions, they represent turbulence intensities between 0.1-0.3%
and sometimes even lesser. Although there are means of using passive turbulence
generators to achieve up to 3% intensities, this remains outside the scope of the
thesis. As for the estimations taken into consideration based on the on-road aspects
of ow conditions, turbulence intensities vary between 1-5% in natural wind and
5-15% while driving in the upstream wake of another car according to Alajbegovic
et al. [8].

2.1.4 Turbulence length scale

To determine the turbulence kinetic energy, turbulence dissipation and speci c tur-
bulence dissipation based on the synthetic turbulence usage, the turbulence length
scale is an important parameter that is required along with intensity levels. The
turbulence length scale is used to de ne the size of the eddies induced at the inlet
of a turbulent ow. It's a required parameter to gauge and de ne the synthetic
turbulence ow properties.

The turbulence length scale can be calculated from the derived TKE as,

= k2 (2.9)

where is the turbulent time scale which is determined as,
=( 1)1? (2.10)

In equation 2.10 the coe cient is obtained by the k-omega model in STAR-
CCM+, and ! represents the speci ¢ dissipation rate.[9] The k-omega SST model
is a mix of the k-epsilon and k-omega models. The SST model switches between
the k-epsilon and k-omega between free-stream and near-wall situations respectively,
making it the primary choice for its usage in the following study.
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2.1.4.1 Length scale estimation

It is important to get an accurate estimation of the length scale as this can provide
a good ow prediction. Estimating a precise turbulence length scale can be very dif-
cult as they vary from case to case and only an approximation can be made. These
eddy lengths vary constantly with temperature, speed, altitude and the de nition
of the object/problem itself.

A simple prediction of the turbulent length scale can be the characteristic length
scale of the problem(or model). This characteristic length scale is used as the inlet
parameter while de ning the synthetic turbulence. The characteristic length scale
in the case of vehicle aerodynamics can be considered as the width or height of the
vehicle, or even the square root of the frontal area of the vehicle.
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Methods

The standard procedure for running a CFD simulation can be divided into ve main
stages, as seen in Fig. 3.1. Starting with the "Preparation” stage which consists of
importing the cleaned CAD geometry les of the vehicle parts, creating the domain
and positioning them accordingly. Further in this step, the mesh re nements areas
are de ned by adding "boxes" in the areas of interest. It also includes de ning the
continuum region, the physics solvers, meshers, initialization of boundary conditions
and nally, reports and monitors for recording the data that will be used for post-
processing.

Figure 3.1: Flowchart for the general CFD phases that are undertaken in a simu-
lation

In the simulations conducted during the course of the thesis, an open road scenario
is followed. The large domain size is de ned keeping in mind that no blockage e ects
must occur. The vehicle model is placed closer to the inlet, unlike standard CFD
processes where the models are placed further away to help with the development of
close to a steady ow. This step gives an added bene t during meshing by reducing
the number of cells in the domain. A large re nement box is implemented in the
domain that consists of a ne mesh from the inlet until the rear end of the car. The
re nement box helps in conserving the turbulent kinetic energy provided from the
inlet when synthetic turbulence is induced, as well as conserving turbulence inten-
sities and length scales up to the vehicle.

The surface meshers help generate a triangulated surface mesh over the car body
and the outer surface of the domain boundaries. Using the surface mesh as a starting
point, the volume meshers generate a tetrahedral volume mesh in the 'Air' regions.
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Before setting the simulation to run, the stopping criteria and other important safety
criteria are speci ed to regulate the model. An appropriate time step is set in re-
lation to the 2nd order implicit solver speci ed along with the total physical time
that the simulation will run.

The nal stage of the CFD process involves the "Post-processing” phase. This is
where the analysis of the results is made through the means of di erent scenes,
reports, and data obtained in the form of graphs and animations.

3.1 Boundary conditions

Boundary conditions help de ne the constraints of the domain like the initial, inlet
and wall boundaries etc. The walls of the open road domain used for this thesis
are set to have a symmetry plane condition. To remove boundary layer formations
on the ground, the ground is set to a wall type and a relative velocity the same
as that of the inlet velocity is implemented to replicate a moving oor, which is to
emulate real road relation to the vehicle model. The inlet is de ned with a velocity
inlet condition specifying the velocity magnitude along with the turbulence settings,
while the outlet is a pressure outlet with a constant condition. The DrivAer model
uses a moving boundary condition at the wheels to simplify the uid ow around
this region. In the case of the Volvo XC40 model, a sliding mesh is used at the re-
gion where the rims are present to realistically visualize uid ow around this region.

3.2 Simple car model

The rst iterations of simulations were run using a simplistic car model provided
by Siemens during their certi cation program. The goal was to try various physics
settings as well as strategies to see what turbulence models suited best for the the-
sis, enabling multiple quick iterations to measure turbulence with probes and plots
while having simulations with simple geometry and meshes. It helps not only save
time, but also computational costs during the iterating stage.

During these runs, a lot could be learnt about the di erent solvers and how they

a ected the end solution. After running a few simulations, the domain was found to
be too small for turbulence to fully develop, due to the length scales being similar
to the width and height, so it was updated accordingly to avoid blockage e ects.
Any data collected from these experiments were disregarded, as their sole purpose
was to check the functionality of the di erent parameters set while the model used
in itself was very blu to provide adequate results. An example image of the simple
car model is shown in Fig. 3.2.
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