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Abstract

The aerodynamic team at SCANIA has discovered the need to investigate the effect
of the upstream turbulence conditions on the aerodynamics of the trucks. This need
comes from the fact that there are differences between the drag coefficients obtained
using computational fluid dynamics (CFD) and the on-road measurements. This dif-
ference can lead to wrong predictions of fuel consumption and emissions, which can
cause incorrect evaluation of design changes. In this study the problem of modeling
upstream turbulence in CFD simulations is addressed together with its effect on
the aerodynamics of the trucks. To achieve this, representative values of turbulence
intensity and length scale were found from the work of different researchers, who
performed on-road measurements for various conditions. These values were then
used in a method by Jakob Mann to generate a synthetic turbulence field. This field
was then used to generate time varying velocity components, added to the mean
velocity at the inlet of a CFD simulation. After the implementation of the method
it was discovered that the conditions at the test section of the virtual wind tunnel
were representative of the on-road measurements. The results showed drag increase
and wake length decrease, similar to previous studies performed on simple geome-
tries. It also showed that the higher mixing of the flow increases the drag by surface
pressure increase of forward facing surfaces and pressure decrease at the base.
These conclusions may be extended to other bluff body geometries and it shows
the importance of good design around gaps. The comparison between two truck
geometries showed that a truck with better aerodynamics in a smooth flow shows
less drag increase with introduction of upstream turbulence.

Keywords: SCANIA, upstream turbulence, truck aerodynamics, Jakob Mann’s
method.
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Nomenclature

Abbreviations and Acronyms

Abbreviation Meaning

LiU Linköping University
CFD Computational fluid dynamics
CAD Computer aided design
CPU Central processing unit
LBM Lattice-Boltzmann Method
RNG Renormalized Group
CFL Courant-Friedrichs-Levy number
VR variable resolution
LS length scale
voxel volume pixel
surfel surface pixel

Latin Symbols

Symbol Description Units

Aref reference area
[
m2
]

L characteristic length [m]

p Pressure [Pa]

t Time [s]

Fd drag force [N ]

Cd drag coefficient [−]

Cp pressure coefficient [−]

M Mach number [−]

Re Reynolds number [−]

F Maxwell Boltzmann distribution func-
tion

[−]

Ti total turbulence intensity [−]

Iu longitudinal turbulence intensity [−]

Iv lateral turbulence intensity [−]

Iw vertical turbulence intensity [−]

Lu longitudinal length scale [−]

Lv lateral length scale [−]

Lw vertical length scale [−]

y+ non-dimensional distance normal to a
wall

[−]

u+ non-dimensional velocity tangential to
a wall

[−]

∆t time step [s]



Symbol Description Units

∆x cell or lattice size [m]

U∞ free stream velocity [m/s]

q∞ free stream dynamic pressure [Pa]

Greek Symbols

Symbol Description Units

α Courant number [−]

ρ∞ free stream density
[
kg/m3

]
µ Dynamics viscosity

[
kgm−1s−1

]
Γ shear spectral tensor parameter [−]

k total kinetic energy per unit mass
[
m2/s2

]
ε total dissipation rate

[
m2/s2

]
σu u velocity component standard devia-

tion
[−]

σv v velocity component standard devia-
tion

[−]

σw w velocity component standard devia-
tion

[−]

Subscripts and superscripts

Abbreviation Meaning

∞ sign of free stream conditions

u longitudinal component

v lateral component

w vertical component
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1 Introduction
Vehicle aerodynamics started developing when the road network in the world im-
proved and vehicles started moving with faster speeds. It was realized that the
aerodynamic forces actually have a big effect on the top speed and the fuel economy.
From that point on new methods had to be developed to design an aerodynamic
vehicle. There were primarily two design approaches, details can be found in [1].
First one was to start with an already aerodynamic shape like the half water droplet,
and integrate all vehicle components like engine and wheels into it. This approach
gave improvement compared to the horseless carriage but was not so practical. The
second approach was to take some already existing shape of the vehicle designed for
practicality and try to improve the aerodynamics by making some minor changes. It
proved that this approach gave very good results, which were sometimes even better
then the first one. Nowadays the minor shape change approach is the one used pri-
marily in industry. In Europe there are many regulations that need to be satisfied
for certification of a heavy duty vehicle, so they determine its general shape. From
aerodynamics perspectives this means that shape optimization studies are necessary
for reducing the drag force. Up until recently all these studies were performed with
quiet (non-turbulent) flow. The problem with this method is that when results are
compared to on-road measurements of the drag force there is always a difference.
The primary cause of that is the natural wind turbulence encountered by the ve-
hicles on the road. In order to account for this difference more studies on method
development are necessary.
In this chapter a broader overview of the topic of upstream turbulence will be pre-
sented. It will help the reader to understand the problem and the questions that
will be addressed in this thesis report. Also some summary on the literature that
have been studied will be made.

1.1 Background

In the beginning of aerodynamic design, before the computer, the primary tool was
the wind tunnel. It is still a valuable tool but requires a lot of resources, because it
is necessary to have an object (full size or scaled model) that needs to be produced
in advance. In addition, simply running the tunnel requires a lot of energy. After
the presence of more powerful computers, the computational fluid dynamic (CFD)
has proved itself in the years as a viable tool for performing aerodynamic shape
optimization of vehicles.
Nowadays, companies use CFD accompanied by wind tunnel measurements. The
conditions of the inlet of these two methods is usually with small turbulence. This
way results are repetitive and more easily comparable. Investigating the effect of
different components on the performance of the whole vehicle is easier. The draw-
back of this approach is that the conditions it simulates are different compared to
reality, where natural wind generates turbulence. The years of aerodynamic design
improvements have led to its maturity and so the importance of every improvement
that can be made. The study of upstream turbulence can help to bridge the gap
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between reality and simulated conditions, improving the drag force prediction and
flow around vehicles. That is why developing methods to implement upstream tur-
bulence in the design process is important.
To solve this problem, from around ten years in the automotive industry attempts
are made to model the atmospheric turbulence. To do this it is first necessary to
know the characteristics of the turbulence encountered at different conditions on the
road. For that purpose several research activities were made through the years to
measure and analyze the velocity fluctuations in front of a moving vehicle, character-
izing turbulence intensity and length scale. Since turbulence is a transient event by
nature all the analysis and measurements should be transient too. Because during
the steady state analysis the information concerning the transient statistics is lost
by the averaging. And it is the transient statistics that characterize the turbulence.

For the current study all the simulations were performed by the Lattice-Boltzmann
method (LBM) as implemented in PowerFLOW. The selection of the software was
not left to the author of the thesis, but it was a prerequisite in this study. All
the decisions for the method for implementing the upstream turbulence were made
having in mind the LBM code that will be used for the simulations.

1.2 Literature survey

The literature on the topic of upstream turbulence is divided in two main areas. One
of them concerns the description and ways to model the natural wind turbulence,
while the other one deals with its effect on the vehicle aerodynamics and driving
dynamics. For the purpose of this study a review of both areas was required.
Ways for modeling turbulence for different purposes has been around for many years.
In aeronautical and civil engineering, turbulence is important from fatigue stand
point caused by buffeting. Also for wind engineering it is important to be able to
simulate the wind conditions at a certain area. There are several widely used wind
models of atmospheric spectra, that use the average wind speed at a certain height
(usually 10 m) and the surface roughness height. Some of these models like the
ESDU (The Engineering Science Data Unit) and the Kaimal’s spectra are shortly
described in the article of Jakob Mann [2]. By having these wind spectra, loads can
be calculated in the frequency domain. In our case the spectra are not enough and
there is a need to go to a time varying velocity components. Such a method was
developed by Jakob Mann [2], and was extensively tested for different engineering
applications. To use Mann’s model it is necessary to have as an input values of
turbulence intensity and length scale. Measurement of such values on the road were
performed in two separate studies by the Monash University in Australia [3] and [4],
and the NRC (National Research Council) Canada [5]. The results of these studies
are valuable for the purpose of modeling the upstream turbulence in a wind tunnel
or using CFD simulations. The drawback of these results is that they were both
conducted during one season, not taking into account the change of day and night.
It would be useful to do similar measurements in Europe and other parts of the
world to see similarities or differences. For the purpose of the current study the
NRC measurements are more relevant, because they were conducted considering the
size of a HDV (heavy duty vehicle). Because of this they used several point probes
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situated on different heights and widths giving a more broad picture.
There are many publications considering the effect of the turbulence on aerodynamic
forces of vehicles and general shape objects. Most of the old ones are using theoretical
relationships like the one from 1984 by R.K.Cooper [6]. In later publications most of
the research was made on bluff bodies or other simple objects in small wind tunnels.
This gives a good general knowledge for the effect of turbulence on the aerodynamic
of different shapes, as summarized in Hegel Istvan’s work [7]. A more recent review of
the aerodynamic effects from upstream turbulence is given in [8]. From the literature
review it was established that research concerning the effect of upstream turbulence
on truck aerodynamics and shape optimizations with turbulence in mind has not
yet been made, except [9].

1.3 Aim

As evident from the literature survey section, the commercial vehicle industry has
been left behind by not modeling the turbulence upstream of the vehicle. That is
why the aerodynamic team at SCANIA wants to investigate the possibilities of do-
ing this, and possibly use it in the future aerodynamic design and improvement of
future vehicles. Also the regulations are becoming more and more stringent about
emissions, so it is getting more important to get better predictions in the early stages
of the design to meet the requirements.
The main purpose of this master thesis is the creation of a method for easier imple-
mentation of upstream turbulence. This method will help with the more realistic
determination of the drag values for the vehicles from the CFD simulations. The
thesis should answer the questions, what are representative values of turbulence in-
tensity and length scale in the case of on-road conditions? How is it suitable to
model and implement the atmospheric turbulence in a CFD simulation? How is the
drag coefficient of a truck changed and how much with the introduction of the tur-
bulence? How will the turbulence affect the flow structures around a tractor-trailer
combination?

1.4 Outline

To understand the work in this report knowledge about fluid dynamics, the Lattice-
Boltzmann equation and its use in CFD are necessary. Also knowledge of the idea of
turbulence and the ways to characterize it are essential. To facilitate the unfamiliar
reader these topics were shortly covered in the theory section of this report. The
reader already familiar with these topics, may go to the method chapter for a detailed
description of the implementation of the upstream turbulence. After evaluation of
the conditions from the generated synthetic turbulence at the inlet, empty virtual
wind tunnel simulations were conducted. These simulations were used as a cheap
method to investigate the conditions, where the vehicle will be introduced later. In
the results chapter the drag force coefficient change to the no upstream turbulence is
given together with the changes to the flow structures and surface pressure around
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the vehicle. The most important findings will be given in the conclusion chapter.
This knowledge will help the reader to understand the perspectives.
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2 Theory
In this chapter the unfamiliar reader will be introduced to some essential concepts
that need to be know for the understanding of the work performed in this thesis.
This chapter will span from description of pressure and aerodynamic drag to some
important non-dimensional parameters and the more complex Boltzmann equation
and its application.

2.1 Pressure and drag

Every body that is submerged or is moving through liquid or gas feels different forces
acting on its surface. If the body is just stationary and is in a gravitational field
it will feel only the static pressure from the weight of the column of liquid. The
static pressure is dependent on the column of fluid above the body, the gravitational
acceleration and the density of the fluid.
When the body starts to move it feels different pressure distribution on its surface
compared to the stationary one. The different pressure distribution is due to the
change in dynamic pressure. The dynamic pressure is dependent on the velocity of
the fluid and its density. The equation for the dynamic pressure is as follows:

q =
1

2
ρu2 (1)

, where q is the dynamic pressure, ρ is density of the fluid and u is the fluid velocity.
The drag force is acting against the direction of the fluid velocity, which dependent
on the conditions may be the same as the direction of movement of the vehicle. It
tends to slow its movement, so to move with a certain speed the object needs to use
enough energy to overcome it. The drag force comprises of several components. In
the case of ground vehicles in a viscous flow there is a pressure drag component and
a friction drag component.
The pressure drag is generated by the pressure distribution on the surface of a mov-
ing vehicle. By integrating the pressure over the total wetted area of the vehicle,
the resultant force parallel to the fluid velocity is the drag force. The pressure drag
depends on the shape of the object and the fluid viscosity.
The friction drag is a force that depends primarily on the viscosity of the fluid and
can not exist without it. When the body is moving through a viscous fluid on each
point of its surface a tangential pressure due to the viscous friction is excerpted.
When integrated over the wetted area of the body and aligned to the axis of move-
ment the resultant force is the skin friction drag force.

2.2 Non-dimensional aerodynamic parameters

After the description of dimensional parameters like pressures and forces here some
attention will be paid on how they are used in their non-dimensional forms. In
aerodynamics it is always convenient to use non-dimensional parameters, because
this facilitates the comparison of results obtained in different scales and conditions.
Here only the most important ones necessary for this work will be described.
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2.2.1 Reynold’s number

The Reynold’s number is one very important parameter in fluid dynamics. It gives
the ratio between the inertial and viscous forces in a fluid flow. This number gives in-
formation about the behavior of the flow. The equation for calculating the Reynold’s
number is:

Re =
ρuL

µ
(2)

, where u is the flow velocity, ρ is the density of the fluid, L is the characteristic
length and µ is the dynamic viscosity of the fluid.

2.2.2 Mach number

The Mach number is another very important non-dimensional parameter in fluid
dynamics. It is defined as the ratio of the fluid speed to the speed of sound at the
same conditions in that fluid. It is given by the equation:

M =
u

a
(3)

, where u is the speed of the fluid and a is the speed of sound in the fluid.

2.2.3 Force coefficient

Force coefficients are used to non-dimensionalize forces for easy comparison. They
are widely used in aerodynamics for lift and drag force, but may be used for other
forces also. In this study primarily the drag force coefficient will be used, so example
will be given with it:

Cd =
Fd

1
2ρ∞U

2
∞Aref

=
Fd

q∞Aref
(4)

, where Cd is the drag force coefficient, Fd is the drag force, ρ∞ is the density, u∞ is
the velocity, Aref is the reference area and q∞ is the free stream dynamic pressure.
The reference area for ground vehicles, which is the case for the current study, is
usually their projected frontal area. Moments can also be non-dimensionalized but
for that reason it is also necessary to define an additional length parameter.

2.2.4 Pressure coefficient

The pressure coefficient is usually used to visualize the pressure distribution on the
surface of a vehicle, but it can also be used for visualizing iso-surfaces with a partic-
ular value. When visualized on the surface of a body, it gives important information
about the distribution of the stagnation area and magnitude, and the suction areas.
If used to define iso-surfaces in the fluid volume, the pressure coefficient can give
information about circulation areas, flow separation and reattachment. It is defined
as given below:

Cp =
p− p∞
1
2ρ∞U

2
∞

=
p− p∞
q∞

(5)
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, where p is the total pressure, p∞ is the free stream static pressure and q∞ is the
free stream dynamic pressure calculated from (1) with the free stream values of the
variables. Having this equation it can be seen that if the flow is incompressible the
stagnation pressure coefficient will always have a value of Cp = +1. In case the total
pressure is equal to the static pressure of the undisturbed flow Cp = 0. If there is a
suction area on a surface the pressure coefficient is negative, and it can have values
smaller than -1. The pressure coefficient may take values higher than +1 only if the
fluid is compressible.

