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Abstract
The road transport industry is facing a strong need for fuel consumption reduction,
driven by the necessity of decreasing polluting emissions, such as CO2 and N OX ,
as well as coping with strict regulations and increasing fuel costs. For road vehicles
the aerodynamic drag constitutes a major source of energy consumption, and for
this reason improving the aerodynamic performance of the vehicle is an established
approach for reducing fuel consumption and greenhouse gases emissions.
In this Thesis work, Computational Fluid Dynamics (CFD) investigations have been
carried out in order to investigate and improve the aerodynamic performance of an
unloaded timber truck. The work has been divided in two parts.
In a first phase, a preliminary study was carried out on a simplified tractor-trailer
model in order to establish a suitable computational grid and turbulence model.
The hexcore-mesh showed a better performance over the tet- and poly-mesh types.
Among the selected RANS turbulence models, the Realizable k − ε with Enhanced
Wall Treatment (EWT) and y + > 30 showed the highest reliability of results in
comparison with experimental data and existing CFD investigations.
In a second phase, the flow field around the baseline unloaded timber truck was
analysed in order to highlight potential regions for drag reduction. The truck cabinbulkhead gap, bunks, the exposed wheels and the stakes were found make key contribution to the drag build-up. The analysis confirmed the 5◦ -yaw case to be the
most representative for the wind-averaged drag coefficient.
Geometry modifications were implemented in order to improve the aerodynamic performance in the selected areas, and subsequently combined into aero-kits in order
to enhance the performance, analysed for the 5◦ -yaw case. The combination of extended side skirts, bulkhead shield and collapsed stakes yielded a remarkable result
of more than 30% decrease in the wind-averaged drag coefficient, achieved by reducing the flow separation on the cabin leeward A-pillar, and by shielding areas of high
stagnation pressure from the side wind.
Furthermore, a parallel study was conducted on the development of a procedure for
the automatic post-processing of results. The outcome was a set of Python scripts to
be used with Kitaware Paraview in order to automatically obtain figures of surface
variables distributions, iso-surfaces, velocity profiles, drag build-up and total pressure
contours. The procedure was finally extended to include the case comparison

“Because," said Thor, “when something goes wrong,
the first thing I always think is, it is Loki’s fault. It
saves a lot of time".
— Neil Gainman, Norse Mythology
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1
1.1

Introduction
Background

The road transport industry is currently facing a general need for reduction in fuel
consumption, a challenge that is driven by the necessity of improved sustainability
(decrease in polluting emissions, such as CO2 and N OX ), as well as coping with the
fuel costs, and finally the gradually increasing number of trucks in circulation. In
the European Union, this need is further emphasised by the fact that road transportation is the main segment of the transportation industry [1].
In Sweden, the situation has been following the general trend with an overall 20%
increase in CO2 emissions in the heavy-truck transport segment (1990-2013), and
approximately a 10% increase in total number of heavy trucks in circulation (19952014) as shown in Fig. 1.1 (reproduced with data from [2]).

(a)

(b)

Figure 1.1: Annual development of heavy trucks in circulation in Sweden (units) (a),
and of transportation by heavy truck (ton km) and CO2 emissions (Index: 1990=100)
(b), data from [2].

For road vehicles, one of the main factors of energy consumption is the tractive
resistance FT , which can be broken down into four components, as presented in [1]:
(1.1)

FT = Froll + Facc + Fclimb + Fdrag

where Froll is the rolling resistance, Facc is the acceleration force, Fclimb is the climbing resistance and Fdrag is the aerodynamic drag. For transport trucks, however,
the acceleration and climb force components are negligible, for a relatively flat road
at constant speed. This is in fact the case for heavy-duty trucks, which travel at
cruise speed of approximately 80 km/h for most of the time, at which the drag force
accounts up to 35% of the total tractive resistance [1]. This force is thus key contribution to the total vehicle resistance and offers a considerable potential for fuel
reduction.
As a rule of thumb, it can be considered that the percentage reduction in fuel consumption is approximately half of the reduction in aerodynamic drag [1], for which
1

the major contribution is the pressure drag, typically high on the cabin, the underbody, behind the vehicle and the gap between cabin and trailer.
For the specific case of Sweden, an important sector in road goods transportation
is timber, where annually approximately 2000 trucks transport around 6 billion ton
km of wood [3]. By considering that every ton km transported equals 0.025 liters
of fuel (diesel), which is between 30% and 50% larger than common tractor-trailer
trucks [4], it is clear that the attractiveness of aerodynamics improvement is really
high.
Moreover, the timber-truck transportation segment presents a great potential in aerodynamic drag reduction, as the truck manufacturing companies are mainly focused
on improving the performance through the design of the truck cabin and engine.
However, additional companies take part in the design of the trailer, where multiple
components are added according to the customer’s needs, such as stakes, external
cranes, bunks and/or bulkhead [4]. The overall design process therefore often lacks
of an overview of the aerodynamic performance, as the resources or knowledge available for the study of additional components are often limited.
Furthermore, timber trucks present additional distinguishing features when compared to regular trucks. First, the load configuration is variable, as they travel
unloaded for half of the operational time. This load variation is not only expressed
in terms of transported weight, but also in vehicle volume and shape, which in turn
leads to differences aerodynamic performance between the configurations (e.g. zerovolume for the unloaded case, or reduced volume for partial loading). For instance,
it has been shown that the wind-averaged drag coefficient of the unloaded configuration can reach values up to 3.3% larger than the loaded case [4].
By contrast, the addition of drag-reduction devices on regular tractor-trailer trucks is
generally easier to implement because of the relatively fixed geometry. Consequently,
drag-reduction solutions that are implemented on timber trucks should be effective
for both the unloaded and loaded configuration, and must be accurately designed
as their interaction might cause complex effects on the flow. For this reason, their
implementation is usually carried out in a gradual buildup [3].
Moreover, the implementation of such devices might not be feasible and applicable
to timber trucks because of possible unpractical setup/removal times between the
empty/loaded operations [4].
Finally, for the particular case of Sweden, the modifications need to be robust because of the harsh weather and terrain conditions.
For the design phase, computational fluid dynamics (CFD) simulations and windtunnel experiments play a major role in the development and evaluating new concepts
for drag-reduction. With the gradual developments in available computational power
and development in adequate models, the use of CFD simulations has shown a significant increase against experimental setups, as presented in [5], as they are cheaper,
faster, and more flexible in terms of concept development.
Concepts for drag-reduction for unloaded-timber trucks were investigated by means
of CFD simulations and wind-tunnel experiments in [3, 4, 6, 7] for both the traditional 60-ton timber truck and a larger 74-ton variant. The larger configuration of
the timber truck, introduced in [3] and [4], aims at decreasing the number of trucks
in circulation by increasing the load capacity of a single vehicle, and is achieved by
2

adding additional axles to both the tractor and trailer, from a 1-2-2-2 to a 1-3-2-3
configuration.
The investigations introduced design features such as lateral shields behind the cabin,
modified stakes shape (more streamlined), and removal of cabin-load gap and tractortrailer gap. The results showed positive effects on drag reduction, with decrease in
wind-averaged drag coefficient CD ranging between 6 and 20%. A summary of the
modifications and results from the different studies is presented in Table 1.1.

Device

Effect

Reference

Lateral shields

6.7% CD reduction

[4]

Stakes shaping

10% CD reduction,
reduced yaw-angle depency of drag

[3], [7]

Cabin boat-tail, removed
cab-load gap

15% CD reduction

[3]

Cabin boat-tail, removed
cab-load gap, removed
tractor-trailer gap

20% CD reduction

[3]

Table 1.1: Literature summary of timber-truck drag-reduction features and effects on
aerodynamic performance.

Because of the high potential of CFD simulations in generating and studying concepts for improvement, the need for increasing the overall process speed is essential.
For this purpose, different approaches are available, such as improving the generation
of the computational mesh for different shapes (through mesh-morphing practices),
reducing the solver speed, and finally reducing the post-processing time.
For the latter category, by considering the amount of data that needs to be analysed, a great potential can be exploited by automising the post-processing phase. In
the case of external aerodynamics of timber-trucks, the typical outputs are the total
pressure coefficient on plane sweeps and iso-surfaces, the static pressure coefficient,
wall shear-stresses, velocity streamlines, as well as drag coefficient breakdown and
distributions [8]. In order to save post-processing time, and gain a more uniform
comparison between different models, the potential for automation and scripting of
the post-analysis should be exploited.
In this Master Thesis study, the CFD investigations of the flow around the unloaded
timber truck, presented in [3, 4, 7], will be continued and new concepts for dragreduction devices will be developed and analysed. Furthermore, a methodology development will be carried out for the automisation of the post-processing procedure.
The Allan Body simplified tractor-trailer model [9] will be used as both baseline
and benchmark for the study of the numerical setup, as well as the methodology
development.

3

1.2

Aim

The aims of this Master Thesis work are multiple. The first goal is to carry out a
thorough methodology study for the CFD simulations in order to obtain a computational grid of suitable type and size, and to chose an adequately accurate turbulence
model for further simulations.
Secondly, the work aims at investigating the flow field around an unloaded timber
truck, in order to highlight regions with potential for aerodynamic drag reduction.
Consequently, passive add-on devices and geometry modifications are to be developed
and investigated in order to exploit the potential in areas of interest, and marginally
to address the feasibility for a practical implementation.
Finally, the interaction and effects of the developed solutions are to be tested in a
build-up procedure, where different concepts are combined into aero-kits in order to
establish if the modifications are mutually beneficial or detrimental for the aerodynamic drag reduction.
Concerning the methodology development, the goal is set to automise the postprocessing phase in Kitware Paraview by means of Python and Matlab scripting,
using the Allan Body geometry as development platform, and then extending the
work on the unloaded timber truck.

4

2

Theory

This Chapter provides a summary of fundamental theoretical concepts in Fluid Mechanics and Aerodynamics that affect the motion of fluid particles. The focus of
the topics is then centred on road vehicles aerodynamics and the numerical aspects
involved in the flow field simulations.

2.1

Fundaments of Fluid Mechanics and
Aerodynamics

Fluid Mechanics is the science that studies the mechanics and dynamics of fluids
(both liquids and gases) and the forces resulting or acting on them. Aerodynamics
is the branch of Fluid Mechanics that focuses on air as medium. The behaviour of
air properties, such as velocity, pressure, density and temperature, is described at
macroscopical length scales [10].
When a vehicle is travelling through the air, the flow field variables (such as pressure
and velocity) in the unperturbed farfield state, denoted as freestream with subscript
“∞", are subject to variations. The perturbations of flow field variables will in turn
exert forces on the body, called aerodynamic forces. Aerodynamic forces can be
further divided into shear and pressure forces.
Shear forces derive from the integration of the shear stresses distribution on the
vehicle surfaces (tangential to geometry), whereas pressure forces are integrated from
the pressure distribution (normal to geometry) [11]. Furthermore, shear and pressure
forces’ components can be combined in relation to the vehicle motion. The sum of
components parallel to the direction of motion (direction of freestream velocity) is
defined as the drag force, whereas the components perpendicular to the flow direction
result in the lift force. Fig. 2.1 shows a schematic summary of pressure, shear, lift
and drag forces on an airfoil geometry.
Lift
U∞

Drag

Figure 2.1: Aerodynamic forces acting on an airfoil.

Another fundamental concept in Fluid Mechanics and Aerodynamics is the Reynolds
number. Defined as the dimensionless ratio of inertial forces to viscous forces acting
on the fluid, this parameter is a crucial indicator of flow regime characteristics, such
as its laminar or turbulent state, the transition location and boundary layer thickness δ [11].
The Reynolds number is defined as:
inertial forces
ρU∞ L
ReL =
=
viscous forces
µ

(2.1)
5

where ρ is the fluid density, U∞ is the freestream velocity, L is the characteristic
length of the problem and µ is the dynamic viscosity. For an external flow over a
flat plate, a Reynolds number of 500’000 is typically used as a threshold between
laminar and turbulent flow.
Finally, flow compressibility (in gases) leads to changes in flow density, which in turn
affect the pressure field and thus the aerodynamic forces acting on the body.
The Mach number M a, defined as the ratio between object velocity U∞ and speed
of sound c:
U∞
Ma =
(2.2)
c
is used as a threshold for the compressibility effects, as they are typically negligible
for density changes below 5%, which is the case as long as M a < 0.3.