2.3 Turbulence Statistics

Turbulence is present all around us. It can be described as velocity fluctuations
in time. These fluctuations are usually due to the formation of the atmospheric
boundary layer close to the ground due to wind. Since turbulence is a chaotic
process in time it can be best described by the help of statistics. Some of the most
important ones will be given here.

2.3.1 Turbulence intensity

To calculate the turbulence intensity in a flow, it is necessary to have the time varying
velocity. The standard deviation, marked by σ, of the signal is then calculated, which
is then divided by the mean upstream velocity U∞. Turbulence intensity is usually
calculated for the three perpendicular components in a Cartesian coordinate system.
The streamwise, lateral and vertical components are referred to as u, v and w. The
individual component turbulence intensities can be calculated as give below:

Iu =
σu
U∞

; Iv =
σv
U∞

; Iw =
σw
U∞

; (6)

The total turbulence intensity can be calculated if there are time varying velocities
for the three components in the same position. The equation is given below:

Ti =

√
2
3k

U∞
(7)

, where k = 0.5(σ2u + σ2v + σ2w) is the total kinetic energy per unit mass as given
in [10], calculated using the standard deviations of the velocity components σu, σv,
and σw.

2.3.2 Wind Spectra

Turbulence is characterized by many circulating structures of different sizes interact-
ing with each other and moving with the flow. These structures are usually referred
to as eddies. The different size eddies also rotate with different frequencies. These
eddies are part of the energy cascade that transfers energy from the big size eddies
to the small size ones. To be able to see this the records of velocity are transformed
from the time domain to the frequency domain and the power spectrum is generated.
In turbulence the spectrum is very important for describing the energy contained
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in different frequencies and the eddies containing them. Von Karman derived equa-
tions describing the turbulence energy content in the Earth’s boundary layer given
the length scale and the standard deviation [11]. A typical plot of these equations
for a terrain with trees, hedges, and few buildings is shown in Figure 1. It can be
observed that the energy contained in the streamwize component is typically higher,
followed by the lateral and vertical components.

(a) Dimensionless spectra (b) Dimensional spectra

Figure 1: Example dimensionless and dimensional spectra generated for the Earth’s
boundary layer using von Karman’s equations with the following constants σu = 0.924,
σv = 0.739, σw = 0.462, Lu = 44.9m, Lv = 11.4m, Lw = 1.4m and U = 2.8m/s. The constants
were calculated for a terrain with trees, hedges, and few buildings as given in [11],
where L denotes the length scale, σ is the standard deviation, and U denotes the mean
wind velocity.

2.3.3 Length scale

In the previous section the length scale was already mentioned. It is a parameter
that describes the size of the eddies in a turbulent flow and has the dimension of
meter. In turbulent flows there are many different length scales, but there is one
which contains the most energy. It is not straight forward to measure or determine
the size of this length scale. There are generally two methods to do this. One of them
uses the power spectrum calculated from a time history measurement of velocity.
It is converted to a dimensionless spectra and the von Karman spectra is fitted by
changing the value of the length scale in the equation. The peak in the dimensionless
von Karman spectrum corresponds to the highest energy containing length scale and
frequency Figure 1a. The other method is to generate the autocorrelation function
of one or several signals and integrate the autocorrelation to the point where it
becomes zero. This would mean that the signal is no longer correlated indicating
the end of the eddy.

2.4 Synthetic Turbulence field modeling

There are different models that can be used to generate a synthetic turbulence. The
one that was found to be most validated to real atmospheric turbulence and showed
good agreement is the Jakob Mann’s model for wind field simulation as given in [2].
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This model is being used to calculate loads on bridges and wind turbines and has
shown good results. It is also one of the easiest models for implementation.

Figure 2: Rectangular box representing the volume with discrete points in which the
velocity components are calculated. L1, L2, and L3 are the sides of the box. N1, N2,
and N3 are the number of points in each direction. Due to Taylor’s frozen turbulence
hypothesis L1 = TU , where T is the simulated time and U is the mean flow velocity.
The figure was reproduced from [2].

(a) Γ dependency of the variance (b) Γ dependency of the length scale

Figure 3: The dependency of the variance and the length scale for the three veloc-
ity components are shown. Varying the parameter Γ results in different degree of
anisotropy, which changes the ratio of variances to the isotropic variance. The graphs
are recreated from the ones given in [12]

In this model the Taylor’s frozen turbulence hypothesis is used to represent the time
as space. Making this allows to have a rectangular box defining the volume of the
turbulence field. This volume is discretized in points with the chosen resolution and
the three velocity components (u, v, w) can be calculated at each point. From this
field the dimension aligned with the stream may be treated as time by knowing the
mean speed. This way will produce a plane with varying components of velocity,
which are coherent. A representation of the wind field can be seen in Figure 2. The
algorithm for generating the velocity components in the wind field is using only the
second order statistics like variance and cross-spectra. Input for this algorithm are
the representative length scale L, the mean wind speed, the dimensions of the field,
the distance between the points and the parameter of the sheared spectral tensor Γ.
The Γ parameter gives information how close to isotropic turbulence the particular
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case is. If Γ = 0 the turbulence field is isotropic, with its increase the anisotropy is
increasing, Figure 3. The increased anisotropy is characterized by different values
of variance and maximum length scale along the different directions.

2.5 Boltzmann equation

To describe the Boltzmann equation it is first necessary to introduce the concept of
the kinetic theory of gases. According to this theory the gas molecules are moving
chaotically with speed ξ and collide with each other. This velocity is split into
thermal c and macroscopic v velocity, (8). Also when the molecules’ size is much
smaller then the distance between them, they can be threated as point-like particles.
In this case their dynamic behavior can be described by the Newton equations, taken
from [13].

ξ = c+ v, (8)

ξ =
d−→xi
dt

=
−→pi
m
, (9)

d−→pi
dt

=
−→
Fi, i = 1, ..., N (10)

In Equations (9) and (10), −→xi is the vector of the position for a given i-th particle,
−→pi its momentum, and

−→
Fi the force felt by the particle due to molecular interaction.

These equations describe the behavior of a single particle, but even in a small volume
of 1 cm3 there are millions of particles, which makes it impossible to calculate all their
trajectories explicitly. To deal with this problem Ludwig Boltzmann introduced the
probability density function, f(−→x ,−→p , t). This density function gives the probability
that at time t at the position in space defined by −→x , there will be particle with linear
momentum of −→p . If there are cubes with sides of ∆−→x and ∆−→p , centered at positions
−→x and −→p respectively, they describe the so called phase − space. Having defined
the phase-space and taking the probability density function, the probable number of
molecules in the phase-space is ∆n = f∆−→x∆−→p . The Boltzmann equation as given
[13] and [14] is:

∂f

∂t
+ ξi

∂f

∂xi
+
Fi∂f

m∂ξi
=

∫
ξ1

∫
Ac

(f ′f ′1 − ff1)(ξ1 − ξ)dACdξ1 (11)

The left side of the equation describes the changes in time, space and due to the
forces acting on the particles. The right side represents the movement of particles
into and out of the phase-space during the collision step. Here f and f1 represent the
density functions at the two interacting particles before the collision and the primed
density functions denote the values after the collision. In (11) AC is the collision
area. To determine the flow properties of a macroscopic scale the probability density
function can be implemented as shown below:

ρ(r, t) = m

∫
f(r, t, ξ)dξ (12)
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ρ(r, t) ∗ v(r, t) = m

∫
ξf(r, t, ξ)dξ (13)

ρ(r, t) ∗ E(r, t) = ρ(e+
v2

2
) = m

∫
ξ2

2
f(r, t, ξ)dξ (14)

In equations (12) to (14), ρ(r, t) is mass, ρ(r, t) ∗ v(r, t) is momentum, and ρ(r, t) ∗
E(r, t) is the energy. The right hand side of the Boltzmann equation is not very
convenient for practical application like CFD, so simplifications are necessary. A
simplification proposed by Bhatnagar, Gross and Krook is now widely adopted and
bares their name the BGK model [15].

Df

dt
|Coll,BGK = ω(F − f) (15)

∂f

∂t
+ ξi

∂f

∂xi
+
Fi∂f

m∂ξi
= ω(F − f) (16)

Here ω is the collision frequency, which can be calculated from the dynamic viscosity
ν = µ/ρ and the molecular viscosity c2S = RT , as given in [16]:

ω =
c2S
ν

=
c2S
µ/ρ

(17)

In (15) and (16) F is the Maxwell-Boltzmann distribution function used in the BGK
model, [16]:

F =
n

(2πRT )3/2
exp

(
− c2

2RT

)
=

n

(2πRT )3/2
exp

(
− (ξ − v)2

2RT

)
(18)

The derivation of the Maxwell-Boltzmann equation requires deep prior knowledge
of statistical mechanics and thermodynamics, which is not in the scope of the cur-
rent study. Because of this the equation will be taken as it is. Nevertheless, it is
interesting to mention that this equation gives the probability of a particle to have
a given velocity. Also if a derivative of the equation is calculated and put equal to
zero the most probable velocity of a particle in a gas can be found.

2.6 From Boltzmann equation to the conser-

vation equations of fluid dynamics

The kinetic theory is based on the elastic collision of point particles. From this classic
collision follows the conservation of mass, momentum, and energy. The equation
representing the classic collision between two particles is given below:

m1ξ1 +m2ξ2 = m1ξ
′
1 +m2ξ

′
2 (19)

, where m1 and m2 are the mass of each particle, and ξ1 and ξ2 are their velocities
before the collision. The primed values are the velocities after the collision. For most
widespread CFD methods in use today the continuity equations of fluid dynamics
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are used to calculate the macroscopic properties of the fluid. For the case of the
Boltzmann method these equations are not used explicitly, but can be derived from
the Boltzmann equation (11) for the properties conserved during the collision. To
do this the Boltzmann equation is multiplied by any function of particle velocity,
Φ(ξ), and integrated over that velocity. The result is given below:

∫
ξ

Φ

(
∂f

∂t
+ ξi

∂f

∂xi
+
Fi∂f

m∂ξi

)
dξ =

∫
ξ

∫
ξ1

∫
Ac

Φ(f ′f ′1 − ff1)(ξ1 − ξ)dACdξ1dξ (20)

Since Φ is conserved in the collision the following is true:

Φ(ξ1) + Φ(ξ2) = Φ(ξ
′
1) + Φ(ξ

′
2) (21)

This leads to the conclusion that the right side of (20) is equal to zero, which maces
it a conservation law. For a fluid with particles there are five quantities Φ, which are
conserved. These are mass, three components of the momentum, and energy. The
three conservation equations can be derived by substituting Φ with m, mv or 1

2mv
2

for the continuity, momentum or energy equation. Further details can be found in
[14].

2.7 Lattice-Boltzmann method and its CFD

application

Figure 4: Cubic lattice model D3Q27 for the discrete 3D velocity space, with the
visualization of the 27 possible Cartesian velocity trajectories (lattices) from the node
in the middle. The convention for naming this type of discretization is D3 showing it
is for a three dimensional space and Q27 giving the number of lattices. The distance
between two points is δx so the cube given on the figure is with side of 2δx

The Lattice-Boltzmann method uses the discretized form of the BGK Boltzmann
equation. There are different discretization methods for the phase-space depending
on the number of dimensions, the number of lattices and the arrangement of the
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nodes. In Figure 4 the method used in PowerFLOW is shown. In traditional CFD
using finite volume method the domain is decomposed of smaller volumes and they
are discretized using a numerical scheme. These volumes represent the mesh for
the simulation. In this case the flow variables are connected to the mesh using
algebraic system of equations. In LBM the domain is filled with points at which
the phase space is discretized and not the flow variables. Also these points are
connected to each other by the velocity directions, lattices, hence the name lattice
grid. Having said that LBM is not using a mesh in the way the traditional finite
volume method use it. In LBM the distances between the points are equal for each
time step the particles will reach a neighboring point at the end of the time-step,
δx = δy = δz = ξ0δt. Here ξ0 is a common velocity. The discretized form of the
Boltzmann-BGK as given in [16] is:

fi(r + ξiδt, t+ δt) = fi(r, t) + ωδt(feqi (r, t)− fi(r, t)) (22)

, where fi = f(ξi) is velocity distribution, feqi equilibrium distribution function or
also the discretized Maxwell equilibrium function.

feqp (xα, t, ξα) = ρtp

[
1 +

vαξα
c2S

+
vαvβ
2c2S

(
ξαξβ
c2S
− δαβ

)]
(23)

In (23), α and β represent the space dimensions and they can take values between
1 and 3 in the three dimensional case, tp represent the weighting factors and for the
case of the D3Q27 cubic lattice model in Figure 4 they are given in detail in [17],
δαβ is the Kronecker delta:

δαβ =

{
1, if α = β,

0, if α 6= β.
(24)

When discretized the equation for the collision frequency is:

ω =
c2S

υ + δtC2
S/2

=
RT

υ + δtRT/2
(25)

Having the above equations the macroscopic fluid variables can be calculated using
the discretized equations given below:

ρ(r, t) =

nstates∑
i=1

fi(r, t) =

nstates∑
i=1

feqi (r, t) (26)

ρvα(r, t) =

nstates∑
i=1

ξi,αfi(r, t) =

nstates∑
i=1

ξi,αf
eq
i (r, t) (27)

ρE(r, t) =
1

2

nstates∑
i=1

ξ2i,αfi(r, t) =
1

2

nstates∑
i=1

ξ2i,αf
eq
i (r, t) (28)

The left sides of equations 26 to 28 give macroscopic density, momentum, and energy
when a sum over the discrete volumes is performed. The right side of the equations
give a summation of the density distribution function in equilibrium over the number
of states.
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2.8 Lattice-Boltzmann and PowerFLOW

For CFD simulations at SCANIA, together with the traditional methods the code
PowerFLOW is used for external aerodynamics. It uses the Lattice-Bolzmann’s
method, which is inherently transient. It is also practically a meshless method in
the traditional sense, as described in section 2.7. The only consideration is to have
the solid model as a closed surface with a fine enough triangulation, so as not to
distort the geometry too much. It is important to mention that the size of these
triangles in the geometry affects the final ”mesh” only indirectly. When the geome-
try is imported, it is only necessary to define the variable resolution (VR) levels in
the simulation fluid volume. These smaller volumes are then divided into volume
pixels (voxels), which are the equivalent to cells for the finite volume method. The
voxels are generated in the initialization phase after the simulation is submitted for
calculation. Where the voxels intersect with a surface from a solid object a surface
pixel (surfel) is created. In each voxel there is information about all the fluid prop-
erties. The boundary conditions are defined in a similar way to the traditional finite
volume method.
In the Lattice-Boltzmann method the solution is performed in two sub-steps that
are performed during each timestep. The first step is the so called propagation step
and the second is referred to as the collision step. During the propagation step the
particles are moved out from the node, which is in the middle of the voxels, along
a statistically determined path from a given number of possibilities, Figure 4. The
purpose of the second step is to check for collisions between the particles in each
node and prepare for the next propagation step. To check the collision usually re-
quires simple equations, but they have to be performed on each node. Nevertheless,
each step in the Lattice-Boltzmann’s method is fast, but one simulation requires
many timesteps to be performed. Due to its nature the method is conserving mass,
and energy by definition, as shown in equations (26), (27) and (28).
For a practical case there are different variable resolutions with voxels of different
size. If the calculations were performed on all voxels at the same time, the fluid
would have been moved twice as fast in the bigger size voxels compared to the
smaller voxels, this effect is explained in Figure 5.
In Figure 6, a typical variable resolution arrangement is show. It can be seen how
the different refinement levels are within each other and how the size of the voxels
in a higher number VR level is half that of the size of the lower number VR level.
A unique feature in PowerFLOW is the use of a simulated mach number, this param-
eter controls the ideal gas simulation. As discussed in [18] PowerFLOW is designed
for flows up to Mach of 0.4. In this range results are usually independent of Mach
number. In this case if the Reynolds number is kept the same the results and the
flow behavior will be the same as given in [18]. This would mean that the solver can
increase the velocity and viscosity internally for performing the calculations without
affecting the results. In order to reduce the time for running a simulation Power-
FLOW can increase the simulated Mach number of the particles to make digital
fluid move faster on the lattice. By doing this the lattice timestep corresponds to a
bigger interval of physical time, this way fewer timesteps are necessary to simulate
a given interval of physical time, [18]. This calculation trick can be used until the
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simulated Mach number reaches the limit of 0.4 in PowerFLOW. After that limit
compressibility effects become bigger and results are dependent on the Mach number
as well as the Reynold’s number.

Figure 5: Explanation of the timesteps for calculating the fluid parameter distribution
during a simulation in connection to the variable resolution, taken from [18], with
permission from Martin Olsson, EXA Corporation (e-mail from 10.05.2017)

Figure 6: Typical variable resolution arrangement for external simulations taken from
[18], with permission from Martin Olsson, EXA Corporation (e-mail from 10.05.2017)

2.9 Courant-Friedrichs-Levy condition and the

numerical stability

In numerical solutions performed on a given discretized domain instabilities can
occur dependent on the time step. If the domain discretization is kept the same and
the simulation timestep is increased, or if the timestep is kept but the mesh size
is decreased, instabilities in the simulation may occur. Because of this the choice
of the timestep is dependent on the domain discretization or the lattice in the case
of the Lattice-Boltzmann method. A proper selection of the timestep will ensure
that the numerical dependence domain is contained in the mathematical domain
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of dependence. The necessary requirement for stability is given by the Courant-
Friedrichs-Levy (CFL) condition, which states that the non-dimensional transport
of property per timestep should be smaller then unity. This number is known as the
Courant number α and is given below:

CFL = α =
u∆t

∆x
(29)

, where u is the local velocity in the domain, ∆t is the time step, and ∆x is the cell,
or in the LBM voxel, size.

2.10 Turbulence modeling

From the description of the Lattice-Boltzmann method it can be seen that it can
solve the turbulence scales that are bigger then its lattice size. If the lattice is refined
enough the smallest turbulence scales can be solved directly. This would require
more computational resources than can be used for practical cases. This leads to
the idea that the biggest scales can be solved directly, while the smallest should
be modeled, Figure 7. The method that is used by PowerFlow is the renormalized
group (RNG) k − ε two equation model for the small scales (sub-grid size). In
the standard application of the k − ε model there is one equation that models the
transport of turbulent kinetic energy k and another one that models the transport of
the viscous dissipation ε. The modeling is necessary because in the derived equation
for ε there are many unknowns that can not be measured. Nevertheless, for the
modeling of these properties the best knowledge on the mechanism governing them
are used. Also for this model it is assumed that the production of turbulence and
the dissipation rates are equal. If this is not true in real flows the energy cascade will
be disrupted and some of the scales will grow, while the others decrease. Since this
is not true in reality the assumption is valid. To assure this behavior the production
and destruction terms of ε are proportional to the ones in the k equation. For the
initialization of the model in PowerFlow it is necessary to provide the turbulence
intensity and the length scale. More details of the particular version of the RNG
k − ε model used is given by [19] as referred by Pascal Theissen in [16]. The main
difference from other versions of the model is the introduction of an additional term
called eddy viscosity. The eddy viscosity takes into account the unresolved flow
scales, using the kinetic energy k and the dissipation rate ε, as given below:

νt =
µt
ρ

=
Cµk

2

ε
(30)

, where Cµ = 0.085 is a constant given in [16]. In Figure 7 an arbitrary position
of the cut-off frequency determining the border between the solved and modeled
turbulence is shown. In a simulation this frequency is dependent on the size of the
voxels at the particular position. An example of this will be shown later in the
variable resolution (VR) study.
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Figure 7: Scheme of a turbulence energy spectrum in a function of the wave number
k. It can be seen that the highest energy containing scales are resolved in a typical
simulation with the Lattice-Boltzmann method, what is left is modeled by the RNG
k − ε method. These are the smallest (sub-grid) scales.

2.11 Law of the wall

When there is a flow past a solid wall there is a boundary layer forming. In the case
of a turbulent boundary layer it has been observed that the velocity profiles behave
similarly. For ease of comparison two non-dimensional parameters were introduced
u+ and y+. To non-dimensionalize the velocity from the boundary layer profile the
friction velocity was used uτ =

√
τw/ρ, where τw is the wall shear stress and ρ is the

fluid density. The non-dimensional velocity in the flow direction u+ (31) and the
non-dimensional distance from the wall in the normal direction y+ (32) are given in
the equations below:

u+ =
u

uτ
(31)

y+ =
yuτ
ν

(32)

, where ν is the kinematic viscosity, and y is the normal distance from the wall.
During the observations it was found that if they are plotted in their non-dimensional
form these profiles are the same. They were parametrized to create the Law of the
wall,(33). The non-dimensional representation showed that there are three distinct
layers within the turbulent boundary layer, Figure 8. The one closest to the wall
is called the viscous sub-layer. In this layer the velocity of the fluid parallel to the
wall is governed primarily by the viscous forces in the fluid. The layer that is away
from the wall is called the Log law layer. In this layer the velocity is governed by
viscosity and the inertial forces from the free stream. In the middle between y+ = 5
and y+ = 30 is the transition layer as shown in Figure 8.{

y+ 6 5 : u+ = y+

y+ > 30 : u+ = 1
k ln(y+) +B = 1

k ln(Ey+)
(33)

, where k = 0.4 is the von Karman’s constant, B = 5.5 and E = 9.8, as given in
[10].
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The Law of the wall is used in many CFD codes to calculate the velocity profile near
walls without the need of resolving it with the cost of additional cells. This allows
for y+ values up to 500 to be used, [10]. For the implementation in PowerFlow the
Low of the wall is modified. One modification is connecting the viscous sub-layer
with the Log-Law layer by a straight line by modifying the coefficients in (33), [16].
Also to take into account the streamwise pressure gradient ∂p/∂s the value of y+ is
modified as given in the following equation:

y+p =
y+

ζp
(34)

, where y+p is the scaled value of y+, and ζp = 1 + f(∂p/∂s) is a function of the
streamwise pressure gradient as given in [16]. This scaling would have the effect of
promoting earlier separation compared to the non-scaled value with the increase of
the pressure gradient. This delayed separation is one of the biggest disadvantages for
k− ε model as given in [10]. The scaling improves the performance of the model for
aerodynamic applications with adverse pressure gradients in the presence of curved
walls.

Figure 8: Visualization of the law of the wall equations and the limits between the
three different sub-layers of the boundary layer. On the horizontal axis the values
of the logarithmic value of y+ are given and on the vertical axis the values of the
non-dimensional u+ are given.
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3 Method
To achieve the goals of the study three main topics had to be investigated, which
are covered in the following sections of this chapter. The first one, deals with the
selection of representative values for the turbulent statistics like intensity and length
scale, which are required for simulating the upstream turbulence for a road vehicle.
Next one, presents the way it was chosen to introduce these values in the CFD
simulation. The third topic covers the introduction of the vehicle in the upstream
turbulence flow, an also shows the selected method for working with the transient
results.
As already mentioned in the introduction chapter for the current study the LBM
code will be used as implemented in PowerFLOW. The selection of this CFD code
was done by SCANIA since it is already used for the aerodynamic simulations con-
ducted in the company. The decisions for the method used for implementing the
upstream turbulence at the inlet, the time step selection, the resolution size of the
lattice, and the size of the grid at the inlet were all made with the assumption
that the LBM in PowerFLOW will be used for the simulations. It is probable that
if a finite volume method (FVM) code was used different decisions could be more
suitable.

3.1 Choice of upstream turbulence parame-

ters

As already briefly mentioned in the introduction chapter there are two studies that
were made for measuring the real on-road turbulence. One of them was published
by Scott Wordley and Jeff Saunders from Monash University Australia in 2008 [3].
The second being the study from the National Research Council (NRC) Canada,
conducted by Brian R. McAuliffe published in 2014, [5].

3.1.1 Description of the Australian research

For conducting the measurements two probes were used with horizontal spacing of
1 m. They were positioned 0.5 m above the ground roughly the stagnation height
for most cars. The rake on which they were attached was positioned 1 m in front of
the car. This distance was selected because it provided for measurements without
interference with the car’s pressure field. The measurements were conducted on
different terrain types and plotted on a graph showing the turbulence intensity and
the length scale. It was observed that the different terrain and traffic conditions
results are in groups. It was also reported that the average ratios between the
turbulence intensities are Iu : Iv : Iw = 1 : 1.01 : 0.61. In a continuation research
published in 2009 [4], the values of Lu = Lv = 1.0 m, Lw = 0.5 m, Iu = Iv = 3%
and Iw = 2% were recommended for simulation of on-road turbulence, Table 5.
The disadvantage of this research for our purposes is that it was conducted with a
speed of 100 km/h, which is higher then the speed for a truck. Also the measurements
were conducted low compared to the height of a truck.
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3.1.2 Description of the Canadian research

For the measurements of this research four probes were used. They were attached to
a frame on heights of 0.5, 1.5, 2.5, and 4.0 meters from the ground. There was also
a pitot tube and a thermometer. The measurements were conducted in long contin-
uous runs, while the vehicle was moving through different terrains, traffic and wind
conditions. A synchronized dashboard camera, together with a GPS signal, were
used to divide the measurements under different categories. The terrain roughness
was divided into four categories: flat, moderate, rough, and complex. The traffic
density was also divided into four categories: light, moderate, dense, and heavy duty
vehicle (HDV) wake. The wind speed was taken from the nearest meteorological sta-
tion with the help of the GPS position and was divided into three categories: light,
moderate, and strong. After dividing the measurements it is reported that 73 % of
the time was spent in moderate terrain roughness, 42 % in moderate traffic density,
and 65 % in moderate wind. This leads the author of the research to the conclusion
that the moderate values of intensity and length scale are to be used for represen-
tative simulations of upstream turbulence. These values are given in Table 5.
The value of this research for the current work is also in the provided vertical profiles
of turbulence intensity and length scale. From them it is visible that the intensity
components dose not vary as much with height, on the contrary the length scale is
changing significantly.

Table 5: Values of turbulence intensity and length scale recommended for simulation
of representative on-road turbulence conditions, taken from [5] and [4]

Canadian research Australian research

Components Intensity, I Len. scale, L Intensity, I Len. scale, L

longitudinal, u 4 % 4.7 m 3 % 1 m

lateral, v 3.5 % 1.9 m 3 % 1 m

vertical, w 3.1 % 0.6 m 2 % 0.5 m

3.2 Virtual wind tunnel with upstream turbu-

lence

3.2.1 Simulation domain Size

Initially there was the idea to decrease the size of the domain for the upstream
turbulence case in order to keep the cost within reasonable limits. During a phone
discussion with the software developers at EXA Corporation an advise was given
to keep the size of the domain and make the turbulent area at the inlet as big as
necessary, Figure 27. This would also reduce a lot of uncertainties connected with
the domain size reduction, and the number of simulations necessary to get to know
the new behavior of the results. The current simulation domain size is with length=
10.3 truck lengths, width= 7.8 truck lengths, and height= 5.1 truck lengths. The
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distance between the vehicle and the inlet is 2.7 truck lengths and the vehicle and
the outlet is 7.5 truck lengths. With this size of the domain the blockage is 0.09 %,
which is below the recommended blockage ratio of 5%, given in [20].

3.2.2 Fluid

In the following Table 6 all the fluid properties for the simulations are given. They
are standard for all external aerodynamic simulations performed at SCANIA, so
they were kept the same to keep the results comparable. Although the flow around
a road vehicle is not so fast and can be assumed as incompressible, the Lattice-
Boltzmann’s method is by default compressible, (12) and (26). Having this in mind
some more parameters are important for defining the condition of the fluid. All the
characteristic properties are the values defined at the inlet and used for the flow
initialization. In PowerFLOW the Mach number, given by (3), is calculated using
the maximum expected velocity in the flow, and is called Real Mach number. Its
value for the current study is M = 0.07284. To reduce the simulation time the flow
velocity is artificially increased by the software up to the incompressible limit, so
there is a simulated Mach number, which is higher as described in section 2.8. For
the simulations the Reynolds number is Re = 6.71141e+6, calculated using equation
(2) with characteristic length of 4 meters.