2.2
2.2.1

Boundary Layer
Velocity Profile and Thickness

The flow that characterises most of external aerodynamics problems (flow around
a vehicle) typically shows high Reynolds number values well within or above the
transition region (> 105 ). In such conditions, the flow field can be divided into two
regions, namely a boundary layer in proximity of the body surface where viscous
effects are dominant, and a region where viscous effects between the fluid layers are
negligible and the flow can be assumed as inviscid (with exception of separation areas).
The viscous boundary layer is characterised by the fact that the flow comes to a
rest at the surface level (vehicle-fixed reference system) because of the shear forces
between flow particles and vehicle surface. The velocity progressively increases with
the distance y from the body surface to the value at the free-stream (U∞ ). The
resulting velocity profile is presented in Fig. 2.2.
By definition, the thickness of the boundary layer δ is the height at which the flow velocity reaches 99% of the freestream value and, being dependent on the local Reynolds
number of the problem, it increases with the x coordinate. A Reynolds number of
Recrit = 5 · 105 is typically used as critical threshold between laminar and turbulent
boundary layer on a flat plate, although the value might vary considerably depending on other flow conditions (surface roughness, Mach number, surface temperature)
[11].
U(y)

U∞
U(y)
y
𝛿(x)
x

Turbulent

Laminar

Figure 2.2: Viscous boundary layer development along a flat plate, with resulting
velocity profile and thickness.
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2.2.2

Laminar and Turbulent Boundary Layers

The typical velocity profiles of laminar and turbulent boundary layers are presented
in Fig. 2.2. The laminar boundary layer is characterised by smooth behaviour of the
flow, parallel streamlines, and no transversal transport of momentum at macroscopic
scale. Furthermore, the velocity gradient at the wall is relatively small, thus resulting
in lower skin friction. Due to the limited mass transport, the laminar boundary layer
is also relatively thin. Laminar flow characteristics are typically found at Reynolds
numbers regimes of 104 < Re < 105 for an airfoil [11].
For a Reynolds number range of 105 < Re < 106 a transition region develops where
the flow characteristics change from laminar to turbulent. Small perturbances that
develop in the laminar flow and can not be damped will become larger and eventually transform into fully turbulent structures. The onset of transition (location
and Reynolds number) is unique for every flow regime and depends on parameters
such as flow Mach number M a, surfaces roughness, surface temperature, pressure
gradient, turbulence in the free-stream [11].
The turbulent boundary layer is instead characterised by chaotic movement of the
flow in all directions and considerable transversal transport of momentum from the
freestream to the wall surface. This takes place through turbulent eddies (macroscopic scale) and leads to higher average velocity close to the wall surface. The
steeper velocity gradient at the wall surface results in increased wall shear stress.
Additionally, turbulent shear stresses are caused by the transport of turbulent structures. Because of the presence of macroscopic turbulent structures, the turbulent
boundary layer is also thicker than the laminar one (at same freestream conditions).
For a value of Re > 106 , boundary layer turbulence is mostly expected.

2.2.3

Turbulent Boundary Layer Sub-regions

The turbulent boundary layer can be further divided into three main sub-regions,
as a result of the variation of the local Reynolds number based on the distance
from the wall Rey = ρU∞ y/µ [10]. A further analysis of these sub-layers requires
the introduction of two important dimensionless variables. The dimensionless wall
velocity u+ is defined as:
u+ =

u
uτ

(2.3)

where u is the mean value of the velocity in the turbulent flow, and uτ is the wall
friction
velocity, and depends on the wall shear stress τw and density ρ, with uτ =
p
τw /ρ.
The dimensionless wall distance y + is instead defined as:
y+ =

ρuτ y
µ

(2.4)

By depicting the dimensionless wall velocity against the dimensionless wall distance
in a semi-logarithmic scale, it is possible to distinguish three distinct behaviours that
correspond to three sub-regions in the boundary layer, namely the viscous sub-region,
the buffer layer, and the logarithmic region, as shown in Fig. 2.3 [11].
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In this region, both flow velocity and local Reynolds number are small because of the
Therefore,
u is a function
(tfluid
m,stationary.
y). Specifically,
the velocity
is assumed
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downstream the separation location. The phenomenon dramatically increases the
viscous drag by adding a contribution of pressure drag to the skin friction.

2.2.4

Flow Separation
u+

=
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Laminar flow is more subject to separation than turbulent flow. In turbulent flow,
the transversal momentum transport from the freestream to the wall leads to higher
mean velocity close to the surfaces. The higher energy of the flow allows to overcome
stronger adverse pressure gradient and thus delays, or avoids, boundary layer separation. Although the skin friction is higher for turbulent flow, delaying the onset of
separation may in some cases considerably reduce the viscous drag.

2.3

Aerodynamics of Road Vehicles

2.3.1

Lift and Drag Forces

Road-vehicle flow field investigations combine different flow categories, namely the
airflow around the vehicle body (external aerodynamics), the airflow through the
vehicle body and the flow through the machinery components (fuel, oil, water). The
flow around and through the vehicle constitute the vehicle aerodynamics, whereas
flow through the internal machinery is not directly related to the topic.
The importance of the vehicle aerodynamics is not only related to aerodynamic forces
such as lift and drag, but includes contamination and soiling aspects (e.g. for visibility), stability (e.g. sidewinds), internal comfort and engine cooling [1]. However,
in terms of vehicle performance, aerodynamic forces described in Section 2.1 are of
paramount importance. While considering fluid dynamics problems, normalised values are typically used in order to ensure comparability of the results between different
cases and geometries. The lift coefficient is defined as:
CL =

Flif t
1
2
2 ρ∞ U∞ A

(2.5)

where Flif t is the total lift force, and A is the reference area. For road vehicles this
is typically the frontal area. Similarly, the drag coefficient will be:
CD =

Fdrag
1
2
2 ρ∞ U∞ A

(2.6)

In aerodynamics, a change of a thousandth of a force coefficient is referred to as
count. It is important to note that the term “lift" force indicates all the forces perpendicular to the direction of the vehicle, which is generated by the imbalance of
pressure forces between the upper part of the vehicle and its underbody.
In road vehicle aerodynamics (especially performance cars) the most important application is the creation of additional downforce in order to gain grip and stability
while cornering. In case of commercial vehicles, such as the timber truck in this
Thesis work, the lift force is of negligible importance if compared to the drag.
Fig. 2.4 shows the major sources of aerodynamic drag in an unloaded timber truck,
according to [7]. The cabin and bulkhead contribute to more than half of the total
aerodynamic drag. The stakes to store the logs constitute almost a third of the total
resistance, whereas wheels and chassis cover approximately 20%.
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Figure 2.4: Sources of aerodynamic drag in an unloaded timber truck [7].

2.3.2

Timber Truck Flow Field Characteristics

The general flowfield characteristicts of a road vehicle, and in particular of an unloaded timber truck, are those of bluff body aerodynamics, where skin friction effects
are considerably smaller than pressure drag terms and turbulent flow prevails. As
shown in Fig 2.4, unloaded timber trucks typically present a relatively large frontal
area, which generates a large region of stagnation in the cabin front. This causes
the flow to accelerate around the rounded cabin corners. The edges on the rear of
the cabin and the rooftop are relatively sharp and cause the flow to separate, thus
generating a low-pressure wake that is extended across the stakes of both the tractor
and the trailer.
The nature of the flow around around road vehicles is essentially asymmetric, due to
the turbulent fluctuations on the wake, the geometry (e.g. fuel tank, oil or air pumps,
storage areas, mirrors), as well as the effect of side winds. In fact, as presented in
[12], a road vehicle rarely experiences ideal 0◦ yaw conditions, and although the optimal CD is often to be found at the case of zero-yaw, relatively small increments in
yaw angle β can lead up to 10% increase in drag.
Another important characteristic of road vehicle aerodynamics is the flow under the
body. As the air is deflected from the front of the vehicle, it accelerates while reaching the underbody. This region is important for two reasons. Although the air is
essentially still as the vehicle moves through it, the acceleration and deflection of the
flow towards the underbody might lead to a formation of a boundary layer, because
of a relative velocity between the air and the ground.
Secondly, the underbody typically does not present a surface as smooth as the upper
surfaces, because of the presence of different protruding components, which in turn
increase the aerodynamic drag.
Finally, the wheels present another source of aerodynamic resistance, as they will
typically cause a stagnation region on the front, followed by a low-pressure wake on
the back. This is particularly important in the unloaded timber truck case, as the
truck wheelhouses are exposed on the open-frame structure of the bed and trailer,
and the separation wake will be re-directed to the upper part of the structure.
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2.4

Governing Equations

In order to obtain the solution of the flowfield and gain insight about flow variables
such as velocity, pressure, temperature, density, and other turbulence parameters, the
governing equations of the flow need to be solved. In many engineering problems the
geometry and characteristics of the flow are so complex that an analytical approach
is not feasible, and Computational Fluid Dynamics (CFD) methods or experimental
measurements are required. The governing equations of the fluid are a statement of
physics conservation laws of mass (continuity equation), linear momentum (Newton’s
second law of motion) and energy (first law of thermodynamics) [11]. The equations
will be presented in Cartesian coordinates.

Continuity Equation
The continuity equation is defined in index form as:
∂ρ ∂ui
+
=0
∂t
∂xi

(2.7)

where ui = u, v, w are the components of the velocity vector field and xi = x, y, z. It
states that the time rate of change of mass in a fixed control volume equals the net
mass flow rate through its boundaries.

Navier-Stokes Equations
The conservation of linear momentum is instead described by the Navier-Stokes
equations. It states that the time rate of change of a fluid particle’s linear momentum
equals the sum of all forces acting on the particle. The forces acting on the fluid
element can be either surface or body forces. The mathematical formulation for an
incompressible fluid in index notation yields:
∂ui
∂ui
1 ∂p
∂
+ uj
=−
+
∂t
∂xj
ρ ∂xi ∂xj
|{z} | {z }
| {z } |
I

II

III




2 µ ∂uk
µ
2 Sij −
δij + fi
ρ
3 ρ ∂xk
{z
} |{z}
IV

(2.8)

V

where ui = u, v, w are the components of the velocity vector field, xi = x, y, z, p
is the pressure field, ρ is the fluid density, µ is the dynamic viscosity, 2µSij is the
viscous stress tensor, δij is the Kronecker delta and fi are the body forces acting
on the fluid. The terms appearing in the equation correspond, respectively, to the
acceleration (I) and the convection (II) on the LHS (movement of the fluid) and the
force terms on the RHS, divided into pressure (III), shear (IV) and external body
forces (V) fi acting on the fluid element.
Finally, the energy equation states that the time rate of change of the fluid total
energy equals the sum of the net rate of heat added to the control volume and the
work done by the system. However, as stated in [11], for incompressible flows where
M a < 0.3, changes in properties such as temperature, density and viscosity are
negligibly small, and the energy equation is not required to solve for p, u, v, w.
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2.5

Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) has been widely used in engineering practices,
mainly in research, development and optimisation phases, since the 1990s. Because
of the complexity of both problem geometry and flow conditions, analytical solutions
of the governing equation are rarely possible, and computational or experimental approaches are sought.
Compared to experimental setups for flow field analysis and testing, CFD offers substantial advantages, such as decreased lead times for design phases, reduced costs,
increased flexibility, and prediction of a complete set of variables in the entire flow
field (not only where sampled) [10].
The general CFD approach is based on the following steps. A pre-processing phase is
required in order to define specifications such as computational domain, object geometry, computational grid, boundary and flow conditions, physics and solver models
and mathematical schemes. The solver is later used for the actual solution of the
discretised governing equation, by applying the setup defined in the pre-processing.
Solution convergence is typically established by tracking the behaviour of numerical
residuals and monitoring variables. Finally the post-processing is the phase where
the simulation results are gathered, filtered, and prepared for analysis/interpretation
[10].

2.6
2.6.1

Turbulence
Definition and Characteristics

Flow turbulence is developed by instabilities in laminar flow regime that are undamped above a critical value of Re and grow into turbulent structures. This is the
case for most engineering flow applications, in both internal and external flows.
Turbulence is described as a chaotic, random, three-dimensional, highly unsteady
phenomenon, where rotational turbulent structures develop and spread in all directions. Since the inertia forces are significantly larger than the viscous forces, these
so called turbulent eddies are inviscid, and appear in wide ranges of length and time
scales. Because of the three-dimensional characteristic of turbulent eddies, turbulent
flows are effective in transport of mass, heat and momentum [10].
The energy extraction takes place at the boundary with the bulk flow by means of
vortex stretching, where the turbulent eddies are distorted because of velocity gradients in the shear flows, and due to the conservation of angular momentum, rotational
velocity increases as the size decreases.
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The energy cascade is thus the resulting transport of energy from the bulk flow to
the smaller turbulent structures, until at the smallest length and time scales viscous
effects dominate and energy is dissipated into heat.

2.6.2

Reynolds-Averaged Navier-Stokes Equations

Although turbulence is a highly unsteady phenomenon, for many engineering problems the attention is often focused on the statistical behaviour of the flow. The
Reynolds decomposition is a mathematical technique which divides an unsteady signal Φ(t) into a time-averaged part Φ and a time-dependent fluctuating term Φ0 (t):
Φ(t) = Φ + Φ0 (t)

(2.9)

The time-averaged term Φ is defined as:
Z t+∆t
1
Φ(t)dt
Φ=
∆t t

(2.10)

It is important to note that the averaging time interval ∆t must be larger than the
smallest length scale of the turbulent problem (found in the largest, slow-rotating
eddies).
By applying the Reynolds-averaging problem to Eq. (2.7) and (2.8) (for incompressible flow), a new set of time-averaged equations can be derived, namely the
Reynolds-Averaged Navier-Stokes (RANS) Equations. The continuity equation for
the mean flow will become, for incompressible fluid:
∂ui
=0
∂xi

(2.11)

For the momentum equations, for incompressible fluid:
 


∂uj
∂ui
∂(ui )
∂p
∂
∂ui
0
0
ρ
+ ρuj
=−
+
+
µ
− ρui uj
∂xi
∂xj
∂xi ∂xj
∂xj
∂xi

(2.12)

In Eq. (2.11) and (2.12), ui are the time-averaged velocities u, v, w, xi = x, y, z, p
is the time-averaged pressure, µ is the dynamic viscosity, and u0i = u0 , v 0 , w0 are the
velocity fluctuations.
By comparing Eq. (2.8) with Eq. (2.12), the additional terms −ρu0i u0j appear in the
RANS equations. The reason is that the second moment (average of fluctuating terms
product) yields non-zero values, as the fluctuations in different direction, although
random, are not pairwise independent. This terms are called Reynolds stresses and
need to be resolved with the introduction of new equations to the model.

2.6.3

Modelling Turbulence

The presence of unsteady eddies with different length- and time-scales in turbulent
flows creates complex interactions. In order to capture the effects of turbulence,
three different main categories of numerical methods have been developed.
Turbulence models based on RANS equations are used in many engineering applications as they focus on the time-averaged and mean values of the flow variables, and
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are thus relatively cheap from a computational perspective.
Large Eddy Simulation (LES) methods offer an intermediate approach towards turbulence computation. Large eddies are in fact resolved in a time-dependent solution
instead of being modelled. Similarly to the Reynolds-averaging process, spatial filtering functions are applied to the flow to determine the length scale of the eddies
to be computationally resolved. Smaller eddies are assumed to present a universal
behaviour and are modelled.
Finally, Direct Numerical Simulation (DNS) is used to directly solve the unsteady
Navier-Stokes equations and resolve flow fluctuations at even the smallest length
scales, at which energy dissipation occurs. This, however, requires a considerable
refinement of both spatial grid and time steps, making it extremely expensive in
terms of computational requirements.
In both LES and DNS the required computational resources increase dramatically
compared to RANS turbulence models. The availability of validation data is also
limited, and for these reasons, applications to engineering problems are considerably
restricted. The scope of CFD investigations in this Thesis work will be restricted to
RANS turbulence models.

2.6.4

RANS Turbulence Models

Difference RANS turbulence models have been developed in order to model the
Reynolds stresses introduced in Eq. (2.12) and thus reach closure of the computational problem, with either zero, one, two or seven additional equations [10]. In this
Thesis work, simulations with two two-equation models was carried out, namely the
Realisable k − ε (RKE) and the Shear Stress Transport (SST) k − ω, in order to
compare their performance.

Standard k − ε Model
The Standard k − ε (SKE) model is one of the most validated turbulence models
and among the most widespread in engineering applications [10]. This model was
introduced by Launder and Spalding [13] and provides two additional equations to
model the flow turbulent kinetic energy (TKE) k and its rate of dissipation ε. It is
characterised by high flexibility and good performance in modelling thin shear flows,
recirculating flows, and confined flows.
The model is based on the Boussinesq assumption which states that the Reynolds
stresses are related to the mean rates of deformation by a turbulent viscosity, called
Eddy viscosity µt , and defined as follows for the k − ε model:
µt = ρCµ

k2
ε

(2.13)

where Cµ is a constant (dimensionless). The k −ε introduces two transport equations
for k and ε and a set of constants, which have been tuned over a broad range of
turbulent flows experiments, making the k − ε a considerably flexible semi-empirical
model.
Modifications to the SKE model have been introduced over the years to cope with
problem-specific flow characteristics.
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Realizable k − ε Model
The Realizable k − ε is a modification of the SKE model introduced by Shih [14]
where the definition of the turbulent viscosity and the transport equation for the
dissipation rate ε have been reformulated. Furthermore, the term realizable is related
to constraints applied to Reynolds stresses, k and ε to maintain physical, positive
values.
The modelling of eddy viscosity presented in Eq. (2.13) is modified by replacing the
constant Cµ with a variable definition:
1

Cµ =

A0 + AS

(2.14)

kU ∗
ε

where A0 , AS are constants and U ∗ is a variable depending on the mean-strain- and
mean-rotation tensors [15]. The transport equations for k and ε are given as:



∂
∂
∂
µt ∂k
(ρk) +
(ρkuj ) =
µ+
+ Gk + Gb − ρε − YM + Sk (2.15)
∂t
∂xj
∂xj
σk ∂xj



µt ∂ε
µ+
+
σε ∂xj
ε2
ε
√ + C1ε C3ε Gb + Sε
+ ρC1 Sε − ρC2
k
k + νε

∂
∂
∂
(ρε) +
(ρεuj ) =
∂t
∂xj
∂xj

(2.16)

In this set of equations, Gk and Gb are the creation of turbulent kinetic energy by
the mean velocity gradients and buoyancy. YM is the impact of oscillating dilatation
in compressible turbulence on the total dissipation rate. C1ε = 1.44, C2 = 1.9, and
C3ε are constants, σk = 1.0 and σε = 1.2 are Prandtl numbers for k and ε [10, 15].

Standard k − ω Model
The k − ω is a two-equation turbulence model, developed by Wilcox [16, 17, 18, 19]
as an alternative to k − ε models, where the turbulence length scale is determined
from the turbulence frequency ω = ε/k instead of the rate of dissipation ε. The
Eddy viscosity is computed as:
µt =

ρk
ω

(2.17)

The model features two transport equations for k and ω, and presents the advantage
that in case of low Reynolds numbers, wall-damping functions are not required to
integrate the solution to the wall [10]. A major limitation of this model is the highdependency of the results from the assumption for ω in the free stream, which is a
common practice in external aerodynamics.

Menter SST k − ω
The SST k − ω is a hybrid turbulence model developed by Menter [20, 21, 22, 23],
which combines the strengths of both k − ε and k − ω turbulence models, and limits
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their disadvantages. The standard k − ε is used in the fully turbulent free-stream,
as k − ε show considerably less sensitivity to free-stream assumptions.
However, since its performance is significantly reduced in the near-wall region for
flows under adverse pressure gradients, as the shear stresses are generally overpredicted [10, 24], and the k − ω model is thus used at this location because of
its better performance. Blending functions are thus used to achieve a smooth transition between the two models, in particular to avoid numerical instabilities in the
eddy viscosity computation at the boundary of the two models [10].
The transport equation for k is the same as in the Wilcox k − ω model:



∂
µt ∂k
∂
∂
(ρkuj ) =
µ+
+ Gk − Yk + Sk
(2.18)
(ρk) +
∂t
∂xj
∂xj
σk ∂xj
The transport equation for ω is derived from the SKE model ε-equation, with the
substitution ε = kω, and yields:



∂
µt ∂ω
∂
∂
(ρωuj ) =
µ+
+ Gω − Yω + Dω + Sω
(2.19)
(ρω) +
∂t
∂xj
∂xj
σω ∂xj
In Eq. (2.18) and (2.19), Gk and Gω are the creation of k and ω from mean velocity
gradients, σk and σω are the turbulent Prandtl numbers for k and ω, Yk and Yω are
the turbulence dissipation terms of k and ω. Dω is the cross-diffusion term, and Sk
and Sω are user-defined source terms for k and ω. The eddy viscosity µt is computed
as follows:
µt =

ρk
ω

1

1 SF2
max ∗ ,
α a1 ω

(2.20)



where S is the strain rate magnitude, F2 is a blending function, a1 = 0.31 is a
constant, and α∗ a damping coefficient [15]. The model constants σk,1 = 1.176,
σk,2 = 1.0, σω,1 = 2.0, σω,2 = 1.168, βi,1 = 0.075, βi,2 = 0.0828 are used in the
definitions of σk , σω , Yω , and Dω .
In comparison to the Standard k − ω and k − ε models, the SST k − ω features a
limiter in the production of turbulent kinetic energy and eddy viscosity, as presented
in Eq. (2.20), which improves the model performance for boundary layers under
adverse pressure gradients.

2.6.5

Modelling of the Near-Wall Region

The near-wall region affects the turbulent flow in different ways that interact with
each other. Therefore, correctly predicting these effects is of outmost importance
in order to accurately model wall-bounded flows. For instance, large gradients are
present in the velocity and TKE profiles because of the no-slip condition and the
TKE production. However, the computational cost in terms of grid refinement for
capturing the gradients increases dramatically with the flow Reynolds number, as
the boundary layer becomes thinner.
Two approaches are available for the computational solution of the boundary layer,
which differ in the treatment of the inner region (see Fig. 2.3). When using wallfunctions, semi-empirical formulas are applied to model, rather than resolve, the
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buffer layer and viscous sublayer. This approach is cheaper in terms of computational
grid, however, careful attention must be paid to the level of grid refinement. A y +
between 5 and 15 typically produces unreliable results as the boundary between outer
and inner layer results within the blending area of the buffer layer. Ansys Fluent
uses instead an alternative formulation, which provides improved accuracy of results
by combining the traditional two-layer model with y + -independent wall functions
[15], based on the automatic detection of y + values and choice of wall-treatment
method. Such methods are used in ω-equation turbulence models and the Enhanced
Wall Treatment (EWT).
For a sufficiently fine grid resolution in the near wall region (y + < 5), the EWT
is equivalent to the two-layer zonal model. From a computational cost perspective,
however, a sufficiently fine grid can be prohibitively expensive to achieve. The EWT
aims at combining this two-layer approach with enhanced wall functions in order to
reach the same accuracy for less refined meshes (y + > 5), and remove computational
error for intermediate meshes. This also yields better results under adverse pressure
gradients and improves the flexibility for a wider range of meshes [8].
The alternative is the near-wall model approach, which resolves the flow all the way
down to the viscosity-dominant sublayer, and requires a highly defined computational
grid. The first node height is typically set in order to achieve a y + of unity, and this
method is therefore computationally more expensive.
A schematic comparison of the two approaches is presented in Fig. 2.5.
Finally, it is important to note that, regardless of the chosen near-wall modelling
approach, the boundary layer is characterised by large gradients, which require a
sufficiently refined grid for an accurate resolution. A minimum value of 10 cells in
the wall normal direction is suggested [15].
Wall-Function Approach

Near-Wall Model Approach

Outer
layer

Wall functions

Buffer
and
sublayer
Wall

Figure 2.5: Wall-treatment approaches and computational grid comparison. Note the
difference in mesh refinement. Figure based on [15].
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3

Method

This Chapter summarises the methods that were employed in order to carry out the
simulations. In the first Section, the benchmarking study on the Allan Body [9] is
presented. The second Section focuses on the study of the unloaded timber truck.
The Chapter ends with a Section on the methodology development for automatic
post-processing of results.