Table 6: Fluid properties of air that were used for the simulations

Parameter Symbol Quantity [units]

Char. Density ρc 1.204 kg/m3

Char. Pressure pc 101325 Pa

Char. Temperature Tc 20 oC

Char. Viscosity υ 1.49e-5 m2/s

Gas Specific Heat Ratio γ 1.4 -

3.2.3 Solver settings

PowerFLOW is using the Lattice-Boltzmann method as described section 2.7 to
conduct the simulations. By default it is using a transient compressible solver, which
simulates an ideal gas. There is also an incompressible solver, which is achieved by
forcing the density to be constant. By doing this the solution is no longer time
accurate [18]. That is why it is recommended to use the compressible solver, which
in the low Mach number would not give significant difference.
The equations that are solved in the Lattice-Boltzmann method are linear and unlike
the finite volume method they are discretized on the microscopic level where phase-
space is constrained to discrete values. This means that particles have discrete space
and velocity as given in section 2.5. This set of particles with given velocity in a
given space is called particle distribution at a point from the lattice grid. This
particle distribution is the computational element for LBM. The discretized form of
these particle distribution is summed to give the macroscopic properties as given in
section 2.7 equations (26), (27), and (28).
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3.2.4 Time step definition and selection

To define the timestep used in PowerFLOW some other parameters have to be
introduced. These parameters are maximum expected velocity, characteristic length,
and resolution.
The maximum expected velocity as given in [18] is the maximum local velocity in
the flow domain. As advised in the user’s guide [18] it is better to be conservative
when selecting this value, because if not, the results will not be trustworthy in case
the max velocity in the simulation exceeds the predicted value. If this happens it
means that the predicted timestep for the simulation is too big and cannot capture
the fluid motions accurately. But at the same time it is good to keep it as low as
possible because the simulation time will increase unnecessary. For bluff bodies in
external flow the advice is to use 1.5 times the mean velocity [18]. This value has
been used for all simulations in SCANIA so far, and has shown good agreement.
The characteristic length is a distance that has been chosen by the user to non-
dimensionalize moments and other aerodynamic properties [18]. As it is described
in section 2.2 this is necessary for comparison reasons of forces and moments.
The resolution in PowerFLOW is defined as the number of finest size voxels along
the characteristic length, which in the current study is chosen to be 4 m. In all
simulations with fine resolution, the finest voxel size is set to be 0.625 mm.
Having all these parameters and using Equation 35 the physical simulated time in
one timestep may be calculated as given below:

simulated time in one timestep =
K1/max expected velocity

resolution/char len
(35)

, where K1 is a coefficient recommended by PowerFLOW for this kind of problems
and is equal to 0.2364 for external flow cases [18]. If in (35) the resolution is
substituted using its definition the characteristic length will be canceled out from
the equation, which results in the following:

simulated time in one timestep =
K1 ∗ finest voxel size
max expected velocity

(36)

This new equation, if rearranged for K1, turns out to be the same as the one for
calculating the CFL number, section 2.9. This means that in PowerFLOW the
recommended value for the CFL number is 0.2364 for external simulations, which
is smaller then 1 as is required for stable solution. Also the maximum expected
velocity parameter in PowerFLOW corresponds to the maximum local velocity as
given in section 2.9 equation (36). For the purpose of the current study in the fine
simulations with lattice with variable resolution VR11 having a lattice size of 0.625
mm and free stream velocity of 25 m/s, the calculated timestep from (36) is 3.861e-5
seconds.
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3.2.5 Boundary conditions

Inlet

The velocity inlet is defined by providing values for the velocity vector. These values
may be constants or functions of time as in the upstream turbulence case. The
values used for the RNG k − ε modeled (sub-grid) turbulence were 1 % turbulence
intensity and 0.005 m length scale. As described in section 2.10 this model has two
equations. For their initialization non-zero values are necessary, otherwise the eddy
viscosity from equation (30) will be indeterminate. Since these values of intensity
and length scale are for numerical reasons only, they are small and will be quickly
decayed. Because of this they are not affecting the flow in the simulations with
upstream turbulence. Also in previous studies at SCANIA, multiple comparisons of
simulations with wind tunnel results has shown good agreement using these values.
For the upstream turbulence case a table with all the fluctuating components of u’,
v’ and w’ is read from a text file and superimposed on the mean velocity component,
ū = vehicle speed = 25 m/s, v̄ = 0 and w̄ = 0. This results in three variables in time
of the velocity components that are initiated at the inlet. The modeled turbulence
intensity and length scale is left the same, because it was discovered that if it is set
to be equal to the one from the synthetic table, pressure fluctuations were present
that would lead to non-converged solutions.

Outlet

Since the Inlet was defined as velocity inlet, the outlet has to be of the pressure
type. It is set to be with the ambient static pressure of 101325 Pa. What was also
observed to work well was the use of the reflection damping option, with a distance
to reflecting surface of 50 m scale. This option stops the reflection of pressure waves,
with length above 50 m, from the outlet.

Walls and Ceiling

In the Lattice-Boltzmann method it is only possible to set the opposite sides as walls
or as a periodic boundary. The practice at SCANIA is to have a large domain with
frictionless walls. The walls and ceiling for the simulations were set to be of the
frictionless wall type, which will inhibit the formation of boundary layers that may
affect the results.

Moving belt

The floor is modeled as a sliding wall boundary condition with a speed equal to the
ambient flow velocity, so it recreates better the on-road conditions of the vehicle.
This will stop the unrealistic development of a flat plate boundary layer at the floor
due to the incoming flow from the inlet. In the case of the simulations with an yaw
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angle the local coordinate system that is used in the definition of the sliding wall is
rotated together with the vehicle inside of the virtual wind tunnel. Making this it
is assured that the moving belt has the velocity as the one for the simulated vehicle
speed.

3.2.6 Initial conditions

During the initialization of the simulation volume the speed and the turbulence
characteristics are prescribed at each voxel. The speed is given to be equal to the
mean conditions at the inlet, with the mean lateral and vertical velocity components
equal to zero. The turbulence intensity and turbulence length scales are prescribed
as Ti=1 % and LS=0.005 m. These values are required for initialization of the RNG
k-ε turbulence model. They are quickly decayed and does not contribute to the
turbulence condition.

3.2.7 Variable resolution (VR) levels

Before introducing the upstream turbulence to the simulations the VR(variable res-
olution) boxes as used at SCANIA were arranged as offset volumes outside of the
vehicle encompassing each other, Figure 9a. The first such volume that is around all
the vehicle is VR 6, it is within VR5 and so on up to VR0. All the higher number
variable resolution levels were used to solve for the complex flows around the details
of the vehicles. In Table 7 the size of the voxels can be seen for each VR level. In
this arrangement all the boundaries are within VR0, which is the coarsest level.

Table 7: Size of the cube side for different variable resolution levels

VR levels 11 10 9 8 7 6 5 4 3 2 1 0

Voxel size [mm] 0.6251.25 2.5 5 10 20 40 80 160 320 640 1280

With the introduction of the upstream turbulence arises the need to change the
arrangement of the variable resolution levels in the domain, Figure 9b. If the inlet
table is added without changing anything, all the structures smaller than 1.28 m
will just go into the modeled sub-grid turbulence (RNG k − ε), which may not give
the desired result. To solve this problem the variable resolution volumes need to
be extended to the inlet in order to resolve for the turbulence. In the next section
a resolution study is performed, which will determine up to which VR level is it
necessary to extend the refinements.

3.2.8 Variable resolution study

The variable resolution study is necessary to check the differences between the use
of smaller or bigger voxels for transporting the turbulence from the inlet to the
truck. In total three simulations were performed for the study. The first one is
with VR 4 as the finest level with voxel size of 80 mm. The second is with VR 5
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(a) VR distribution without UT (b) VR distribution with UT

Figure 9: Visualization of the variable resolution levels in the simulation domain
around the vehicle, comparison for the case without and with the upstream turbu-
lence

with a voxel size of 40 mm, and the third one is with VR 6 with the smallest voxel
size of 20 mm. When there are several different VR levels in a simulation it is not
straight forward comparing the size in terms of only the total number of voxels and
surfels. Since they are different from computation point of view, Figure 5 and 6. For
this reason the number of the voxels in the different VR levels are converted to an
equivalent number of the finest voxels in the simulation. When all these equivalent
voxels and surfels are summed the fine equivalent number is received. These fine
equivalent values are shown in Table 8 for the three different simulations together
with the CPU hours necessary for simulating the same time. It can be seen that
the simulation with VR 5 is 4.1 times more expensive then VR 4 in CPU hours, 1.6
times more in fine equivalent voxels, and 1.2 times more in fine equivalent surfels.
At the same time VR 6 cost 7.8 times more in CPU hours compared to VR 5, 4.9
times more in fine equivalent voxels, and 3.1 times more in fine equivalent surfels.

Table 8: Size of the lattice for the different simulations for the VR study. The required
CPU hours for the same time of the simulation is showed.

Simulation Fine eq. voxels Fine eq. surfels CPU hours

Empty tunnel VR 4 121 291 812 760 992 2 397

Empty tunnel VR 5 197 949 006 948 974 9 533

Empty tunnel VR 6 972 603 663 2 945 562 75 180

In Figure 10 comparison of velocity power spectra for a point 5 m in front of the
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truck is shown. In the three subplots the three different velocity component spectra
are compared to the spectra from the three different VR simulations. It is seen
that at the low frequency, all the spectra are the same for the three simulations.
This means that the high energy containing eddies are not affected by the change of
the voxels’s size. The middle range frequencies are affected more by the change of
the voxel’s size. They show a reduction of the energy carried by the same frequency
eddies and also a small shift to the lower frequencies. Concerning the high frequency
content eddies, they show a slight increase in the slope of the spectra, evident for the
slight change of the decay rate. Another important fact to mention is that the cut-
off frequency is shifted to higher frequencies, which is directly due to the reduction
of the size of the voxels.
In Figure 11 a comparison of the turbulence intensity by components is given in a
horizontal and vertical profile. The results for the three simulations with different
VR levels and a simulation with the isotropic turbulence are shown. As it can
be seen from the figure the change of voxels’ size does not affect significantly the
distribution of the turbulence intensity.
As a result of the study it was chosen that the simulations with the truck will be
performed with VR 5 extended to the inlet. This will allow for not so computational
expensive solutions, with not so small loss of energy and no apparent difference in
the turbulence intensity profiles.
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Figure 10: Velocity power spectra generated from the velocity time histories at a point
with coordinates X=-5 m, Y=0 m, Z=4 m, or 5 m in front of the truck. The spectra
are calculated using 1Hz bandwidth with 50 % window overlap. The cut off frequency
is evidence for the reduction of fluctuations being solve explicitly and converted to
RNG k − ε turbulence, by changing the voxels’s size, Figure7.
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Figure 11: Turbulence intensity profiles comparison for the different resolutions. The
first column shows a horizontal profile along the centerline of the domain at height of
2.4 m for the three velocity components. The second column shows the vertical profiles
at a position in front of the future truck position , X = 0 m. Not much differences
can be seen between the different resolutions.

3.2.9 Grid size study for synthetic turbulence definition
at the inlet

A method that is usually used for modeling turbulence is the generation of a random
noise at a distance usually several vehicle lengths upstream, which is then left to
form in coherent vortex structures. But the disadvantage of this method is that you
are not guaranteed to get a turbulence with the desired properties and it requires
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a lot of computational resources. It was found that a better and convenient way of
modeling the atmospheric turbulence is the Jakob Mann’s method [2]. This method
is described in the theory chapter. A plane from this 3D grid can represent the inlet
boundary condition at a given time and the third dimension can represent the time.
This grid is much cheaper to generate even for a high resolution. The generation
should be done outside of the CFD simulation using a code written according to
Jakob Mann’s paper [2]. For this study the turbulence velocity fluctuations were
provided by Antonio Segalini (Phd student at KTH) generated with his Matlab
code. Example of the generated data in the format used by PowerFlow is given in
Appendix A. The data is read as time varying velocity components u′, v′, and w′ at
the inlet and summed with the mean flow velocity. The grid points read from the
text file for the fluctuations are not connected to the voxels’ size, so they may be
an arbitrary number. Unfortunately the resolution can not be infinite because it is
constrained by the RAM memory of the cluster nodes used for the simulation. It
was discovered that if the text file with the data for the grid points is bigger then
1 GB, the simulation crashes because the nodes run out of memory. Because of this
it was necessary to decrease the size of the text file by reducing the number of digits
of the velocities, to three behind the decimal point. For the purpose of the study
a lot of different runs were performed with changing of one parameter at a time.
In Table 9 only the ones important for the current grid size study are shown. The
missing runs were interrupted for some reason or they were used for checking other
parameters of PowerFlow not consistent for this discussion.

Table 9: Difference between the runs used to evaluate the effect of the table size on
the simulation. Characteristics of the synthetic turbulence and the sub-grid modeled
turbulence are given

Isotropic turbulence characteristics RNG k-ε model

Grid
size
[m]

dy
[m]

dz
[m]

Time
[s]

Feeding.
freq.
[Hz]

Ti
[%]

LS
[m]

Ti
[%]

LS
[m]

RUN 3 10x10 0.317 0.317 10 102.3 5 5 1 0.005

RUN 8 135x95 0.527 0.742 10 102.3 5 5 1 0.005

RUN 10 10x10 +
135x95

- - 10 102.3 5 5 1 0.005

RUN 11 30x15 0.236 0.238 20 102.3 5 5 1 0.005

Initial analyses were performed with an isotropic turbulence with intensity of 5 %
and length scale of 5 m. These values were selected to be higher then the recom-
mended ones in [5]. The selection was based on the fact that after the decay they
will be closer to the recommended values in the test section. In Jakob Mann’s ar-
ticle [2], it is recommended that the domain should be at least twice as the size of
the length scale. Because of this the initial size of the inlet grid table was selected
to be 10 m. After the initially selected size was tested, different inlet configurations
were also analyzed. The purpose was to achieve turbulence intensity profiles with
small variations in height and width as reported in [5]. Details for the grid tables
for upstream turbulence used are shown in Table 9 and visualizations are given in
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Figure 12. The turbulence intensity and length scale for the RNG k − ε model are
given in Table 9 and the values are the ones defined at the inlet. As discussed in sec-
tion 2.10 they are necessary to initialize the model. The other values of turbulence
intensity and length scale given in Table 9 are those that are used for generating the
isotropic turbulence fluctuations, using Mann’s method, fed from the text file.
From Table 9 and Figure 12, it can be seen that initially analysis were performed
with a small grid compared to the inlet size. With RUN 8 a big grid was tested, in
order to check if the edge effects between the turbulent ”jet” and the ”quite” flow will
be reduced. It should be noted that by increasing the size of the grid a compromise
had to be made with the resolution in order to keep the size of the text file within
the size limit. In an attempt to remove the resolution problem it was decided to test
a case with the two grids in one simulation RUN 10. The coarse grid was introduced
at the outside portion of the inlet, and the fine grid was used in the important area
around the vehicle. This helped with the resolution, but introduced another edge
effect at the boarder of the two grids. Which is, the turbulence structures are not
coherent between the two grids and there is discontinuity of fluid variables at the
boarder. This is not desired because the turbulence intensity may become twice as
high. It can also be mentioned, that a case was tested with a fine voxel resolution
of VR5 at the inlet and a transition to the ambient voxels. This simulation was
stopped because excessive time per timestep was observed, which was due to the
increase of the number of voxels. At the end a compromise was selected, with a grid
size big enough to allow for the vehicle to be away from the edge effects with the
”quite” flow even if there is a yaw angle, and small enough text file size to allow
for low enough memory necessary by the nodes. Compared to the initial grid from
RUN 3 the final one from RUN 11 has a 200 % increase in width and 50 % increase
in height.
In Figure 13 it can be seen that the decay of turbulence is different depending on
the grid configuration and size. It should be noted that when the table is at the
entire inlet there is a bi-linear behavior of the turbulence intensity. The turbulence
intensity up to 65 m downstream from the inlet is with a slight decrease and after
that it starts to decrease more rapidly. If this decreasing part is approximated to a
line, it will be with a smaller slope compared to the other runs. Run 11 and Run
3 have almost identical behavior, but Run 3 decays a little faster, which is due to
the less total turbulence energy introduced by using a smaller size grid at the inlet.
By having a smaller grid the turbulent ’jet’ is more easily mixed with the ambient
non-turbulent flow, which reduces the turbulence intensity of the ’jet’ faster. It can
also be observed that at X= 40 m and X= 70m, there are jumps in the plots, they
are due to the change of variable resolution levels at these places. It can be seen
that the turbulence level at the position of the vehicle (X= 0m) is around 4.4 % for
most of the cases except for Run 3. This decrease from 5 % to 4.4 % should be taken
into account for future simulations, so the values at the inlet should be increased in
order to get the desired value at the vehicle. In Figures 14 and 15 the edge effect
can be clearly seen, which is present in both sections. One meter from the inlet for
Run 3 and Run 10 there is a clear ’spike’ in the plots of turbulence intensity. For
the case with Run 3 they are below the mean value for the section, because of the
’quiet’ flow outside, and for Run 10 they are above the mean due to turbulence flow
outside. For Run 11 due to the bigger size of the grid, that extends beyond the

30



region of interest, the turbulence intensity is with a small variation around a mean
value. Run 8 due to the coarse grid of the inlet table with velocity fluctuations ex-
hibits less turbulence intensity across the cross-section. In the cross-section closer to
the vehicles, the turbulence intensity for all runs is varying in a similar way around
a mean value except Run 3, which exhibits the edge effect with a reduced intensity
towards the edge of the region of interest.