3.1
3.1.1

Allan Body Study
Geometry Setup

The Allan Body is a simplified model of a tractor-trailer truck configuration. The
concept was introduced 1981 [9] and presents the major geometrical and flow field features for trucks. The Allan Body was used in this Thesis work for multiple purposes:
computational grid study, turbulence model study, and platform for methodology
development. The geometry is presented in Fig. 3.1, with a rear box width and
height of b = 0.305 m.
A front radius of r/b = 0.08 was chosen for the cabin front face. Two gap distances
of g/b = 0.17 and 0.67 were used for the mesh sensitivity study. The choice of the
gap widths comes from the limit-cases in [9], where wind tunnel experiment showed
that drag coefficient changes are negligible for gap values outside this range. Two additional intermediate gap lengths of g/b = 0.25 and 0.5 were used for the turbulence
model analysis, in order to try to capture the trend of the drag coefficient behaviour.
b

rb bf

rb ff

g
r

b

fb ff

L

fb bf

Figure 3.1: Allan Body geometry and key faces labeling for case with g/b=0.17.

The computational domain is presented in Fig. 3.2, for a symmetrical cut in the
longitudinal plane. The cross-section area is 2.1 × 1.7 m2 , based on the wind-tunnel
setup in [9], with a total length of 9.97 m. The body is placed at 2.4 body lengths from
the inlet, and 6.24 body lengths to the outlet, according to [6], to ensure that flow in
proximity of the model is not affected by the presence of the boundary conditions.
These measures vary slightly from case to case, depending on the gap distance.
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Figure 3.2: Computational domain for the Allan Body investigations.

3.1.2

Computational Grid Creation

The computational mesh was created in different steps. First, a triangular surface
mesh was generated with ANSA Pre-Processor 18 (BETA CAE Systems S.A. Thessaloniki, Greece). The grid was generated for both the Allan Body and domain
geometry surfaces.
Refined sets named set 1 were placed in regions of high curvature, expected flow
acceleration and large gradients, sharp edges or small surfaces, whereas the rest of
the surface mesh was included into a set 2. Three bodies of influence (BOI) were
added in order to accurately resolve the flowfield around the object and capture the
wake regions. This also allowed to save computational cells in the outer region of
the domain. Finally, the surface mesh quality was improved in order to cope with
the specifications presented in [8]: surface mesh quality was ensured in terms of cell
ICEM CFD quality [25] (<0.3), and cell skewness (<0.6). The relative dimensions
and location of the BOIs can be seen in Fig. 3.2.
In the second phase, the volume mesh was created in ANSYS Fluent 18 (ANSYS
Inc. Canonsburg, PA, USA) with an automatic scripting procedure. First, a size
field was specified for the different fluid domain regions (BOIs, refined surfaces on the
object). Size specifications were also given for the prism layer generation, according
to sets with different total number of layers and first element thickness. Inflation
layers were created on the truck surface (two levels of refinement), on the ground,
and the wind-tunnel walls, to simulate wind-tunnel conditions. The layers on the
(moving) ground were introduced to capture the relative boundary layer formed by
the flow acceleration on the underbody.
The first node height was tested with the RKE-EWT turbulence model to ensure
a minimum y + value around 30. The volume mesh was finally checked for volumequality requirements from [8]: ICEM CFD quality <0.95 for the volume mesh, and
cell skewness <0.95 on volume mesh.
Volume meshes were created with tetrahedral, hexcore and polyhedral elements. In
the hexcore mesh, tet-elements are used in peel-layers from the prism layer to the
volume elements.
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3.1.3

Numerical Setup

The simulations were carried out using Ansys Fluent 18, which is a finite-volume
solver. The steady-state simulations were carried out with the realizable k − ε with
enhanced wall treatment (EWT) and the SST k − ω RANS turbulence models, according to [8]. Furthermore, the two models were chosen as they showed the best
performance and agreement with experimental data in the study presented in [6].
Due to the relatively low flow speed, the pressure-based solver was used, as compressibility effects were not expected [26].
The coupled algorithm was used for the pressure-velocity coupling, which, compared
to the segregated solver, presents a faster and more robust implementation, in particular for steady-state flows [26].
The spatial discretisation of gradients was performed with the Least Square Cell
Based scheme, which is the default option in Ansys Fluent [15]. The method is used
as it is relatively cheap from the computation perspective, but allows to compute the
gradient of a variable in a cell by drawing information from the neighbouring cells
in all spatial directions.
For the pressure discretisation, the standard scheme was used, which computes the
pressure gradients at the faces from coefficients in the momentum equations. This
option performs well for a smooth transition between adjacent cell centres, but for
flows with large body forces or curvature it is known to yield overshooting values
[15]. This was not the case for this CFD investigation, where external body forces
are negligible.
The second-order upwind scheme was used to discretise the momentum equations.
This scheme is second-order accurate in space, and the values at the target cell level
are computed by retaining information present at upstream cells, which allows to
take the direction of the flow into account.
For the transport equations of turbulence variables k, ε, ω, first-order upwind was
used, as indicated in [8], which offers an acceptable compromise of accuracy and
convergence.
The solver spatial discretisation schemes for the governing equations were used according to [8] and are summarised in Table 3.1.
Equation

Discretisation

p − v coupling
Gradient
Pressure
Momentum
k, ε, ω

Coupled
Least Squares Cell Based
Standard
2nd-Order Upwind
1st-Order Upwind

Table 3.1: summary of solver and discretisation schemes.

Finally, the convergence of the solution was evaluated by comparing both the levellingout of both the equations’ scaled residuals andthe drag coefficient. The combination
of residuals below 1 × 10−4 and CD with changes smaller than 2% per iteration
was deemed to be sufficiently converged [8]. The drag coefficient was obtained by
using the rear box surface area as reference [9], namely b2 /2, due to the symmetry
conditions used in this study.
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3.1.4

Boundary Conditions

The simulations were carried out for the wind-tunnel flow conditions presented in
[9] in order to validate the computational model. The flow regime was investigated
for a Reynolds number based on the truck height b of Reb = 0.51 × 106 as in experimental setup in [9]. For a density of 1.225 kg/m3 and µ of 1.7894×10−5 Pa s, this
corresponds to a freestream velocity U∞ of 24.4 m/s.
The boundary conditions used for the CFD simulations are summarised in Table
3.2 and are applied from [8]. Because of the yaw conditions limited at 0◦ , symmetry condition was applied at the body half-plane. A velocity inlet U∞ = 24.4 m/s,
turbulence intensity of 0.1% and turbulence viscosity ratio of 50 was used, as indicated in [6]. The surrounding walls were set to no-slip condition to include effects of
wind-tunnel. Moving-wall conditions at 24.4 m/s were set for the ground simulate
road conditions as in the experimental setup in [9]. A pressure outlet of 0 Pa static
pressure was set to achieve free outflow from the domain.
Location

Boundary Condition

Value

Inlet
Outlet
Symmetry
Side wall
Top wall
Ground
Body surface

Velocity inlet
Pressure outlet
Symmetry
No-slip wall
No-slip wall
Moving ground
No-slip wall

U∞ = 24.4 m/s
0 Pa static pressure
U = 24.4 m/s
-

Table 3.2: Summary of boundary conditions

3.1.5

Grid Independence Study

For the solution mesh-independence study, three surface-mesh sizes were initially
generated. For every surface mesh, three volume meshes were created with tetra-,
hexcore-, or poly-elements, resulting in nine volume meshes. The procedure was repeated for the geometries with g/b = 0.17 and 0.67.
Mesh independence was firstly assessed for the different mesh element types, resulting in total sizes of 7.5M elements for the tetrahedral mesh, 4.6M for the hexa-mesh
and 3M for the polyhedral. The drag contribution from different parts of the model
was investigated for the independence study.
In a second phase the three mesh-independent solutions were compared with the experimental results presented in [9] and CFD simulations from [6] to establish a final
computational grid. The results for the total drag coefficient are presented in Table
3.3, whereas the drag contribution of different surfaces is depicted in Fig. 3.3. Although the results were from steady-state simulations, the CD values were averaged
over the last 1000 iterations to remove minor fluctuations. Experimental data from
[9] and CFD results from [6] and [27] are also added for comparison. Simulations
for the grid independence study were run with the RKE turbulence model with Enhanced Wall Treatment, which showed satisfying results in [6].
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g/b = 0.17
Case
Experimental [9]
CFD [6]
Tet-mesh (7.5M)
Poly-mesh (3M)
Hexcore-mesh
(4.6M)

g/b = 0.67

CD [-]

% from [9]

% from [6]

CD [-]

% from [9]

% from [6]

0.76
0.75
0.79
0.69
0.73

3.9%
9.2%
3.9%

5.3%
8.0%
2.7%

1.28
1.26
0.83
1.2
1.22

35.2%
6.3%
4.6%

34.11%
4.76%
3.2%

Table 3.3: Comparison of CD for different gap distances and mesh types.

The front box back face fb bf, and rear box front face rb ff were given particular
attention as they showed the largest differences.
From the comparison with experimental data, it was possible to conclude that the
hexa-core mesh presented a higher fidelity in the results. In particular, on the fb bf
for g/b = 0.17, where the difference from [9] was 7.1%. On this face, for a larger
gap, the agreement with experimental data was not as good, but the hexcore mesh
showed again the better results, and good agreement with CFD results from [27].
Concerning the rb ff, the poly-mesh generally showed better agreement than the
other mesh types, in particular for the large gap distance (7.4% difference).
The performance of the tetrahedral mesh was considerably poor, with differences
sometimes larger than 50% compared to [9]. This difference was attributed to the
poor performance that the tet-mesh showed in modelling the flow separation in the
gap, in particular at large gap distances, as shown in Fig. 3.3 (b). In particular,
the results showed a larger, although weaker, separation region behind the front box,
affecting both upper and lower rear-edges. By contrast, for the hexcore-mesh the
recirculation region was limited to the rear-upper edge of the cabin. This resulted
in a generally higher base pressure on the fb bf and therefore a lower drag contribution. Moreover, although easier to generate, the total number of elements was also
considerably larger for the tet-mesh, which was thus discarded.
In conclusion, hexa- and poly-mesh were both suitable candidates for the final mesh.
The poly-mesh resulted in the lowest element count, but the time for its creation was
considerably higher than the other grids, as it was converted from a full tet-mesh
[26]. The hexcore mesh was thus eventually selected, and it is shown in Fig. 3.4. A
summary of the final mesh sizes is presented in Table 3.4.
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(a) g/b = 0.17

(b) g/b = 0.67

Figure 3.3: Breakdown of CD per body surface on the Allan Body for different gap
widths.

BOI 1

BOI 2

BOI 3

(a)

BOI 3

BOI 2

BOI 1

(b)
Figure 3.4: Final hexcore computational mesh of 4.6 M elements for g/b=0.17, with
detail on the body geometry (a) and the refinement regions (b). Note the double
increase in size at every hexcore level.
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Domain

Element
Size [mm]

# Prism
layers

1st node height [mm]
(y + ≈ 30)

(y + ≈ 1)

BOI 1
BOI 2
BOI 3

20
10
5

-

-

-

Set 2
Set 1

4
2

12
12

1.1
1.1

0.013
0.013

5-70

5

First layer
AR = 4

First layer
AR = 4

70

6

First layer
AR = 8

First layer
AR = 8

Ground
Wind tunnel
walls

Table 3.4: Summary of final mesh sizing parameters for the Allan Body.

3.1.6

Turbulence Model Study

The performance of RKE-EWT and SST k − ω turbulence models was investigated
on the mesh selected in Section 3.1.5, for gap widths of g/b = 0.17, 0.25, 0.5, and
0.67. An additional mesh was created with refined first layer thickness (0.013 mm)
in order to reach a y + value of unity. The SST k − ω simulations were run for
both y + = 1 and 30, to compare both the near-wall modelling and the wall-function
approach (same wall-functions as in RKE-EWT). The behaviour of total (CD is depicted against g/b in Fig. 3.5, whereas Fig. 3.6 shows CD values against g/b on two
critical surfaces, namely fb bf and rb ff.
From the overall CD in Fig. 3.5 it was possible to notice that the RKE-EWT turbulence model shows the best agreement with experimental data (red diamonds)
across the full range of gap distances, with some under-prediction at the largest gap
lengths. This result is in good agreement with the CFD simulations carried out in
[6] with the same turbulence model. The differences at larger gap distances can be
attributed to the limited capabilities of the RKE-EWT to model the complex flow
structures that develop in the gap [6].

Figure 3.5: Turbulence model study: comparison of total CD against CFD and experimental data [6, 9].
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Figure 3.6: Turbulence model study: comparison of CD on key surfaces against CFD
and experimental data [6, 9].

The SST k − ω with y + of 30 correctly predicts the trend of the drag curve, with
a general under-prediction of the values. However, for smaller gap distances the
solution with y + of unity shows better agreement. For the larger gap widths (0.5
and 0.67), the near-wall modelling approach with SST k − ω clearly under-predicts
the total drag, which can be attributed to limitations in modelling the flow in the
gap [6]. The analysis of drag breakdown per body surfaces revealed that the major
differences are originated at the gap surfaces, namely fb bf and rb ff, illustrated in
Fig. 3.6.
By focusing on the the fb bf (black markers), it was possible to conclude that the
gap width is only negligibly affecting the drag generated by this surface, as the trend
is approximately constant. This trend is captured correctly only by the RKE-EWT
model, with inaccuracy only at the largest gap width. The SST k − ω in turn shows
poor performance at the largest gap range for both y + values, whereas with y + of
unity data is more consistent with experimental results at small gap widths.
On the rb ff surface (blue markers), the poor performance of the SST k − ω with
is more evident, with differences close to 100% from experimental values. The good
performance of the RKE-EWT highlighted previously is confirmed by the good agreement that this model shows with data from [6] and [9], in particular at larger gap
lengths.
In order to understand the considerable drag under-prediction of the SST k − ω with
y + = 1, the pressure coefficient Cp distribution on key surfaces was investigated.
Fig. 3.7 shows the comparison of Cp contours on the rb ff between the RKE-EWT
and the SST k − ω with y + = 30 and 1. The comparison highlighted a significantly
smaller region of stagnation pressure for the SST k − ω model with y + = 1 mesh on
the rb ff surface (Fig. 3.7 (c)), in comparison to the other models which feature a
wall-function approach for the near-wall region. Similar behaviour was also exhibited
on the fb bf.
The underlying reason behind this considerable difference can be explained by looking at the distribution of total pressure coefficient Cp,tot , depicted in Fig. 3.8 on
the geometry symmetry plane, and in Fig. 3.9. Here, the value Cp,tot = 0 indicates
the boundary between regions of separated, recirculating flow, and the free-stream
conditions.
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Cp

(a) RKE-EWT

(b) SST k − ω, y + = 30

(c) SST k − ω, y + = 1

Figure 3.7: Pressure coefficient Cp distribution on the rear box front face of the Allan
Body, for the RKE-EWT (a), SST k − ω, y + = 30 (b) and SST k − ω, y + = 1 (c) .

The major difference lies in the prediction of the flow on the top of the cabin. Simulations with both RKE-EWT and SST k − ω with y + = 30 show in fact a dramatically
smaller separation region, which in turn causes the larger stagnation pressure area
shown in Fig. 3.7. On the other hand, the SST k − ω with y + = 1 anticipates
the detachment location at the beginning of the cabin radius. A larger recirculation
bubble is predicted, which in turn deflects the flow on top of the rear box, thus
decreasing the impact of stagnating flow on rb ff. The phenomenon can be seen for
the 3D case in Fig. 3.9, where the iso-surface of Cp,tot = 0 indicates the relative size
of the averaged separation structures.
The reason behind such an important difference lies in the formulation of the turbulent models, coupled with the approach for modelling the near-wall region. The
SST k − ω was developed for aerospace applications [20, 21], in order to improve
the prediction of separation in flows affected by adverse pressure gradients [10, 21],
which is achieved by limiting the production of eddy viscosity and the production
of TKE. However, in the radius of the cabin edge, where the flow is accelerating,
such a limiter in TKE production reduces the energy in the boundary layer, thus
causing the flow to separate earlier, [15, 28]. By increasing the first node height to
y + ≈ 30, however, the modelling of the boundary layer is carried out through the
same wall functions that are used for the RKE-EWT, which in turns explains the
similarity of the separation structures between the two models, shown in Fig. 3.9
(a) and (b). The difference in this case comes from the fact that, even though both
models use the k − ε equations in the freestream, the SST is blending them with the
k − ω turbulence variables while reaching the near-wall region.
Conversely, the slightly over-predicted CD showed by the RKE-EWT in Fig. 3.6
(b) for the rb ff is consistent with the typical over-prediction of TKE and turbulent
shear stresses due to the absence of limiters in the model [10]. In consideration of
the results presented in Fig. 3.5 through 3.9, the RKE-EWT turbulence model was
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selected a for the remaining simulations, which corresponds to the conclusion that
was drawn in [6].
Cp,tot

(a) RKE EWT

(b) SST k − ω, y + = 30

(c) SST k − ω, y + = 1

Figure 3.8: Contour of CP,tot on the Allan body symmetry plane for the RKE-EWT
(a), SST k − ω, y + = 30 (b) and SST k − ω, y + = 1 (c).

Cp

(a) RKE EWT

(b) SST k − ω, y + = 30

(c) SST k − ω, y + = 1

Figure 3.9: Iso-surfaces of CP,tot = 0 around the Allan body (purple) and contours of
Cp on ff bf and rb ff, for the RKE-EWT (a), SST k − ω, y + = 30 (b) and SST k − ω,
y + = 1 (c).

3.2
3.2.1

Timber Truck Study
Geometry Setup

The geometry of the unloaded timber truck consists of 74-ton variant presented in
the EttAero2 project (see Fig. 3.10) , with a 1-3-2-3 axle configuration. The model
geometry was simplified in [4], although the 1:1 scale was retained in this Thesis
work, for a total length L of 25.4 m. This configuration was deemed as baseline for
the additional simulations, and is presented in Fig. 3.11.
The computational domain used for the investigations is presented in Fig. 3.12. The
model was positioned 3.54 truck lengths from the inlet (≈ 90 m) and approx. 5
lengths to the outlet (126 m), to ensure that the presence of the model does not
perturb flow field conditions at the boundaries.
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Furthermore, the width and height were set to ensure negligible blockage effects
caused by the model (truck frontal area < 2% of the domain cross-sectional area,
[8]).

Figure 3.10: Detailed model of the 74-ton timber truck with 1-3-2-3 axles configuration.

L

Figure 3.11: Simplified baseline model of the 74-ton timber truck configuration.

5L
y
L

x
z

3.54 L

Figure 3.12: Computational domain for the unloaded timber truck investigations.
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3.2.2

Computational Grid Creation

The computational grid was created by following a procedure similar to the one presented in Sec. 3.1.2, with further modifications. The truck surfaces were divided on
three refinement sets with different element size. The rounded corner in the cabin
and the stakes were added to the most refined 1st set. The 3rd set was used for
the majority of trailer surfaces and 2nd set for intermediate regions such as the cab,
deflector and the exhaust.
Five refinement boxes were used for the BOIs in the unloaded timber truck. Three
larger placed around the full truck, a smaller one to capture the flow in close proximity of cabin and trailer, and a fifth one added around the stakes only. As yaw
angles were also considered in this part, the BOIs were oriented to capture the different wakes directions. The final modification concerned the number of prism layers,
that was specified according to the surface mesh sets. The first element height was
checked for a y + value of 30 on the body and 100 on the ground.
Hexcore mesh elements were used for the volume mesh, generated from a triangular
surface mesh, as they showed better performance in the Allan Body benchmarking
study, see Sec. 3.1.2. Surface and volume mesh quality were ensured in terms of cell
ICEM CFD quality [25] (<0.3 on surface mesh, <0.95 for the volume mesh) and cell
skewness (<0.6 for surface mesh, <0.95 on volume mesh), according to [8].

3.2.3

Numerical Setup

The numerical setup and the solver settings used for the unloaded timber truck
simulations was the same as the one used on the Allan Body, presented in Section
3.1.3. The drag coefficient was obtained based on the truck frontal area of 10.4 m2
and the freestream properties described below.

3.2.4

Boundary Conditions

The simulations were carried out for open road conditions. The flow regime was
investigated for a Reynolds number based on the truck height H of ReH = 4.9 × 106 .
For a density of 1.225 kg/m3 and µ of 1.7894×10−5 Pa s, this corresponds to a
freestream velocity U∞ of 22.22 m/s. The range of yaw-angles considered for the
baseline study was 0◦ , 2.5◦ , 5◦ , 7.5◦ , 10◦ and 15◦ .
Yaw conditions were obtained by adding a z-component to the inlet velocity, in order
to obtain the correct yaw angle. This way, the u-component of velocity was kept
constant at U∞ , to simulate road conditions, and the z-component of velocity was
gradually increased to obtain higher yaw. Since the contribution of yaw-angles sweep
was included, symmetry could not be applied at the truck half plane. However, the
truck geometry presents only marginally asymmetric elements such as the gas fuel
tank and the exhaust, which were not expected to show significant impact on the
general flow field. For this reason, the yaw-sweep was simulated only in the positive
direction, by assuming a symmetric impact of the side wind on the truck flow field.
A velocity inlet U∞ = 22.22 m/s (= 80 km/h), turbulence intensity of 0.1 and
turbulence viscosity ratio of 50 was used, simulating still-wind conditions. A pressure
outlet of 0 Pa static pressure was set to ensure free outflow from the domain. Side
and top walls were modelled as symmetry (no gradients in normal direction) for the
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0◦ -yaw case, and the sides were converted to velocity inlet and pressure outlet (left
and right respectively) for the yaw-sweep analysis.
The ground was divided in two regions. A moving ground condition with x-velocity
of 22.22 m/s was applied to the area in close proximity of the truck, to simulate
road conditions. The area can be seen in blue in Fig. 3.13. The rest of the ground
was however set as free-slip to avoid the formation of boundary layer due to relative
velocity of side winds and moving ground. Finally, the wheels were modelled as
rotating, no-slip walls with angular velocities Ω = 44.004 and 50.505 rad/s for the
truck and the trailer, respectively corresponding to the vehicle driving velocity.

Figure 3.13: Illustration of the moving ground boundary condition (blue).

3.2.5

Grid Independence Study

A mesh-independence study was carried out by creating three volume meshes with
sizes of respectively 50, 87 and 122 million elements. Three separate surface meshes
were used for the volume mesh generation. Element sizes were refined at both surface and volume level. The grid-independence study was carried out for a yaw-angle
β = 10◦ , as it was deemed to be a suitable compromise in terms of flow field separation and convergence effort for the simulations.
The solution-independence was assessed in terms of drag build-up along the vehicle,
total drag coefficient, and velocity profiles distribution, presented in Fig. 3.14 and
3.15 respectively.
From the results presented in Fig. 3.14 and 3.15, it was possible to see that the three
meshes show negligible differences in terms of total drag coefficient (<2% difference
between 122M and 50M). By looking at drag buildup along the vehicle, the major
discrepancy occurs between the first and third stakes pair. This is reflected in the
velocity profiles presented in Fig. 3.15, where the coarsest mesh (50M elements)
clearly differs from the others in the underbody flow prediction. Overall, better
agreement was seen between the more refined meshes.
For this reason, the middle mesh of 87M elements was deemed to be sufficiently fine
and was chosen for the remaining investigations. The final mesh is depicted in Fig.
3.16, whereas the sizing details of the different regions are presented in Table 3.5.
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Figure 3.14: Comparison of drag coefficient buildup along the vehicle length for three
mesh sizes of 50, 87, 122M elements.

Figure 3.15: Comparison of velocity profiles along the vehicle length for three mesh
sizes of 50, 87, 122M elements.

Domain

BOI
BOI
BOI
BOI
BOI

1
2
3
4
5

Set 3
Set 2
Set 1
Domain walls
Ground

Element
Size [mm]

# Prism
layers

1st node
height
[mm]

198.4
99.2
49.6
24.8
24.8

-

-

9.2-18.5
7.7-18.5
6.2-13.8

10
16
16

1.20
1.00
0.75

1800
18.5-1800

6

First layer
AR = 8

Table 3.5: Summary of final mesh sizing parameters for the unloaded timber truck.