Figure 12: Visualization of the grid with points containing fluctuating velocity data
for different simulation runs(top left) 10x10m grid size, (top right) grid at all the inlet
size, (bottom left) two grid tables10x10m and all domain grid, and (bottom right)
intermediate table 30x15m

Figure 13: Comparison of the time averaged turbulence intensity values between 10-20s
for the different grid configurations, the values are along a horizontal line downstream
of the inlet at the symmetry plane with Z=2.4m
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Figure 14: Comparison of the mean turbulence intensity values between 10-20s for the
different grid configurations, the values are along a horizontal line in a cross-section
at X=-44m at a height of Z=2.4m

Figure 15: Comparison of the mean turbulence intensity values between 10-20s for the
different grid configurations, the values are along a horizontal line in a cross-section
at X=-5m at a height of Z=2.4m
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Figure 16: Comparison of the mean turbulence intensity values between 10-20s for the
different grid configurations, the values are along a vertical line in a cross-section at
X=-44m and vertical plane at Y=0m

Figure 17: Comparison of the mean turbulence intensity values between 10-20s for the
different grid configurations, the values are along a vertical line in a cross-section at
X=-5m and vertical plane at Y=0m

In Figure 16 the turbulence intensity in a vertical profile is shown at a distance of
1 m from the inlet. What can be observed is that the turbulence intensity close
to the ground is much higher. It is close to 5 % at a height of around 3 m from
the ground and continues like that except with Run 3, which has a grid height of
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10 m. Since the grid data that was used is for isotropic turbulence unnatural vertical
components of velocity fluctuations close to the ground are introduced. These are
then reflected into horizontal components close to the ground, which results in a
higher turbulence intensity at the ground. It is expected that after the introduction
of anisotropic turbulence this effect should be decreased.
In Figure 17 it can be observed that for a vertical profile closer to the vehicle position
this unnatural effect of turbulence intensity increase close to the ground is no longer
present. This is more consistent with the measured on-road data given in [5]. It can
again be observed that the intensity in height is stable around a mean value with
the exception of Run 3, which exhibits a decrease after 8 m of height. The values
for Run 11 with the increased size grid are still good at that height, which shows
that the edge effect has been moved away from the vehicle position.
The time averaged total turbulence intensity in two slices is shown between 10 and
20 sec for the simulations are shown in Figure 18 and 19. This way it can more
clearly be observed what is the turbulence intensity around the prospective position
of the vehicle. With the black contour the position of the volume measurement for
the vehicle can be seen. It can also be observed that there is an apparent jump of
the values at the places where there is a change of VR levels in the domain.
To conclude the size study of the inlet grid it can be said that the dimensions
and characteristics of Run 11 will be used for further simulations. They give small
variations of turbulence intensity in vertical and horizontal profiles at the position
where the truck will be introduced later.

Figure 18: Comparison of the time averaged turbulence intensity values between 10-
20 s for the different grid configurations, the values are at a vertical plane at Y= 0 m.
With overlaid lines are shown the inlet, outlet, VR level boxes. The black contour
shows the measurement volume around the vehicle.
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Figure 19: Comparison of the time averaged turbulence intensity values between
10-20 s for the different grid configurations, the values are at a horizontal plane at
Z= 2.4 m. With overlaid lines are shown the inlet, outlet, VR level boxes. The black
contour shows the measurement volume around the vehicle.

3.2.10 Anisotropic synthetic turbulence at the inlet

With a clear size and resolution chosen in the previous section here a more detailed
look of the velocity fluctuations will be made. For the generation of the anisotropic
table that was used for the simulations with the vehicle a value of Γ = 2 was selected
as shown in Figure 3. As described in section 2.4 the anisotropy is controlled by the
value of Γ. Also in section 2.3 it is described that the bigger eddies carry most of
the energy content. Having these in mind and the values from Table 5 and Figure 3
it is clear that the selected value of Γ will produce closest results. Although the
values in Table 10 are not exactly the same as the ones given in Table 5 they are
close enough considering that in Mann’s method the value of Γ dictates the ratios
between the different intensities and the length scales.

Table 10: Values of the turbulence intensity and length scale as calculated from the
inlet data table generated with Γ = 2.

Components Intensity, I Length scale, L

longitudinal, u 4 % > 4 m

lateral, v 2.7 % 1.2 - 1.6 m

vertical, w 2.4 % 1.1 - 1.3 m

In Figure 20 plots of the 20 s time averaged velocity components are shown. They
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give a clear picture that the time averaged components of the fluctuations are not
distributed symmetrically across the horizontal and vertical axises. This field would
produce non-symmetrical forces on the truck even for averaging of the total period
of the table. Even if several lengths of the table are taken for averaging the total
average will be the same as the one given for one table length. This is true because
if each table length segment is averaged by itself it will give the 20 seconds average
value. Generation of a longer inlet table has not been tested for two reasons. First,
even if it gives time averaged values closer to zero for all points, it would not be
practical to run full vehicle simulations with it. Second, the size of the text file
containing the table will be too big to run because of memory limitations of the
CPUs.

Table 11: Space and time averaged velocity components for thee segments of time.
Second column shows space and time average for the first 10 seconds of the table, the
third for the second 10 seconds, and the fourth for the total table.

Velocity component First 10 sec. Second 10 sec. 20 sec.

u 0.0187 -0.0038 5.7817e-9

v -0.0661 -0.0039 -5.2214e-8

w -0.1222 0.0069 -4.1723e-9

On the other hand the space and time averaged components for the total time and
all the table area gives values close to zero Figure 20 and Table 11. In Figure 21 the
space average is calculated first and the running time average for different length
segments is calculated after that. From the figure it is obvious that the u component
of velocity is more equally distributed in space compared to the v and w components.
Evidence of this is the magnitude of the space average values. It can be seen also
that even the 10 second averaged values are not converging to zero. This would
suggest that for future convergence of the drag values of the trucks the total length
of the table should be used to give the least amount of fluctuations.
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Figure 20: Plots of the 20 seconds time averaged velocity components at the inlet.
The data was taken directly from the text file for the table and plotted using Matlab.
Also the space and time averaged values are given in the title of each graph. The
horizontal and vertical axises of the graphs are showing the number of dy = 0.236 m
and dz = 0.238 m segments.
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Figure 21: Plots of the space averaged velocity components at the inlet. The data was
taken directly from the text file for the table and plotted using Matlab. The horizontal
axis is showing the time, and the vertical axis is showing the space averaged velocities.
For each component the time history is given together with running time averaged
values for 5 and 10 second segments.
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3.2.11 Decay comparison to empirical results

To evaluate the decay of turbulence intensity from the simulation in the empty tunnel
it will be compared to empirical relationships. The equation for the comparison was
taken from [21] and was modified to facilitate the fitting using the advice of Antonio
Segalini, private communication, 2017. The data was taken from the simulation
with VR 5 and with anisotropic turbulence generated with Γ = 2. The turbulence
intensity profile is the result of averaging to make the date smoother and easier to
fit. The profiles were taken between 1.4 m and 3.4 m in steps of 0.1 m in the vertical
direction, and between -1 m and +1 m in steps of 0.1 m in the horizontal direction.
For the fitting U0 is the mean flow velocity, X0 is the virtual origin of the position of
turbulence generation M is the grid spacing used for turbulence generation. Since in
the case of the simulation there is no grid a value of M = 1 is selected to correspond
to the turbulence length scale in the lateral direction used for the table generation.
The parameter of n1 was fixed to one to produce a straight line. The parameter B1
was varied to fit inclination of the line to the data. In [21] a range for the different
parameters is given. This range is a result of collected data from different authors
for different mesh arrangements. The range that is reported for n1 is between 1.13
and 1.37 and for B1 between 13 and 25. As it can be seen in Figure 22 the first part
up to 40 m exhibits smaller decay while the second part shown in Figure 23 shows
a decay with a rate closer to the ones shown in [21].

Figure 22: Fitting of an empirical decay line to the data for longitudinal turbulence
intensity from the simulation with anisotropic turbulence table generated with Γ = 2.
The line was fitted to the data from the first 40 meters from the inlet. Empirical
formula taken from [21].
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Figure 23: Fitting of an empirical decay line to the data for longitudinal turbulence
intensity from the simulation with anisotropic turbulence table generated with Γ = 2.
The line was fitted to the data from 60m from the inlet to the position of the second
VR change. Empirical formula taken from [21].

3.2.12 Monitors

In PowerFLOW all the monitors have to be defined in advance before running the
simulation. This requires some consideration of what results may be of interest
from the simulation. For the ”Empty tunnel” simulations it was decided to sample
velocities, pressure and turbulence information on several planes and points across
the domain. The plane measurements save fluid data for each voxel or a group of
2x2 voxels for a given volume defined in advance. It is usually a good practice to use
the option for 2x2 voxel averaged data saving since it reduces the size of the results
file and is not a problem for post-processing and visualization purposes. The point
data is referred to as probe in the program and it should contain data for at least
one voxel at the place where it is defined. Probes data is required because they are
”cheap” measurement and the sampling frequency may be much higher, than it can
be afforded for a plane. For example if a plane through the domain is sampled it will
export the data from all voxels that are included in it, which can be thousands. So
in order to limit the size of the files containing that data, the sampling frequency has
to be reduced. On the other hand, if data is stored as a probe it may contain only
data from as little as one voxel, which allows for increased frequency of sampling.
The size of the probe may be controlled in the settings and it can not be less then
one voxel. If the probe comprises of several voxels their values are averaged and
only one value is recorded.
The position of the probes was selected in a way that they can be used later for
calculation of important turbulence statistics. It was decided to put five probes per
plane in different distances form the inlet. The points were arranged in a cross shape
within the size of a relevant vehicle, so turbulence information can be evaluated on
the place of the future position of the vehicle. The points are equally spaced, which
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will facilitate calculation of correlation functions. The probes and their position in
a plane may be seen in Figure 24. In the background with yellow a volume used for
VR6 is visible. The position and size of the measuring planes in the cross section
of the tunnel can also be seen on the same figure. Their size was selected to be 10
by 10 meters, which is big enough to have a decent picture of the flow around the
vehicle in later simulations.

Figure 24: Visualization of the grid with points containing fluctuating velocity data,
together with the measuring probes and planes and a VR6 level volume for refinement
around the vehicle in later simulations

Figure 25: Visualization of the measurement planes and probes in the simulation
domain in a 3D-isoview. The boxes drawn with white lines are the VR definition
boxes which were shown for more clear overview of the arrangement.

In Figure 25, the same planes are shown in a 3D view. The horizontal plane, which
is at z=2.4m, can also be seen, it is used for visualization of fluid variables at the
middle of the vehicle. Here it is good to mention that there are two more planes,
which were not shown on the figure for clarity reasons, but are present. They are
vertical planes, which are symmetrical at positions Y=-2.5 m and Y=2.5 m with the
same height as the other planes of Z=10 m.
The sampling frequency should not be higher then the inverse of the time step of
the simulation. It is also not practical to record results at each simulation timestep
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because of the size of the files. At the same time it is not good to record with very
low frequency, because a lot of turbulence data may be lost. Since the feeding fre-
quency from the grid for the turbulence fluctuations is 102.3 Hz, using the Nyquist’s
relationship the sampling frequency is 204.6 Hz. The Nyquist’s frequency is half
the sampling rate for a continuous signal. It was decided to record results for the
planes with a little higher frequency then the calculated 204.6 Hz, which will allow
for better capturing the events up to that frequency. So the planes data is recorded
with a sampling frequency of 400Hz. This results in a 648 timestep averaging. The
probes on the other side are ”cheap” and for them an arbitrary high frequency will
be used 259kHz, resulting in 1.295 timestep averaging. This way there will also be
enough information for generation of better power spectrum of different variables
from the turbulence.

3.3 Trucks in virtual wind tunnel with up-

stream turbulence

3.3.1 Configuration description

In this section a description will be given on the necessary changes to the case,
and the method for investigating the transient results. For the simulations with the
trucks two yaw angles will be used 0 and 5 degree.

Geometry

For the current study of upstream turbulence the geometry of two SCANIA trucks
will be used. They are both of the tractor type with a semitrailer. The geometry
of the trailer is the same for both cases with the only difference being the tractors,
Figure 26. The first geometry to be investigated is of the tractor with the name
’Streamline’, and the second one is the Next Generation Scania, which bares the
name ’NCG’.

Figure 26: Side and front view with the dimensions for a tractor trailer combination
is shown. The tractor on the scheme is NCG but Streamline has the same external
dimensions. All values are in meters.

The geometry of the virtual wind tunnel is kept the same as described in the previous
section. The only difference is the addition of the truck and the refinements of the
lattice around it reaching up to VR 11. In Figure 27 all the dimensions of the domain
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and volumes with different VR levels are given. The inlet is in dark green and the
table with the velocity fluctuations is given in red.

Figure 27: View of the total fluid domain with the truck and the boxes defining the
different VR levels. All the dimensions of the boxes are given, together with the
distance between the truck front face and the inlet. The red plane at the inlet is
showing the size of the grid with velocity fluctuations.