32

Freestream

BOI 1
BOI 2
BOI 3

BOI 4&5

(a)

BOI 1

BOI 2

BOI 3
BOI 4
BOI 5

(b)

BOI 3

BOI 4

(c)
Figure 3.16: Final computational mesh of 87M elements for the unloaded timber truck.
Side-view at wheels plane, (a), top-view at mid-cabin plane (b) and cabin detail (c).
Note the relative size and placement of the BOIs.
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3.3

Post-Processing

3.3.1

Pressure and Forces Coefficients

The forces and pressure coefficients that were used for the aerodynamic drag investigations are described here. The reference values for the Allan body and the unloaded
timber truck are summarised in Table 3.6.

Pressure coefficient
The pressure coefficient was computed as:
Cp =

p − p∞
1
2
2 ρ∞ U∞

(3.1)

where p is the local pressure, p∞ is the freestream reference pressure, ρ∞ is the
freestream density, and U∞ is the freestream velocity in the x-direction, which was
used as reference for the cases with yaw angles as well.

Total pressure coefficient
The total pressure coefficient was determined by normalising the total pressure with
the dynamic pressure of the free-stream:
Cp,tot =

p + 21 ρu2
p0
=
1
1
2
2
2 ρ∞ U∞
2 ρ∞ U∞

(3.2)

where p0 is the total pressure, p, ρ and u are the local pressure, density and x-velocity
of the flow.

Skin friction coefficient
The skin friction coefficient was computed as in [15], by normalising the magnitude
of the shear stress with the freestream dynamic pressure:
q
2 + τ2 + τ2
τw,x
w,y
w,z
Cf =
(3.3)
1
2
2 ρ∞ U∞
where τw,i is the shear stress in the i-direction, with i = x, y, z.

Drag coefficient
The drag coefficient was computed as described in [15] by normalising the drag force
with the reference dynamic pressure and area:
CD =

Fdrag
1
2
2 ρ∞ U∞ A

(3.4)

where Fdrag is the drag force and A is the frontal area of the truck. The drag
coefficient reported in this Thesis work were averaged over the last 1000 iterations
in order to remove minor fluctuations, as presented in [8].
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Variable
p∞
ρ∞
U∞
A

Allan Body

Timber Truck

0
1.225
24.4
0.046

0
1.225
22.22
10.4

Units
[Pa]
[kg/m3 ]
[m/s]
[m2 ]

Table 3.6: Reference values for post-processing of forces and pressure coefficients.

These coefficients were used in the mesh-sensitivity and turbulence model studies,
as well as the aerodynamic performance investigations, for both the Allan Body and
the unloaded timber truck.

3.3.2

Wind-Averaged Drag Coefficient

The positive yaw-angle sweep for β 0◦ , 2.5◦ , 5◦ , 7.5◦ , 10◦ and 15◦ was simulated
for the timber truck in order to obtain a wind-averaged drag coefficient CD,w . This
better represents the real-world scenario, where road vehicles rarely experience a
pure zero-yaw angle, and provides insight on the impact of small changes of yawangle from the optimal design point at 0◦ [12].
Two methods were used to obtain CD,w as presented in [12]. In the MIRA method, a
fixed vehicle velocity (here U∞ = 22.22 m/s), and 7 ambient wind velocities ranging
from 2 to 26 km/h are used, each with a different weighting factor. Wind absolute
directions range from 0◦ to 180◦ in steps of 10◦ . The wind velocity and direction
relative to the vehicle are finally determined and used to compute CD,w .
In the SAE J1252 method, the wind velocity is fixed at 11.3 km/h. Furthemore,
wind is assumed to hit the vehicle from equi-probable directions. Subsequently, wind
relative velocity and direction are computed and from there CD,w is determined.
Despite the fact that, compared to the MIRA method, the SAE J1252 yields a
considerably smaller data-set for the final averaging of CD , and neglects the weighting
of different wind speeds, this is still the industry standard in the truck manufacturing
industry. Both methods were used for this Thesis work.
The detailed equations of the wind-averaging methods described here are presented
in Appendix B.
An important finding from the yaw-sweep analysis of the baseline case is that the
drag coefficient at 5◦ yaw, CD = 0.696, was the closest result to the wind-averaged
CD computed with the MIRA and SAE J1252 methods, which in turn account for a
broad range of wind relative velocities and directions.
By considering the good agreement between 5◦ -yaw-angle and both the averaging
methods, the former was deemed to be a suitable and representative case for the windaveraged drag coefficient, and was thus selected for the preliminary investigation of
concepts development.
The drag yaw-dependence for the baseline case is discussed more in detail in Section
4.1.1 (see Fig. 4.1 and Table 4.1).
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3.4
3.4.1

Methodology Development, Automatic PostProcessing
Surface Variables, Drag Build-up, Velocity Profiles

The implementation of the automatic post-processing of the simulations results was
developed for Kitware Paraview 5.1.2 through a Python shell script. In this phase,
data and figures were extracted from the overall computational domain. In a second
phase Matlab was used for the post-processing of the extracted data, in particular
for the creation of velocity and drag profiles. The process was implemented by using
the Allan Body as a development platform, and is summarised as follows.
First, the case data was read, which specified the geometry (mesh information),
along with the variables to be imported, either as scalar or vector fields. The truck
surface was then extracted from the computational domain. Besides the visualisation
of surfaces, this sped-up the post-processing by limiting the amount of data to be
handled at the truck surface only. Data from different computational blocks were
then merged, which provides a smooth interpolation across their boundaries.
Subsequently, an expression calculator was used for deriving the remaining variables
(e.g. the skin-friction coefficient Cf from the the wall shear stresses). Additional
filters or operations were introduced at this point (e.g. thresholds, direction-specific
components, iso-surfaces). At this point, an iterative process was carried out in order
to depict the desired contour-plots on the truck surface or 3D iso-surfaces with the
selected variables, set the corresponding value ranges, and rotate the camera views,
originating six 2D views (front, rear, top, bottom, left, right) and eight 3D views
(top-left, etc.).
In a final step, data for u-velocity profiles were iteratively extracted from a grid
of 16 vertical lines (y-direction) at seven z-locations, and the drag coefficient was
integrated along the truck to obtain the build-up in x-direction. For the velocity
planes, a reference slice-plane was placed at the desired z-location, and a second
plane was then moved along the x-direction to create intersecting lines, on which
velocity profiles were extracted.
For the cumulative drag, a pair of clipping planes was used, the first one placed in
front of the truck and the second iteratively moved along its length. For every step,
friction and pressure components of the drag force were computed on the selected
surfaces. For the friction part, the wall shear stresses in x-direction were used. For
the pressure component of drag, the pressure force distribution on the truck surface
was re-constructed from the pressure coefficient, and subsequently projected in the
x-direction for the drag contribution. This was achieved by multiplying the cell
pressure values with the corresponding x-component of the vector normal to the cell
surface. In a final step, the values of both friction and pressure drag distributions
were on the clipped surfaces and exported.
The entire process is summarised in Fig. 3.17 and 3.18, whereas a more detailed
explanation of the Python code is provided in Appendix A.1.
It is important to mention that this process of obtaining the drag coefficient might
yield results that differ from averaging over the last 1000 iterations (as presented in
Section 3.3). The reason behind this might be attributed to different approaches in
generating surface normals in Ansys Fluent and Paraview. Furthermore, the drag
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value obtained with the cumulated build-up method is obtained from the results of
the last iteration in the simulation, when the selected variables are exported, and
therefore an averaging over multiple iterations is not possible.
With this consideration, it can be kept in mind that drag values obtained from Fluent
data (averaged) are more reliable, whereas the cumulative drag build-up, although it
might show some inconsistencies, is still a very powerful tool to assess which locations
lead to a drag increase.

CFD simulations

Read case:
Geometry (mesh),
Variables

Surface from
variable value

Calculators,
Iso-surfaces

Iterate views for
figures extraction

Velocity profiles
and cumulative
drag

Change
variable

Figure 3.17: Automatic post-processing procedure for surface contours, iso-surfaces.

CFD simulations

Read case:
Geometry (mesh),
Variables

Create base
clip/slice
plane

Introduce
second clip/slice
plane

Sample
u-velocity/
Integrate drag

Export data

Move
plane

Figure 3.18: Automatic post-processing procedure for velocity profiles and cumulative
drag.

3.4.2

Planes Sweep, Projected Velocities

Another implementation in the automatic post-processing is the creation of planessweeps across the truck, which depict the contours of Cp,tot and 2D projections of
the velocity field. The 2D planes are swept in x-, y- and z-directions by iteratively
moving their origin. The velocity vectors (projected on the plane surface) are depicted for a sampling grid that is moved together with the plane. The purpose of
the vectors is to highlight regions of recirculation or vorticity. The sweep process
yields 160 planes in the x-direction, and 25 in y- and z- directions, respectively. The
process is depicted in Fig. 3.19, and a detailed explanation of the code is provided
in Appendix A.2.

3.4.3

Case Comparison

The post-processing procedure was further extended to include a case-comparison
script, aimed at analysing differences in the flow field. Again, a planes- sweep is
moved across the truck surfaces in all directions, and data for Cp,tot is sampled from
two separate cases, for the same plane locations as for the sweep. The difference
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CFD simulations

Read case:
Geometry (mesh),
Variables

Create sweep
plane and
resampling
grid

Resample
velocity data,
extract Cp,tot

Create projected
velocity vectors

Save figure

Move
plane

Figure 3.19: Automatic post-processing procedure for Cp,tot planes-sweep and velocity
vector fields.

∆Cp,tot between a comparison case and the reference one (typically the baseline configuration) is then computed and depicted on the corresponding plane. The same
procedure is then repeated for the difference of (static) pressure coefficient ∆Cp on
key surfaces (cabin and bulkhead base faces).
In order to cope with differences in the mesh, which would cause problems during
the difference calculation because of matrix dimensions inconsistencies, data on the
comparison grid is resampled (interpolated) from the reference one. This ensures
matrix consistency in the subtraction process. Finally, in order to exclude areas for
which the cases geometry is not matching (e.g. additional surfaces on a concept), a
threshold for velocity magnitude <0 is applied to rule out the trucks surfaces. The
resulting figure thus shows a super-imposed comparison- and reference-case geometries. The diagram in Fig. 3.20 summarises this post-processing extension, whereas
a more detailed explanation of the code used is to be found in Appendix A.3.

CFD
simulations

Read
comparison and
reference cases:
Geometry
(mesh),
Variables

Create
sweep
plane and
resampling
grid

Resample
comparison
data

Compute
ΔCp,tot

Save figure

Compute
ΔCp

Save figures

Move
plane

Figure 3.20: Automatic post-processing procedure for case comparison.
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4

Results and Discussion

This Chapter presents the main results of the CFD investigations carried out on the
unloaded timber truck. In the first part, the results for the baseline design presented
in Fig. 3.11 are summarised and discussed for the 5◦ -yaw case. In the second part,
different geometrical modifications for aerodynamic drag reduction are introduced,
based on the flow field results for the baseline. Finally, results from CFD simulations
are shown for the conceptual designs and their combinations into different “aero-kits".

4.1
4.1.1

Timber Truck: Baseline Design
Yaw-Angle Sweep

The drag coefficient yaw-dependency of the baseline timber truck is depicted in Fig.
4.1 and summarised in Table 4.1, for a yaw-sweep between 0◦ and 15◦ . The results
additionally show the wind-averaged drag coefficient, computed according to the
methods presented in Section 3.3.2 from [12].

Figure 4.1: Drag coefficient CD vs. yaw angle and wind-averaged CD,w for the baseline
timber truck.

From the yaw-angle sweep presented in Fig. 4.1 and Table 4.1, it is possible to appreciate that, in the case of the unloaded timber truck, the drag coefficient shows
a linear increase with increasing yaw angle, with a slope of approximately 38 drag
counts per yaw-degree. The drag coefficient growth with the yaw angle attributed
to a gradually larger truck surface exposed to the flow, and from the relative contribution of different truck surfaces, as presented in Fig. 4.2.
The results from the MIRA and SAE wind-averaging methods, described in Section
3.3.2 are also depicted to show the good agreement of the 5◦ -yaw case with the windaveraged values.
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CD

Yaw angle
0◦
2.5◦
5◦
7.5◦
10◦
15◦

0.508
0.609
0.696
0.794
0.887
1.091

Wind-averaging

CD,w

MIRA
SAE

0.663
0.713

Table 4.1: Drag coefficient CD vs. yaw angle and wind-averaged CD for the baseline
timber truck.