Synthetic turbulence grid at the inlet

In the method chapter, section 3.2.10 a more detailed description is given for the
anisotropic turbulence grid used for the simulations with the truck. Here a short
summary is presented for clarity. The size of the grid selected in section 3.2.9 is
30x15m and the time is 20 sec. The distance between the points of the grid in the
Y direction is dy=0.236 m and dz=0.238 m. The feeding frequency in the time
domain is 102.3 Hz. The table was generated for Γ = 2. The grid was situated
one dz distance below the floor, so no interpolation problems can occur at the edge
between the inlet and the floor. A sample of the inlet table text file that is read by
PowerFLOW is shown in Appendix A.
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Lattice refinement around the trucks

The level of lattice refinements around the trucks have been investigated in details
in previous studies in SCANIA. All the flow details that need to be resolved for
accurate results are refined. For the current study the geometries will be used with
their refinement volumes as defined from before and no change will be made. When
different yaw angles are analyses the refinement volumes for the wake of the truck
are automatically modifies to take in to account the angled wake. This yawed wake
will take up more volume, which will require more voxels to resolve as evident in
Table 12.

(a) Front view (b) Side view of the cabin

(c) Bottom view of the tractor trailer combination

Figure 28: Visualization of the volume pixel (voxel) resolution around the Streamline
truck model. With green lines the position of the cutting planes for visualization of
the voxels are shown.

In Figure 28 and 29, a visualization of the lattice around the vehicles are given.
It can be seen that there are refinement areas around parts of importance like sun-
visor, mirrors and other details on the cabin, and also on the places, where turbulent
wakes are expected to form. In Figure 28a, 28c, 29a, and 29c it can be seen that such
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wake refinement areas are created downstream of the wheels. Also in Figure 28b
and 29b it can be seen that refinements were created around the roof-air deflector to
resolve the shear layer between the cab and the trailer. In Figure 28c and 29c a view
of the voxels’ resolution around details of the lower part of the tractor and trailer
are shown. These lattices shown on both figures are created for a simulation with 0
degrees of yaw angle. If a simulation with a yaw angle different than 0 is performed
a new lattice is generated when the simulation is submitted. In Figure 28 and 29 the
green lines show the position of the section cuts for visualization of the three views
of the lattice around the trucks. In Table 12 size of the lattices is compared for the
two trucks with 0 and 5 degrees. From the table it is apparent that for all cases the
size of the lattice for NCG is bigger then the one for Streamline. The reason for this
is the more simplified geometry of the refinement boxes, Figure 28 and Figure 29,
which includes a bigger volume from the fluid domain with the same VR resolution.
Because of that the fine equivalent voxels and surfels are more for the NCG case.

(a) Front view (b) Side view of the cabin

(c) Bottom view of the tractor trailer combination

Figure 29: Visualization of the volume pixel (voxel) resolution around the NCG truck
model. With green lines the position of the cutting planes for visualization of the
voxels are shown.
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Table 12: Fine equivalent voxels and fine equivalent surfels for the simulations with
the trucks. All simulations were executed for 5960500 timesteps (physical time of 23
seconds). All simulations were executed with 4224 CPUs.

Simulation Fine eq. voxels Fine eq. surfels CPU hours

Streamline, Yaw = 0 deg 80 671 753 12 928 331 262 500

Streamline, Yaw = 5 deg 81 782 967 13 059 291 267 000

NCG, Yaw = 0 deg 84 313 628 14 753 059 279 700

NCG, Yaw = 5 deg 85 405 213 14 882 023 299 800

Side wind simulations

In PowerFLOW there is a possibility to create equations with different relations
and conditions. These equations may be used to define any type of geometry or
value, which makes it easier to parametrize case. By doing this it is very easy to
create different simulations with changing just a few parameters. In the case with
side wind simulation the geometry together with the moving belt can be rotated by
just changing the yaw angle value. By changing this value the position and shape
of the refinement boxes for the wake is also changed to correspond to the shape of
the expected wake. After the simulation is submitted for analysis the new lattice is
created, which corresponds to the given yaw angle.
As for the inlet definition, the practice in SCANIA for performing yaw angle sim-
ulations is to keep the velocity the same independent of the angle. This would be
equivalent to running a simulation with a slightly smaller vehicle velocity. Since the
change is very small the Reynolds number is not changed significantly an thus the
drag coefficient values are still representative for this velocity.

3.3.2 Case setup adaptation

The method that is currently used in SCANIA to perform simulations without up-
stream turbulence is shown in Figure 30. The main idea is to use a cheap and fast
solution using only VR up to level 6 to solve the flow around the truck without too
many details. This coarse phase is 3 seconds. After that the solution is restarted
from zero, seeding the results from the coarse solution. After the restart a relaxation
time of 1.5 seconds is used to let the flow stabilize. When the flow is stable enough
the recording of results is started for 10 seconds. These results are then averaged to
get the Cd values.

For the case with upstream turbulence two methods were tried, using the same
switching between coarse and fine lattices. The first method is without synchro-
nization of the inlet table after the restart, Method 1. The second method is using
synchronization of the inlet table after the restart, Method 2. For the upstream
turbulence cases it was decided to extend the coarse simulation up to 7 seconds, so
there is enough time for the turbulent flow to reach the outlet. After that the fine
simulation is restarted from zero together with the inlet table, as visually described
for Method 1 in Figure 30. This causes flow disturbances, which are skipped by
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Figure 30: Description of the method used for execution of a case without turbulence
and two other methods used for the cases with upstream turbulence. The blue bars in
the graph represent the simulation time, which is run with coarse lattice. The orange
bars represent the time that is run with fine lattice. The yellow bars in the background
represent the length of the upstream turbulence table. The red bolt represents the
position, where the table from the coarse run is interrupted and restarted with the
fine run.

starting the recording of results after 1.5 seconds. The results are recorded for 20
seconds, which will allow two sets of 10 second, and a 20 second averaged values of
flow parameters to be calculated. After the first results from this simulation were
obtained, it was observed that the 10 seconds running average has a less fluctuating
part after 8 seconds. Because of this it was decided that for the next simulations
the settling phase will be increased to 3 seconds and the inlet table with fluctuations
will be continued from the coarse simulation, Method 2 as visualized in Figure 30.
This will allow for more smoother transition between the coarse and fine simulation.
Because of this the Method 2 was selected for performing all the other simulations.

3.3.3 Convergence

For the convergence study the time history of the drag force coefficient will be
used. Its running time averaged values for windows of 5 and 10 seconds are shown
in Figure 31 for Streamline and in Figure 32 for NCG. It should be noted that
the term running average is sometimes called moving mean or sliding mean. These
values were normalized to the drag coefficient values for the trucks without upstream
turbulence. Before looking at the results, it is useful to remember that in section
3.2.10 it was stated that the time averaged values of the fluctuations at the inlet are
non-zero even for the total time of the inlet table. This means that the fluctuations
at each point of the inlet are not completely statistically stationary for the table with
the selected length. From this it can be concluded that the truck will be exposed
to a non-uniform time averaged flow, which would lead to more unstable values of
the drag coefficients. Even if the simulations are continued for several lengths of the
inlet table they would produce the same time averaged results.
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Figure 31: Normalized drag coefficient values for the Streamline truck for yaw 0 and
5 degrees. The results were normalized to the no upstream turbulence case value for
yaw 0 degrees. The blue and green lines show the 5 second window running average
values and the red and black lines show the 10 second window running average values.

Figure 32: Normalized drag coefficient values for the NCG truck for yaw 0 and 5
degrees. The results were normalized to the no upstream turbulence case value for
yaw 0 degrees. The green and blue lines show the 5 second window running average
values and the red and black lines show the 10 second window running average values.

As it can be seen in both figures there is a convergence within plus and minus
7 counts in all of the simulations. Even the smallest amplitude of the 10 second
running average is around six drag counts. At the same time it can be seen that the
running average for the same yaw angle between Streamline and NCG experience
peaks and drops at the same time. This would suggest that the position of the peaks
depends on the table with fluctuations at the inlet and their magnitude depends on
the geometry of the trucks. In Figure 33 the running standard deviations for the
four simulations with a moving window of 10 second are shown. It can be seen that
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there is no clear trend for converging of the standard deviation to a particular value
to show convergence.

Figure 33: Standard deviation for the drag coefficients of Streamline and NCG for
yaw 0 and 5 degree. The standard deviation was calculated with moving window of
10 seconds for the total time history of the fine simulations.

Table 13: Standard deviation of the drag coefficients, comparison between the case
with upstream turbulence and the case without upstream turbulence. The values are
given in drag counts.

Simulation 10 sec no UT
[drag counts]

20 sec UT, Method 2
[drag counts]

Streamline, Yaw = 0 deg 8.46 17.66

Streamline, Yaw = 5 deg 7.34 20.98

NCG, Yaw = 0 deg 7.60 15.42

NCG, Yaw = 5 deg 9.47 18.34

Although the values are not converging to a particular number they are still showing
some repetitive trends independent of the geometry. For the 0 degree yaw angle both
trucks show a decrease around 0.04 for the 10 second window. Also both of them
show a decreasing trend. For the simulations with 5 degree yaw angle there is a slight
trend of increase of the running averaged drag values after 16 seconds for both trucks.
In Table 13 from the standard deviations comparison of the drag values for the total
simulations it is seen that the values for the upstream turbulence case are around
twice the values from the no upstream turbulence case. This would suggest that the
increase of the amplitude of the fluctuations is common for all cases.
Having in mind the similarities and common trends discussed, it was concluded that
it is necessary to use the total time of the inlet table for averaging flow parameters
for comparison between different cases.
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4 Results and discussion
For all the results in this chapter Method 2 from section 3.3.2 is used. As described
it consists of two parts, coarse and fine, and a synchronized table with turbulence
fluctuations at the inlet as visualized in Figure 30.
As formulated in the introduction the aim of the study is to develop and implement a
method for investigating the effects of upstream turbulence on truck aerodynamics.
For the purpose of the study it was necessary to investigate representative values for
the turbulence statistics on the road. Such values were found in two studies [5] and
[4], which form the major data source for such values in the field of on-road upstream
turbulence. These values were used to generate synthetic turbulence field by the use
of Jakob Mann’s method, which gave good results when implemented in a CFD
simulation with the Lattice Boltzmann method using PowerFLOW. Although there
are other methods for implementing upstream turbulence this method was chosen
because it gives more control of different parameters and it has been tested for
different engineering applications. It should be mentioned that in PowerFLOW 5.4
from 2017 there is a module that can be used for analysis with upstream turbulence.
This module needs the values of turbulence intensity and length scale as an input.
Using this values the velocity fluctuations are calculated and introduced at the inlet.
This method is easy to use but no detailed information on the generation of synthetic
field is present.

4.1 Discussion on method selection for upstream

turbulence

The current method for performing the simulations gave good way for comparing
different geometries with the addition of upstream turbulence. The selected method
for modeling upstream turbulence is using the Jakob Mann’s method. It was chosen
because it is the method used in a lot of practical applications for wind engineering
and civil engineering purposes. It has been widely validated on wind turbine designs
and bridge designs and has shown very good results. The implementation of the
method is relatively easy to do using a simple code and does not require a lot of
computational resources even for a big synthetic turbulence filed. This makes it
a good alternative to other options like generating a random signal and letting it
develop into coherent structures, which will cost more time for the simulation of
the process. The method also gives good coherent turbulence structures that are
controlled with simple parameters of turbulence intensity and Γ. By using this value
the anisotropy of the field can be easily controlled. On the other hand this control of
the anisotropy by one parameter limits the ratios between the values of turbulence
intensity and length-scale by components. This would not allow modeling directly
the measured values of on-road turbulence parameters. In the case of the current
study for example the longitudinal turbulence intensity was adjusted by the use of Γ
but the other components are not exactly as recommended for the representative on-
road turbulence. Another negative feature of the selected method is that it requires
programming skills and time for testing and validating the code. As mentioned
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another option for modeling the turbulence can be by random fluctuations. This
method would be too expensive if the domain is increased to have sufficient space in
front of the test section for letting the flow develop into coherent structures. Also
it would not be possible to control the length scale of the turbulence. The only
parameter that can possibly be modeled by this method is the turbulence intensity.
Because of these limitations of the random fluctuations method it was decided to go
with the use of the Jakob Mann’s method.
In the beginning of the current work it was tried to find more details on what others
have done to implement upstream turbulence with CFD. Unfortunately most of the
studies on the topic deal with gust wind loads and primarily for cars. The other
part of the studies were dealing with simulating the upstream turbulence conditions
in wind tunnels. The only more comprehensive studies for the upstream turbulence
implementation were from EXA PowerFLOW using the same method with adding
the turbulence fluctuations at the inlet using a text file. Only recently they have
implemented a more user friendly method as an option in the setup in PowerFLOW
5.4.
It was also discovered that the data obtained from the synchronized method and the
non-synchronized method is not comparable. The 20 second averaged values from
the two methods give different results, the non-synchronized method giving lower
values of drag.
A possibility for reducing the computational time of the method is to use a shorter
inlet table and take all of its length for the averaged value. This idea comes from
the fact that the total space and time average value of the inlet table gives value
close to zero, while part of the table gives higher average values.

4.2 Discussion on convergence

For convergence studies in external CFD simulations values of interest are usually
monitored. In this case such value is the drag coefficient of the truck. In a simu-
lation without upstream turbulence after the initialization phase the main reason
of fluctuations of the instantaneous drag value is the unstable flow from the vortex
shedding at the rear of the truck. These fluctuations are not so big, which allows to
have a converged value for the drag coefficient. By the introduction of the turbulence
upstream of the vehicle, the flow around the truck is changing greatly with time.
This interaction between the truck and the turbulence makes the drag values more
unstable and dependent on the characteristics of the flow introduced at the inlet. As
it was shown before in section 3.3.3, the drag values show a convergence within plus
minus seven drag counts from the mean value for the ten second running average.
This is true for both trucks at both yaw angles. This would mean two things, either
the simulations are too short or the inlet table is not statistically stationary. To
find the reason a detailed look at the inlet table was made. It revealed that the
time averaged values of the fluctuations, Figure 20, are not equal to zero and are
distributed in patches at the inlet surface. This means that the truck is subjected to
nonuniform non-symmetric averaged flow. It also shows that even if the simulations
are continued for several table lengths the average values would still be the same. So
there is no point in running longer simulations. To have an idea of the time history,
the space averaged fluctuations were checked and they showed no clear convergence
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trend. But what is interesting to see is that the longitudinal space averaged velocity
shows a similar trend to the behavior of the drag coefficients. This would mean that
the drag fluctuations and thus the convergence depends on the characteristics of the
upstream turbulence. Nevertheless, the drag from both trucks exhibits the same
trends and the peaks are at the same time. Because of this it was concluded that al-
though not converged the total time averaged value can still be used for comparison
between different designs as long as the same inlet table is used.

4.3 Discussion on the practical application of

the method

The method that was used for the current study was tested with one anisotropic inlet
table at the inlet described in section 3.2.10. Nevertheless all simulations showed
the same behavior of the drag coefficient time history irrelevant of the yaw angle
and the truck geometry. This would mean that the reason is the inlet table itself,
which is also confirmed by same behavior of the space averaged time history of the
longitudinal velocity fluctuation. Having all this in mind it is expected that the
introduction of a different inlet table will most likely change the behavior of the
drag time history. But it would probably keep the same indifference to geometry
and yaw, by exhibiting the same drag coefficient time history behavior between the
simulations.
It should also be noted that there is an average velocity magnitude increase at
different areas in front of the truck as seen in Figure 48. This would contribute to
the non-symmetrical pressure increase at the front face of the truck Figure 39. As it
can be seen the areas of pressure increase correspond to the areas of increased velocity
magnitude. Having said that if the truck is off to one side the pressure distribution
would have been different. This is not good for doing optimizations of detailed
parts on the geometry, because they are going to be dependent on the position of
the particular part. This position dependence would lead to designs optimized for
a particular inlet table if the method is used just like it is. Because of that for
details design optimizations with this method two things will be suggested. First,
efforts should be made to have a more equally distributed in space time averaged
velocity fluctuations so the pressure distribution is more symmetric. Second, several
inlet tables with the same values of turbulence intensity, but different distribution
in space of the time averaged velocities are used.

4.4 Turbulence intensity and length-scale at

the position of the truck

The results from the simulation with an empty tunnel compare well to the represen-
tative conditions of turbulence intensity and length scale for on-road turbulence as
measured and shown in [5]. The inlet data table for this simulation was generated
with Γ = 2 as described in the previous chapter and the calculated intensity and
length scale at X = -5 m are given in Figure 34. The distribution of turbulence
intensity from the simulation shows good agreement with the values from the NRC
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measurements [5]. For the intensity in the longitudinal direction the dominant val-
ues from the simulation are in the range Iu = 4− 4.5% and from the measurements
in [5] they are around 4 % for the medium conditions. For the intensity in the lateral
direction the dominant values from the simulation are in the range Iv = 2.7 − 3%
and from the measurements in [5] they are around 3.5 % for the medium conditions.
For the intensity in the vertical direction the dominant values from the simulation
are in the range Iw = 2.5− 3% and from the measurements in [5] they are around 3
% for the medium conditions. The turbulence intensity of the vertical component of
velocity is damped close to the ground, which is also the case from the measurements
in [5] although there is only data down to 0.5 m. The measurements at that position
show values of Iw = 2.5% while from the simulation the value is close to 0.5%.
Concerning the turbulence length scale the agreement with the profile from NRC in
[5] is not as good as the turbulence intensity. For the longitudinal component from
the NRC measurements the vertical profile gives values from Lu = 4m to Lu = 20m
at height of 4 m. The values from the simulation give values from Lu = 2.5m to
Lu = 8m at height of 4 m. From the simulation there are also some small areas
with values reaching 12 m, which is still smaller then the maximum value from the
measurements. For the lateral component from the NRC measurements the vertical
profile gives values from Lv = 1.5m to Lv = 6.5m at height of 4 m. From the
simulation the corresponding values are Lv = 1 − 1.75m to Lv = 1 − 2.5m. In the
results from the simulation there is higher variation because of the areas with high
values at some places. For the vertical component from the NRC measurements the
vertical profile gives values from Lw = 0.3m to Lw = 1.3m at height of 4 m. From
the simulation the corresponding values are Lw = 0.4m to Lw = 1− 1.2m. For the
vertical length scale there is better agreement between the measurements and the
simulation.
Considering the comparison of simulation and the measured vertical profiles given
in [5], the selected method for modeling the upstream turbulence gives good agree-
ment for turbulence intensity, but not as good for the turbulence length scale. On
the other hand, the values of turbulence length scale from the simulation agree well
with the recommended representative values given in Table 5. This would suggest
that the reason may be the uniform anisotropy of the inlet table. The Jakob Mann’s
method does not have a way of generating a field with varying turbulence properties
across some of the dimensions. This would suggest that for generating turbulence
fields with it, one should select representative values. These values may be the av-
erage across vertical profiles of interest for example. In this study even without a
complete agreement the results still show values in an expected range, since the size
of the eddies is dictated by the size of the obstacles that create the turbulence. The
method is good because it is not computational expensive and can be implemented
using different CFD softwares. A negative feature of the method is that it requires
creation of a code using some programing language to implement Jakob Mann’s
theory for generating the fluctuating velocity components. Usually creating a code
from scratch requires considerable testing and validation until it can be used.
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Figure 34: Distribution of the 20 seconds time averaged turbulence intensity and
length scales by components at a position 5 meters upstream from the future position
of the truck face (Figure 25 plane 2). The anisotropic table with Γ = 2 given in section
3.2.10 was used at the inlet.
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4.5 Effect of upstream turbulence on truck aero-

dynamics

4.5.1 Drag

In the method chapter it was described that for the final results the Method 2 with
the synchronized inlet table was used. The drag coefficients are the ones from the 20
second averaged values and they will be compared to the 10 second average values
from the simulations without upstream turbulence.
A summary of the effect of upstream turbulence on the drag forces of a tractor-trailer
combination with the two tractor types is shown in Table 14. It is obvious that with
increase of upstream turbulence the drag force for all the cases is increased. For the
cases with 0 degree yaw angle the drag is increased more for the Streamline truck.
In the case of the 5 degree yaw angle the drag force of the Streamline is increased
more compared to the case with NCG. In this case the truck that shows smaller drag
values for a no upstream turbulence case, has smaller drag values with introduction
of turbulence. It can also be seen that for Streamline the delta for 0 and 5 degree
yaw angle is close. On the other hand for NCG the delta for 0 degree yaw angle is
almost twice the delta for 5 degree. The current findings show agreement with the
results from experiments conducted on general shape models of truck given in [7]
and [5]. It was also observed that in all other studies found there is some degree of
drag increase by increase of turbulence intensity, [22], [23], [24] and [25]. In Table 14
the drag delta divided by components is shown. For all simulations the delta friction
drag is less then or close to one count. This shows that most of the drag difference
is caused primarily by changes in the pressure distribution. This result is expected
because trucks are bluff bodies, and as such the primary component of drag is due
to pressure.

Table 14: Differences of the drag for the cases without upstream turbulence. The
differences are given in drag counts for 20 second average forces for the cases with
upstream turbulence. The difference of the standard deviations for these cases are
also given. All simulations were performed with Method 2 explained in section 3.3.2.

Simulation Total delta
drag counts

Std.dev.
diff.

Pressure delta
drag counts

Friction delta
drag counts

Streamline, Yaw = 0 deg 16.96 9.2 16.13 0.83

Streamline, Yaw = 5 deg 12.39 13.64 11.69 0.69

NCG, Yaw = 0 deg 15.33 7.82 14.32 1.01

NCG, Yaw = 5 deg 7.56 8.87 6.79 0.77

More detailed look is needed to see where this difference of pressure drag force comes
from. For that reason the difference in drag development along the trucks is shown
in Figure 35 and 36. For all the cases there is an increase in the drag force at the
base of the truck in the range of 1.5 to 4 drag counts. The case with the highest
increase in drag at the base is the 0 degree yaw of the Streamline truck. The case
with the smallest increase is the 5 degree yaw of the NCG. For all the cases there
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is a clear continuous drag increase in the position of the trailer wheels. There is an
exception in the case of the NCG 5 degree, where there is an increase at each front
face of the wheels followed by a decrease at the rear face.
In Table 14 the standard deviation differences between the upstream turbulence
cases and the no upstream turbulence are shown. It can be seen that the standard
deviation increased the most for the Streamline truck at yaw angle of 5 degree. Also
for both trucks the increase of the standard deviation is higher for the yawed case.
This effect should be due to the unsteady wake that is created in the case with yaw
angle.
Difference in the behavior of the delta drag development curves between Streamline
and NCG is evident in the area of the trailer front face. For Streamline there is
a slight drop of 0.4 counts for the 0 degree yaw case, which is not there for the 5
degree yaw case. In the case of NCG this drop for the 0 degree yaw case is 2 counts
and for the case of 5 degree yaw is 0.8 drag counts. For both trucks this tendency
of reduction of the size of the drop with increase of the yaw angle is true. Also it is
interesting to see that there is a jump in the drag for NCG 0 degrees at the rear face
of the cab that is not as clearly present for the Streamline. This behavior indicate
that there is a region with decreased pressure between the cab and the trailer, which
creates suction on both surfaces. This suction translates to an increase and decrease
of drag.
Another area of major drag increase for all the cases is the front face of the trucks.
There is around 3 drag counts increase for all cases with the introduction of the
upstream turbulence. This increase is smaller when the yaw angle is increased to 5
degree. This shows that there is a common cause for this drag increase.
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Figure 35: Drag development difference between the case with upstream turbulence
and the case without upstream turbulence for the Streamline at yaw angle of 0 degree.
The horizontal axis shows the position from the truck face, and the vertical axis show
the drag count difference.

Figure 36: Drag development difference between the case with upstream turbulence
and the case without upstream turbulence for the NCG at yaw angle of 0 degree. The
horizontal axis shows the position from the truck face, and the vertical axis show the
drag count difference.
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4.5.2 Pressure distribution

The pressure distribution around the truck gives more clues on the reasons for the
drag change with the introduction of upstream turbulence. The base pressure drag
distribution, in Figure 37 and 38, shows that for all cases there is a decrease from
the no upstream turbulence case. The Streamline case at yaw 0 degree shows a
non-symmetric pressure decrease compared to the NCG case. Similar results for the
base pressure distribution were shown in [22]. The reason for this is the different
geometry of the tractors. This bigger area of pressure decrease explains the bigger
drag increase at the base for the Streamline shown in the delta drag development.
In the case of 5 degree yaw angle the area with decreased pressure is bigger for the
Streamline case, which again confirms the findings from the drag development. For
all cases the areas with pressure decrease in the base show values around 2 % of
the free stream dynamic pressure, which is in good agreement with the wind tunnel
measurements in [5]. It is interesting to note that also the distribution corresponds
well to the vertical profiles given in the same study, with higher values at the lower
face of the trailer.
For the front face the trend of increase at the front face drag is confirmed by the
size of the areas with increased pressure. What is more, the pressure distribution
on the front face of the trucks shows similar increased pressure patches for both
trucks and both yaw angles, Figure 39 and 40. The reason for this pressure increase
is the increased velocity seen in Figure 48. It is interesting to see that the places
with the maximum increase of surface pressure are at the same places with maximum
velocity increase compared to the no upstream turbulence case. Comparing the static
pressure difference on the front face with the values from the measured differences
in [5] again show good agreement. In the current simulations the maximum values
at different areas are around 5 % of the dynamic pressure, and in [5] similar values
are measured. On the other hand the results in [22] does not show changes in the
stagnation area. This may be due to the different geometry of the SUV to the
truck and also to the upstream turbulence characteristics. The simulations from the
current study also predict no difference of surface pressure on the sides of the trailer
with increased turbulence intensity, Figure 41, which is also shown in [5].
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Figure 37: Dimensionless surface static pressure difference between the case with
upstream turbulence and the case without upstream turbulence for both Streamline
and NCG. The negative values show pressure decrease to the no upstream turbulence
case. The figure shows the back face of the trailer for yaw angle of 0 degree.

Figure 38: Dimensionless surface static pressure difference between the case with
upstream turbulence and the case without upstream turbulence for both Streamline
and NCG. The negative values show pressure decrease to the no upstream turbulence
case. The figure shows the back face of the trailer for yaw angle of 5 degree.
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Figure 39: Dimensionless surface static pressure difference between the case with
upstream turbulence and the case without upstream turbulence for both Streamline
and NCG. The negative values show pressure decrease to the no upstream turbulence
case. The figure shows the front face of the trucks for yaw angle of 0 degree.

Figure 40: Dimensionless surface static pressure difference between the case with
upstream turbulence and the case without upstream turbulence for both Streamline
and NCG. The negative values show pressure decrease to the no upstream turbulence
case. The figure shows the front face of the trucks for yaw angle of 5 degree.
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Figure 41: Dimensionless surface static pressure difference between the case with
upstream turbulence and the case without upstream turbulence for both Streamline
and NCG. The negative values show pressure decrease to the no upstream turbulence
case. The figure shows the bottom left side of the trailer for yaw angle of 0 degree.

From Figures 39 and 40 it can also be observed that at the top front face of the
trailer there are some areas with increased average pressure. Such an increase is
also present in the measurements in [5]. This would suggest that the optimum angel
of the roof air deflector may be higher for the case with upstream turbulence. To
check this further detailed studies are needed. Also as reported in [23] and [25] some
modifications on geometry that improve aerodynamics in the absence of upstream
turbulence will predict lower drag values thus reducing their effectiveness when used
in on-road conditions.
From Figure 41 the reason for the drag increase at the trailer wheels can be found.
It is clear that pressure increase on the forward faces together with the decrease in
some rear surfaces increases the drag with increased turbulence. In the case with
yaw angle of 5 degrees the behavior is similar with a difference in the magnitude for
both sides.
In Figures 42 and 43 the areas of total pressure increase can be found close to the
vehicle. It is obvious that there is a layer with increased total pressure around the
trailer primarily. On the symmetry plane in Figure 42 another area with increased
total pressure in front of the trucks is visible. The shear layer separating from the
back of the trailer also shows increase of total pressure. In the case for yaw angle
of 5 degree it can be seen that although shielded by the truck the areas inside the
wake show an increased total pressure, Figure 44 and 45. These areas with increased
total pressure show the higher energy content in the flow around the truck due to
the introduction of upstream turbulence.
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Figure 42: Total pressure coefficient difference between the case with upstream turbu-
lence and the case without upstream turbulence for both Streamline and NCG. The
negative values show pressure decrease to the no upstream turbulence case. The figure
shows a slice in the symmetry plane of the truck for Streamline and NCG at 0 degree
yaw angle. Streamlines of velocity are also shown.

Figure 43: Total pressure coefficient difference between the case with upstream turbu-
lence and the case without upstream turbulence for both Streamline and NCG. The
negative values show pressure decrease to the no upstream turbulence case. The figure
shows a slice at a plane at Z= 2.4 m for Streamline and NCG at 0 degree yaw angle.
Streamlines of velocity are also shown.
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Figure 44: Total pressure coefficient difference between the case with upstream turbu-
lence and the case without upstream turbulence for both Streamline and NCG. The
negative values show pressure decrease to the no upstream turbulence case. The figure
shows a slice at a plane at Z= 0.7 m for Streamline and NCG at 5 degree yaw angle.
Streamlines of velocity are also shown.

Figure 45: Total pressure coefficient difference between the case with upstream turbu-
lence and the case without upstream turbulence for both Streamline and NCG. The
negative values show pressure decrease to the no upstream turbulence case. The figure
shows a slice at a plane at Z= 2.4 m for Streamline and NCG at 5 degree yaw angle.
Streamlines of velocity are also shown.
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4.5.3 Wake

The visualization of the wake with the use of the iso-surface of Cp total equal to zero,
shows very similar behavior for both trucks for the cases with and without upstream
turbulence, Figure 46. When the position of the rear most point is measured and
then compared with the one for no upstream turbulence a decrease is observed. This
decrease for the case with Streamline at 0 degree is 0.24 m and for the case with
NCG is 0.21 m. In this case the two trucks have a decrease in the same order of
magnitude and Streamline shows bigger decrease. This decrease trend is inverse to
the trend for the drag value, which shows that a higher drag increase shows a higher
wake size decrease. The same observations can be made for the wake of the trucks
at 5 degree yaw angle, Figure 47. Here the decrease in the wake is more then twice
as big for the Streamline. This again confirms the relationship between the drag
increase and the wake decrease. All these observations agree well with the findings
from other experiments summarized in [7]. What is also common for all investigated
cases in the current study is that the wakes from other parts of the truck are also
decreased in size. Also the reattachment of the flow to the surface of the trailer is
happening earlier with the introduction of upstream turbulence.