The contribution to the total drag coefficient from different truck surfaces for the
yaw-sweep simulations is presented in Fig. 4.2. The bunks have been included in
the stakes categories. A different category is shown for every stake pair in order to
highlight differences along the truck x-coordinate.

Figure 4.2: CD breakdown on truck surfaces for different yaw-angles.

The local part drag at different yaw angles presented in Fig. 4.2 highlights the considerable importance of the cabin in terms of total drag, which clearly prevails over
all the other surfaces. Interestingly, the value increases in a linear trend from the 5◦
case, whereas for smaller yaw angles no major change is observed.
This can be attributed to the separation of the flow on the cabin edge on the leeward
side. Up to 2.5◦ , the flow around the cabin A-pillar remains attached, but at higher
yaw angles it detaches, and the size of the separation region increases with larger
yaw-angles.
Despite showing an overall smaller contribution than the cabin, the drag originated
from the exposed wheels presents an exponential growth with higher yaw angles,
which makes it a key area where to focus the attention for the development of aerodynamic concepts.
Chassis and stakes-pairs from 3rd to 6th show similar linear trends, and a considerably lower portion of the total drag. The first and second stake pairs show however
a lower impact, as explained in [7], since they are included (or on the edge) of the
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turbulent wake of the cabin.
Finally, it is worth mentioning that the bulkhead makes a contribution to the total
drag reduction, which can be attributed to the suction zone developing between the
cabin rear face and the front-face of the bulkhead.
Since the 5◦ yaw-angle was selected for the preliminary investigation of concepts,
Sections 4.1.2 and 4.1.3 will focus on a more detailed analysis of the flowfield for this
case, in order to gain a better insight for a thorough comparison.

4.1.2

Truck Surface Variables

The surface distribution of static pressure coefficient Cp,x , projected in the x−direction,
is shown in Fig. 4.3 and 4.4 for the 5◦ -yaw case, in order to highlight regions of high
pressure drag. Red areas on the truck surfaces facing forwards indicate regions of
stagnating pressure, whereas blue areas on the rear surfaces highlight areas of suction. The contribution of the skin-friction coefficient to the total drag is instead
negligible (approx. 2.7%).

Cp,x

Figure 4.3: Distribution of Cp,x on truck surfaces indicating stagnating pressure in red.
5◦ -yaw, front-left view.

From the analysis of Cp,x -contours in Fig. 4.3, it is possible to appreciate that,
besides the clear impact of the cabin, the most important regions of stagnation pressure are found on the stakes, the bunks, and the exposed wheels, in particular on the
truck windward side. Moreover, this phenomenon is more evident on the trailer (3rd
to 6th stakes pair, 5th to 9th axle), whereas for the truck only the second bunk and
stake show a region of high stagnation pressure, on the windward side. Conversely,
the wheels and first bunk present a negative pressure on the larger part of the front
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side. The significant impact of the cabin radius can also be appreciated, as the flow
accelerates around the corner of the A-pillar, thus creating a considerable suction
force on the front of the cabin.
Concerning the suction pressure on the base surfaces of the truck, shown in Fig. 4.4,
it can be noticed that the left-side of the stakes presents the highest contribution to
pressure drag. This is followed by the first two bunks, the bulkhead, and the fuel
tank, whereas the impact of the wheels is only marginal.

Cp,x

Figure 4.4: Distribution of Cp,x on truck surfaces indicating suction pressure in blue.
5◦ -yaw, rear-left view.

The findings presented from the analysis of Fig. 4.3 and 4.4 are summarised in Fig.
4.5, where the evolution of the drag coefficient is depicted along the normalised x/Lcoordinate. The initial peak is due to the large stagnation region on the cabin front
face and flow separation in the truck underbody, behind the lower bumper. This is
followed by a significant drag reduction caused by the cabin rounded edge, as the
flow accelerates past the A-pillar.
The second large increase in drag (at x/L = 0.1) can be attributed to the suction
region on the rear face of the cabin, although part of it is recovered thanks to the
suction zone in front face of the bulkhead. Interestingly, the drag shows a relatively
constant behaviour between the stakes pairs, and a gradual increase at every stake
location.
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Figure 4.5: Drag coefficient build-up along the baseline truck, with normalised x/Lcoordinate, for the 5◦ -yaw case.

4.1.3

Truck Flow Field

The flow field around the truck was analysed by means of total pressure coefficient
(Cp,tot ) contours and projections of the velocity vector field, as well as iso-surfaces of
Cp,tot = 0, which highlight regions of separated flow. The most important regions,
in terms of pressure losses, separation and recirculation structures are depicted. The
results are presented for the 5◦ -yaw case only, as it was selected as the most representative one in terms of wind-averaged drag coefficient.
Fig. 4.6 through 4.10, and provide a deeper insight on the behaviour of CD presented in Fig. 4.5, and where to focus the attention in order to improve the flow
total pressure recovery.
Fig. 4.6 and 4.7 depict front views contours of total pressure coefficient at different
x/L locations. In Fig. 4.6 (a) the flow separation in the right side of the truck cabin
is highlighted, with projected velocity vectors pointing at the truck surface.
Cp,tot

(a) Cabin at x/L = 0.05

(b) Wake at x/L = 0.18

Figure 4.6: Contours of total pressure coefficient Cp,tot with velocity vector field projections at different x/L locations. 5◦ -yaw, front views.
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Furthermore, it is possible to notice the large impact of the flow separation in the
underbody, mainly caused by the geometry of the front bumper.
Fig. 4.6 (b) shows a section immediately downstream the first stake pair. In this
case, it can be observed that the first stake pair is included in the wake generated
from the cabin, and only the left-corner of the first bunk can be distinguished, which
explains the low part drag contribution in Fig. 4.2.
The vehicle low-pressure wake is a dominating characteristic in road vehicle aerodynamics, although it is typically generated at the rear-end of the vehicle. By contrast,
in the unloaded timber truck, the turbulent wake develops after the cabin and almost
entirely encloses the vehicle downstream. Interestingly, two vortex regions can be
seen on the lower left and right side (as indicated by the velocity vectors projection).
These are caused by interaction of the side-wind with the rotating wheels.
Cp,tot

(a) 2nd stake at x/L = 0.29

(b) 2nd stake wake at x/L = 0.3

(c) 5th stake at x/L = 0.78

(d) 5th stake wake at x/L = 0.79

Figure 4.7: Contours of total pressure coefficient Cp,tot with velocity vector field projections at different x/L locations. 5◦ -yaw, front views.
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The effect of the second stakes pair is depicted in Fig. 4.7 (a) and (b). Although
the total pressure in the main wake is gradually recovering, as new energy enters the
flow from the free-stream, it is possible to notice the detrimental effect of the bunk
and the stakes, which causes again a local flow separation, thus reducing the total
pressure and increasing the pressure drag. It can also be noted that starting from the
second stake pair at least one stake lies outside the cab turbulent wake, which makes
their shape, alignment and yaw-dependency key aspects for drag improvement.
Finally, a similar effect can be noticed further downstream, as shown in Fig. 4.7 (c)
and (d) for the fifth stake. However, the further downstream, the further the cabin
wake has recovered total pressure and moved to the leeward-side of the truck. For
this reason, the effect of the flow separation caused by the bunks and stakes is more
evident on both sides of the truck, although the pressure loss is smaller.
Fig. 4.8 shows top views of total pressure coefficient contours at different y/H
locations.
Cp,tot

(a) Underbody flow at y/H = −0.08

(b) Bunk base at y/H = 0.25

(c) Stakes at y/H = 0.3
Figure 4.8: Contours of total pressure coefficient Cp,tot with velocity vector field projections at different y/H locations. 5◦ -yaw, top views.

In Fig. 4.8 (a) the main features of the underbody flow can be seen. A strong
separation region is formed behind the cabin bumper, as well as the front wheels,
and the fuel tank on the truck left side. In the area between the truck and the trailer,
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a strong recirculation region can be appreciated, which is extending upstream (on the
truck leeward side) to the cabin front edge, and can be attributed to the separation
of the flow behind the cabin and the 4th wheels pair.
In Fig. 4.8 (b) and (c) the contours of total pressure coefficient are depicted at the
planes intersecting the bunks and the stakes. The relative size of the separated flow
on the cabin leeward side can be appreciated, which is generated as the recirculating
flow pushes the wake outwards in the spanwise direction. Moreover, the second bunk
and stakes pair show a very strong separation region, which can be attributed to the
flow impacting more directly on these surfaces, as they lie on the boundary of the
main separation region.
The side-views of total pressure coefficient are presented in Fig. 4.9 to highlight
two key features. First, in Fig. 4.9 (a) (located at the truck symmetry plane for
z/W = 0), the importance of the separation of the flow after the cabin lower bumper
can be appreciated. This separated flow will be deflected upwards by the frame
underbody (between the first and second stake pair) and thus affect the recirculation
in the cabin wake.
Secondly, the extension of the wake caused by bunks and stakes can be observed in
Fig. 4.9 (b). Moreover, the effect is aggravated by the upwash caused by the rotation
of the exposed wheels, which generates a strong interaction of the turbulent wakes
[7], in particular for the second and third stakes pair and bunks.
Cp,tot

(a) Symmetry plane z/W = 0.0 m

(b) Bunks and wheels at z/W = 0.4 m
Figure 4.9: Contours of total pressure coefficient Cp,tot with velocity vector field projections at different z/W locations. 5◦ -yaw, side views.

Finally, the 3D rendering of the separation wake around the truck is presented for
different views in Fig. 4.10 as an iso-surface of Cp,tot = 0, which gives a comprehensive representation of the key flow field results discussed so far.
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However, it is important to note that the results presented in Fig. 4.6 through 4.10
correspond to time-averaged values, which provide information about mean flow field
variables and sizes of the separated regions, although instantaneous results computed
with scale-resolving simulations could differ.

(a) Front-left view.

(b) Front-right view.

(c) Rear-left view.

(d) Rear-right view.

Figure 4.10: Iso-surfaces of total pressure coefficient Cp,tot = 0. 5◦ -yaw.

4.2

Concepts Development

From the flow field findings presented in Fig. 4.6 through 4.10, the development of
passive add-on devices and geometry modifications for aerodynamic drag reduction
was carried out by taking into consideration the major sources of drag seen in Fig.
4.2.
• Cabin wake and bulkhead
• Exposed wheels
• Windward side of bunks
• Stakes
The main concepts are presented in the following Sections, whereas more detailed
studies of different variants for a particular concept are to be found in Appendix C.
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4.2.1

Bulkhead Shield

In order to reduce the size of the low-pressure wake behind the truck cabin, and at
the same time increase the base pressure of the bulkhead, the effects of a lateral shield
investigated in [4] showed a 6.7% reduction in drag. The concept was extended in
this work by closing the upper part of the lateral shields with a straight roof, which
ideally should be foldable in order to allow for practical loading of timber from the
top, and the variant was denoted top shield. The variant with a straight roof of 1250
mm is depicted in Fig. 4.11.
During the development phase, different configurations were tested. First, the total
length of the shield was investigated for values of 500, 750, 1000 and 1250 mm.
Secondly, two additional variants of the shield were developed, which extended all
the way to the first stake pair. In these two modification, the roof covering of
the shield was deflected upwards to include the tips of the stakes, and downwards.
Finally, a side opening was introduced to the 1250 mm variant, to investigate the
effect of diverting part of the flow into the shield wake. The four different concepts
are presented in Fig. C.1.

Figure 4.11: Conceptual model of the straight-top shield, 1250 mm.