Figure 46: Side view of the iso-surface of Cp,tot=0, for Streamline and NCG at yaw
angle of 0 degree with and without upstream turbulence.
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Figure 47: Side view of the iso-surface of Cp,tot=0, for Streamline and NCG at yaw
angle of 5 degree with and without upstream turbulence.

4.5.4 Velocity distribution

So far the reason for the drag increase is found to be in the changes of the surface
pressure distribution around the vehicle. The reason for the changes of the pressure
distribution can be searched in the changes of the flow velocity. In Figure 48 a slice
with the velocity magnitude difference shows that in front of the truck there are
areas with higher velocity to the one without upstream turbulence. Some of these
areas with higher velocity should be due to the inlet table and the fact that the
average velocity is not zero everywhere. Others particularly the ones closer to the
ground should be due to the damping of the vertical turbulence and transforming
its energy into horizontal velocity. But it can also be observed that this is not true
everywhere since there are places close to the ground where this velocity increase is
zero. This non-regular velocity increase should be viewed with caution in future use
of the method, as described in section 4.3.
From the velocity difference distribution in Figure 49 to 52 it is evident that areas
with higher velocity at the base are creating the lower static pressure that increases
the drag. There is also a layer of higher velocity above and on both sides of the
vehicles at yaw angle of 0 degree. In the case for yaw 5 degree for both trucks the
area in the wake is showing increase of velocity at a plane at Z=0.7 m. This would
indicate the higher energy in the wake due to the higher mixing of the turbulent free
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stream flow with the flow around the vehicle. For the case at 0 degree yaw angle
in Figure 49 it can be observed that there are also some areas with higher velocity
under the trailer, between the tractor rear axle and the trailer boggy. This would
indicate higher mixing of the flow in these areas and it would create the higher
pressure on the upward facing surfaces. In Figure 49, 50 and 52 the higher mixing
of the flow from the higher energy shear layers can be observed at the trailer back.
Such higher mixing was also reported in [25]. It can be observed that the higher
velocity eddies at the back are fed by the flow coming below the trailer and starting
to swirl vertically. These eddies create the lower pressure at the bottom area of the
trailer back as shown before.

Figure 48: Velocity magnitude difference between the case with upstream turbulence
and the case without upstream turbulence for both Streamline and NCG. The negative
values show velocity decrease to the no upstream turbulence case. The figure shows a
slice 3 meters in front of the truck for Streamline and NCG at 0 degree yaw angle.
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Figure 49: Velocity magnitude difference between the case with upstream turbulence
and the case without upstream turbulence for both Streamline and NCG. The negative
values show velocity decrease to the no upstream turbulence case. The figure shows
a slice in the symmetry plane of the truck for Streamline and NCG at 0 degree yaw
angle. Streamlines of velocity are also shown.

Figure 50: Velocity magnitude difference between the case with upstream turbulence
and the case without upstream turbulence for both Streamline and NCG. The negative
values show velocity decrease to the no upstream turbulence case. The figure shows a
slice in a plane at Z=2.4 m for Streamline and NCG at 0 degree yaw angle. Streamlines
of velocity are also shown.
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Figure 51: Velocity magnitude difference between the case with upstream turbulence
and the case without upstream turbulence for both Streamline and NCG. The negative
values show velocity decrease to the no upstream turbulence case. The figure shows a
slice in a plane at Z=0.7 m for Streamline and NCG at 5 degree yaw angle. Streamlines
of velocity are also shown.

Figure 52: Velocity magnitude difference between the case with upstream turbulence
and the case without upstream turbulence for both Streamline and NCG. The negative
values show velocity decrease to the no upstream turbulence case. The figure shows a
slice in a plane at Z=2.4 m for Streamline and NCG at 5 degree yaw angle. Streamlines
of velocity are also shown.
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5 Conclusions

The current work had the purpose of investigating the possibility of using upstream
turbulence in CFD simulations for predicting more road realistic drag values. For
the study the commercial software PowerFLOW was used for all the simulations.
Although in PowerFLOW 5.4 there is a method to implement upstream turbulence
it was not used due to the lack of knowledge of the method used. Instead it was
decided to simulate the turbulence by adding the fluctuation components of velocity
to the mean flow.
It was found in the current study that representative values of the turbulence inten-
sity components for on-road conditions are Iu = 4%, Iv = 3.5%, and Iw = 3.1%
as given in [5]. In the study it was possible to simulate them closely giving good
agreement to vertical profiles measured on the road. For the length scale such values
are Lu = 4.7m, Lv = 1.9m, and Lw = 0.6m. Since length scale is not a value that
can be directly calculated and controlled it is also more difficult to simulate, but the
results are still in the range of interest.
For simulation of the atmospheric turbulence in CFD it was found that the most
practical method giving good results is the use of a combination of an external code
with a CFD software. The external code is used to generate coherent turbulence
field with the required properties using Mann’s method [2], which is then introduced
at the inlet of the simulation domain. It was decided that for simplicity and conve-
nience the same size of the domain used in a no-upstream turbulence case was used.
This would require only extension of the refinement boxes to reach the inlet, so as to
be able to transport the turbulence to the test section and not decay it prematurely.
The current study confirmed the expected results for increase of the drag force with
increase of upstream turbulence in all simulated cases, [7]. The drag increase is
connected to the changes of the flow around the truck. These changes are showing a
decrease in the size of the wake. This is due to the higher mixing and introduction of
energy from the mean flow to the wake structures around the truck. This is evident
by the higher velocity flows in regions around the vehicle. This increased velocity in
the boundary layer translates in more energy added to the wake after the separation.
It was also confirmed that the main reason for drag increase with upstream turbu-
lence is the decreased pressure at the base and the increased pressure at the front of
the truck. Also since trucks are bluff bodies and their drag is comprised primarily
by pressure drag, it is the pressure drag that increases the most. The friction drag
is also slightly increased, which is contributed to the increased friction due to the
higher energy in the turbulent boundary layer.
The increased mixing introduced by the turbulent flow would suggest areas for fur-
ther aerodynamic improvements. Such area with higher flow mixing is the underpart
of the trailer. This would suggest that shielding of gaps would show more potential
for improvements compared to no upstream turbulence case.
Another finding that needs more investigation is that probably the optimum roof
air deflector angle will change with the increase in upstream turbulence. This is
suggested by the increased pressure at the top of the trailer forward face showing
that it is hit by the shear layer from the deflector.
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It is expected that if different table at the inlet is used it would change the time
history behavior of the drag, but would still exhibit similar behavior between the
different simulations irrelevant of truck geometry and yaw angle. This guess is up
to yaw angle of 5 degrees since no simulations with higher angle were conducted.
For design optimizations with this method it is recommended to use several inlet
tables with the same characteristics. This would reduce the position dependence of
the particular parts being optimized, by having different time averaged distribution
of the velocity.
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6 Outlook

During the course of the current work it was found out that there are several areas
that is good to be further investigated. First a further investigation on the methods
for generating the upstream turbulence table should be made. This is necessary to
investigate the possibility to generate a table with fluctuations with a time average
close to zero in each point of the inlet. This would facilitate a converged solution.
Also it would be interesting if further simulations are performed with a shorter inlet
table and check if the results are comparable. For this the inlet table should be with
comparable time averaged values. If this is true the simulation time can be reduced.
Another very important question is to check why is the velocity at the truck having
an increased average value. Is it only due to the table or is it also because of the
damping of the vertical component of fluctuations, which transfers energy to the
horizontal components.
It is also necessary to research, different turbulence intensity and length scale values.
This should show the sensitivity of the drag due to their change and show which are
more important to simulate accurately.
The current study also showed lack of research on measurements of the on-road tur-
bulence characteristics in Europe. More information is needed for a good database
for turbulence intensity and length scale.
The investigation of the effect of upstream turbulence on the flow around trucks
shows the importance for trailer under-body design improvements. In the presence
of turbulence there is more mixing creating more drag from in this area.
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7 Perspectives

The better understanding of the topic of upstream turbulence and its aerodynamic
impact on ground vehicles is becoming increasingly important. Commercial vehicles
for transport of people and goods are heavily used in developed and developing coun-
tries. Because of that their emissions have significant impact on the environments.
Having a better prediction of the aerodynamic drag will allow for better designs
using less fuel and reducing the carbon footprint of the ground vehicles. From eco-
nomic perspective this would mean less energy used for moving goods, which should
lead to lower prices and increased demand. The current study and its finding can
facilitate the development of methods for better noise prediction, which will improve
the working environment for heavy duty vehicle drivers, who spend many hours in
the cabin of the vehicle. The better noise prediction can facilitate reduction of road
noise improving conditions for nearby communities.
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A Sample text file for the ve-
locity fluctuations grid

# Table type −− Are the g r id l i n e s uni formly
# spaced in each dimension ?
uniform
# Number o f measurements provided at each po int
numMeasurements = 3
# Units used f o r each o f the measurements . There must
# be exac t l y one un i t s p e c i f i e d f o r each measurement .
measurementUnit 0 ”m/ sec ”
measurementUnit 1 ”m/ sec ”
measurementUnit 2 ”m/ sec ”
# Number o f g r id l i n e s ( i , j , k ) −− how many gr id
# l i n e s are the re in the i , j , and k dimensions ? A
# 1D or 2D t a b l e w i l l have zero l i n e s in the
# i r r e l e v a n t dimensions .
numlines ={128 , 64 , 2048}
# Units f o r g r id l i n e p o s i t i o n s
i u n i t=”meter”
j u n i t=”meter”
kunit=”second ”
# Grid l i n e p o s i t i o n s . Note that when one coord inate has
# no gr id data , the i n t e r p o l a t i o n should be independent
# of that coord inate .
i ba s e = 0
i i n c r = 0.23622047244
jba s e = 0
j i n c r = 0.238095238
kbase = 0
k inc r = 0.0097703957
# I n d i c a t e which g r id dimensions correspond to s p a t i a l

# dimensions . ( This enab l e s the tableÂ´s g r id to be
# di sp layed in the viewer . )
idim = ”y”
jdim = ”z”
format= ” f u l l ”

# The s t a r t index v a r i a b l e s p e c i f i e s what youÂ´d l i k e to
# use as the index o f your f i r s t g r id l i n e ( in each
# dimension ) in the Data s e c t i o n .
s t a r t i n d e x = 0
# Data
# Format : i g r i d l i n e j g r i d l i n e k g r i d l i n e meas0 meas1 meas2
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# Use m f o r a miss ing data po int .

0 0 0 1 .009 −0.144 −0.654
0 1 0 0 .667 0 .259 −0.845
0 2 0 1 .145 0 .957 −1.533
0 3 0 1 .728 0 .551 −1.374
0 4 0 2 .434 0 .464 −1.426
0 5 0 2 .381 1 .422 −1.736
0 6 0 1 .849 1 .378 −1.134
0 7 0 1 .478 2 .010 −0.730
0 8 0 1 .172 2 .494 −0.534
. . . . . .
127 42 2047 0 .160 0 .646 −1.361
127 43 2047 0 .149 0 .399 −1.065
127 44 2047 1 .021 1 .034 −1.035
127 45 2047 0 .370 1 .173 −0.631
127 46 2047 0 .835 1 .003 0 .147
127 47 2047 0 .569 0 .742 0 .877
127 48 2047 1 .205 1 .313 1 .216
127 49 2047 0 .980 1 .490 1 .428
127 50 2047 1 .328 1 .135 1 .221
127 51 2047 1 .003 1 .340 1 .052
127 52 2047 1 .737 1 .431 0 .925
127 53 2047 0 .959 1 .678 0 .711
127 54 2047 1 .262 1 .170 −0.377
127 55 2047 1 .603 1 .443 −0.456
127 56 2047 1 .664 2 .099 −0.266
127 57 2047 1 .474 1 .551 −0.194
127 58 2047 0 .382 0 .913 −0.309
127 59 2047 0 .053 0 .980 −0.799
127 60 2047 −0.030 1 .796 −1.229
127 61 2047 −0.725 2 .045 −1.780
127 62 2047 −0.265 2 .137 −1.990
127 63 2047 0 .604 1 .069 −1.291

B Scaling the case on different
clusters

The different simulations that are performed for the thesis are submitted either to
local SCANIA clusters like Abel, Hamilton, Euler1 (for the base run that was per-
formed before) or to the KTH cluster Beskow. Usually the smaller runs are submit-
ted locally, such as the empty tunnel simulations. The bigger simulations that have
a vehicle together with the upstream turbulence are submitted to Beskow. While
performing the first simulation with the vehicle it was noticed that the solution was
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not going with the expected speed. This showed the need of evaluating the scaling
efficiency for the Beskow cluster, although such a study was performed before for a
non upstream turbulence case. For comparing the efficiency between the different
simulations on different clusters a coefficient was used. For its calculation the total
CPU hours were taken for each simulation, they were then divided to the physical
seconds in the simulation. This way there is a value that represents efficiency, but
only if the surfels and voxels are the same number. To calculate a more general
coefficient that value was divided to the sum of the number of fine equivalent surfels
and voxels. But since the surfels in a simulation are twice as expensive, their number
in the sum is increased two times. This way the efficiency coefficient is independent
of the number of surfels and voxels and the simulated time. That coefficient was
calculated for the simulations being compared and the result is given in Figure 53.
It can be seen that the cases without upstream turbulence when run on Beskow
experience a decrease of efficiency compared to the run locally. But this decrease
is not a big problem. When comparing the efficiency of the turbulence case to the
one without turbulence it can be see that the one with turbulence is more efficient,
which is due to the newer cluster.

Figure 53: Calculation efficiency for the different clusters. A coefficient representing
the efficiency was calculated using the CPU hours, the physical time, and the number
of fine equivalent surfels and voxels for the different simulations

At the end when we compare the efficiency of the turbulence case on Beskow with
the same run on the local cluster Abel, it is found that Beskow is 3.5 times inefficient
in this case. This is supposed to be a scaling issue since on Beskow the simulation
was run with 9600 CPUs compared to 1393 on Abel, so it is also necessary to run
another case of the empty tunnel on Beskow and compare their efficiencies. This was
done and as it can be seen in Figure 53, in pink color, the Beskow run was 1.3 times
inefficient than Hamilton. Considering these results another simulation was decided
to be performed with almost the same number of CPUs as the one run locally, this
will give a direct comparison and will answer the question if the scaling reduces the
efficiency so much.
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