The comparison of the bulkhead shield variants with the baseline case is presented
in Table 4.2, in terms of total drag coefficient, percentage change and change in drag
counts.
From the results shown in Table 4.2 and Fig. C.2, the most important finding is
that the top shield with length of 1250 mm is the most effective variant, with a drag
reduction of more than 70 drag counts (around 10.5% less), and the discussion in
this Section will thus be focused on this concepts. The other variants are instead
investigated in Appendix C.1.
The considerable drag reduction produced by the introduction of the 1250 mm shield
can be attributed to two main effects. First, as shown in Fig. 4.12 through surfaces
of total pressure coefficient equal zero, the size of the cabin wake is considerably
reduced. The separation on the upper part of the cabin leeward side is almost removed, as the shield prevents the recirculation in the turbulent wake to push the
separation wake outwards.
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Concept
Baseline
Top shield 500
Top shield 750
Top shield 1000
Top shield 1250
Upwards
Downwards
Open vent

CD

∆%

∆ drag counts

0.696
0.668
0.670
0.670
0.623
0.691
0.659
0.670

–
-4.02%
-3.74%
-3.74%
-10.48%
-0.7%
-5.32%
-3.74%

–
-28
-26
-26
-73
-5
-37
-26

Table 4.2: Comparison between baseline and bulkhead shield variants for the 5◦ -yaw
case.

The bulkhead shield acts in this case as a boat tail device [4], and the contribution
of the upper roof can be seen as the cabin wake is shorter in length and height,
extending downstream only to the second stake pair. This in turns leads to a further
improvement of drag reduction from around 6.7% in [4] to 11.5% with the top shield
concept.
The second important contribution of the lateral and top shielding of the bulkhead
is the increase in its base pressure. As shown in Fig. 4.13, where the difference
of bulkhead base pressure coefficient ∆Cp between the concept and the baseline is
depicted, the concepts presents an overall higher base pressure on the bulkhead rear
surface, due to the shielding impact on the main wake.
Fig. 4.14 shows the comparison of drag build-up along the truck x-coordinate between the baseline case and the bulkhead shield (1250 mm) concept. The figure
summarises the findings presented in this Section, namely that the major contribution to the drag reduction is to be found at the cabin, due to the reduced flow
separation on the lee-ward side, and the considerable base pressure recovery that can
be achieved at the bulkhead, which dramatically decreases the drag.

(a)

(b)

Figure 4.12: Iso-surfaces of total pressure coefficient Cp,tot = 0 for the baseline case (a)
and bulkhead shield concept (b). 5◦ -yaw, top-right view.
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∆Cp

Figure 4.13: ∆Cp on the bulkhead base surface between the top shield concept and the
baseline case. 5◦ -yaw.

Figure 4.14: Comparison of drag coefficient build-up along the truck between the
baseline case and the bulkhead shield (1250 mm) concept, for the 5◦ -yaw case.

4.2.2

Bulkhead Frame

An alternative to the lateral and top shielding of the bulkhead was developed in order
to introduce more energy to the flow, thus increasing the total pressure in the cabin
wake region, and therefore reduce the pressure drag. The idea of this concept, named
bulkhead frame, is to allow the air to flow through the bulkhead, where a full plate is
replaced by a frame structure, which is shown in Fig. 4.15 for a vertical opening of
approx. 154 mm. Two additional opening heights were investigated, namely 72 and
210 mm, which are presented in Appendix C.2. The width of the opening is 1110
mm per side of the bulkhead for all the concepts.
The results of the bulkhead frame variants are compared with the baseline case in
Table 4.3.
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Figure 4.15: Conceptual model of the bulkhead frame, 154 mm opening.

Concept
Baseline
Frame 72
Frame 154
Frame 210

CD

∆%

∆ drag counts

0.696
0.698
0.613
0.701

–
+0.29%
-11.9%
+0.72%

–
+2
-83
+5

Table 4.3: Comparison between baseline and bulkhead frame variants for the 5◦ -yaw
case.

The main effect of the bulkhead frame is similar to the one of the bulkhead shield, as
it increases the total pressure in cabin wake, and it allows the flow to remain attached
on the cabin leeward side. The two concepts show in fact very similar performance
in drag reduction. A comparison of the bulkhead frame results with the baseline case
is presented in Fig. 4.16 through 4.18, for the 154 mm opening, as it proved to be
the best variant for this concept. For the smaller and larger openings, the analysis
is to be found in Appendix C.2.
In Fig. 4.16 it is possible to observe how effective the bulkhead frame is in maintaining the flow attached to the cabin leeward side at a yaw angle of 5◦ , even though it
is fully separated for the baseline model.
By looking at the Cp,tot contours at y/H = 0.49, shown in Fig. 4.17 the difference in total pressure between the baseline and the bulkhead frame concept can be
appreciated. Furthermore, it can be seen that in the case of bulkhead frame, the
strong recirculating flow that is impacting on the bulkhead base is laterally shifted
towards the centre of the surface. In Fig. 4.18, the Cp,tot contours on the yz−plane
at x/L = 0.11, reveal in fact that this shift towards the bulkhead centre allows to
reduce the lateral outwards push of the wake, which causes the flow to separate in
the baseline case.
In Fig. 4.19 the drag build-up along the truck x-coordinate is depicted for the baseline case and the bulkhead frame (154 mm) concept. Interestingly, the behaviour of
the drag build-up shows an additional information, besides the clear reduction of the
drag caused by the cabin leeward separation.
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(a)

(b)

Figure 4.16: Iso-surfaces of total pressure coefficient Cp,tot = 0 for the baseline case (a)
and bulkhead frame concept (b). 5◦ -yaw, top-right view.

At the bulkhead position x/L = 0.11 it can be seen that for the frame concept the
drag drop caused by the bulkhead is not as large as for the baseline case. However,
the increase in drag immediately downstream the bulkhead, due to the low-pressure
wake, is also smaller. Interestingly, it can be observed that the contribution of the
bulkhead frame to the drag reduction is thus more evident upstream, along the
cabin, than at the actual bulkhead location, where the baseline shows a larger drag
reduction brought about by the bulkhead surfaces.
Cp,tot

(a)

(b)
Figure 4.17: Contours of total pressure coefficient Cp,tot with velocity vector field
projections at y/H = 0.49 for the baseline case (a) and bulkhead frame concept (b).
5◦ -yaw, top view.
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Cp,tot

(a)

(b)

Figure 4.18: Contours of total pressure coefficient Cp,tot with velocity vector field
projections at x/L = 0.11 for the baseline case (a) and bulkhead frame concept (b).
5◦ -yaw, front view.

Figure 4.19: Comparison of drag coefficient build-up along the truck between the
baseline case and the bulkhead frame (154 mm) concept, for the 5◦ -yaw case.

4.2.3

Collapsed Stakes

Stakes and bunks make a clear and significant contribution to the total drag of the
truck, as shown in Fig. 4.2. What is particularly detrimental for the total pressure
recovery in the wake of the stakes/bunks is that they are placed along the entire
length of the truck. Even though the effect of main wake is dissipated downstream,
the presence of the staggered stakes and bunks causes repeated total pressure losses
and multiple minor wakes. For this reason, this concept aims at grouping the stakes
and bunks in a set for the truck and one for the trailer, in order to reduce the overall
impact of repeated total pressure losses and multiple wakes. The concept, named
collapsed stakes, with a front distance to the bulkhead of 150 mm, is depicted in
Fig. 4.20. The results of the collapsed stakes are compared with the baseline case in
Table 4.4.
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Figure 4.20: Conceptual model of the collapsed stakes.

Concept
Baseline
Collapsed stakes

CD

∆%

∆ drag counts

0.696
0.531

–
-23.70%

–
-165

Table 4.4: Comparison between baseline and collapsed stakes concept for the 5◦ -yaw
case.

The dramatic reduction in drag that is achieved with this concepts comes from
multiple effects. First of all, grouping the stakes in two sets reduced the number
of frontal areas exposed to the flow, in particular for the stakes and bunks on the
trailer, and thus the pressure drag originated from stagnation regions. Secondly, the
second stake pair and bunk is included in the cabin turbulent wake, and hence the
drag contribution of this component is significantly reduced, as illustrated in Fig.
4.21.
Furthermore, a secondary, unpredicted effect can be observed at the leeward side
of the first stake pair. When the stakes are grouped closer to the bulkhead, their
effect is very similar to the one obtained by the lateral shielding, which contrasts
the spanwise direction of the recirculating flow. This prevents the wake to spread
outwards and keeps the flow more attached, as presented in Fig. 4.22, which shows
contours of Cp,tot at y/H = 34.
Finally, it can be observed that the 4th, 5th and 6th stakes pair do not generate
additional pressure losses, as they lie in the turbulent wake of the 4th stakes pair.
These findings are clearly shown in the comparison of drag build-up along the vehicle
between the baseline case and the collapsed stakes concept, shown in Fig. 4.23.
Besides the clear reduction in drag along the cabin, the comparison also illustrates
how, in the collapsed stakes concept, the drag increase along the trailer is mainly
concentrated at the modified stakes location x/L = 0.45. Interestingly, downstream
the repositioned stakes, the drag build-up is considerably more limited than in the
baseline case.
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Cp,x

(a)

(b)

Figure 4.21: Distribution of Cp,x on truck surfaces for the baseline case (a) and the
collapsed skirts concept (b). 5◦ -yaw, top-left view.

Cp,tot

(a)

(b)
Figure 4.22: Contours of total pressure coefficient Cp,tot at y/H = 0.34 plane for the
baseline case (a) and the collapsed stakes concept (b). 5◦ -yaw, top view.
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Figure 4.23: Comparison of drag coefficient build-up along the truck between the
baseline case and the collapsed stakes concept, for the 5◦ -yaw case.

The improvement in aerodynamic performance showed in this concept is in good
agreement with the experimental results presented in [3], where the stakes have been
folded in order to reduce the drag coefficient. A drag reduction of approx. 23% was
achieved in the latter case for the 5◦ yaw angle. Both concepts aim at reducing the
impact of the stakes, by obtaining a more streamlined surface of the truck and trailer
bed.
The differences between the two models are expected to lie in geometry variations
between the concepts, mainly on how the stakes are re-positioned/folded and the
axle configuration. The model in [3] features instead a 1-2-2-2 axles set-up, for a
lighter 60 ton weight configuration. The study in [3] also highlighted the decreased
yaw-dependence of drag coefficient compared to the baseline, which would also be
expected for the collapsed stakes concept, as the grouping of the stakes reduced the
area exposed to side wind as the yaw angle increases.

4.2.4

Side Skirts

As shown in Fig. 4.4, the windward side of exposed wheels shows regions of high
stagnation pressure, in particular for the trailer. Furthermore, Fig. 4.10 (c) and (d),
reveal the strong interaction between the wakes originated from the rotation of the
exposed wheels and the bunks/stakes, on both sides of the truck. The introduction
of side skirts aims at mitigating both these effects, namely shielding wheels regions
of stagnation pressure, as well as reducing the upwash of the wake to the bunks.
The concept skirts, shown in Fig. 4.24 (a), illustrates the case where separate skirts
have been introduced for the truck and the trailer. Fig. 4.24 (b) shows instead an
idealised concept where the skirts are extended trough the truck-trailer gap. Although difficult to realise for a practical purpose, this concept aims at illustrating
the comparison with the realistic case. The idealised version could be engineered
by introducing a retractable extension to the realistic skirts. A boat-tailing of the
side-skirts was added after the most rearward wheels in order to reduce the width of
the low-pressure wake generated at the end of the trailer.
The comparison of the concepts with the baseline are presented in Table 4.5.
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(a)

(b)
Figure 4.24: Conceptual model of the side skirts, for the realistic case (a) and idealised
concept (b). Rear-left view.

Concept
Baseline
Realistic skirts
Ideal skirts

CD

∆%

∆ drag counts

0.696
0.682
0.522

–
-2%
-25%

–
-14
-174

Table 4.5: Comparison between baseline and side skirts variants for the 5◦ -yaw case.

Table 4.5 shows a strong difference between the skirts concepts, with the ideal case
clearly outperforming the more realistic one. The reason can be attributed to multiple factors. Both variants successfully shield the windward wheels and reduce the
regions of stagnating pressure on their front side, in particular on the trailer, whereas
the difference on the truck wheels are marginal as they lie in the wake of the first
wheels pair.
However, the substantial difference in performance between the two concepts is originated in the gap between the truck and the trailer. Here, a region of stagnating
pressure is created in the front face of the realistic skirts, which is instead shielded
in the idealised concept.
Furthermore, the absence of the skirts in truck-trailer connection allows the upwash
from the truck underbody to merge with the lateral wind, which in turn creates a
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vortex structure around the frame. This generates a larger wake on the leeward
side of the truck, because of a larger component of side velocity. The findings are
presented in Fig. 4.25 and 4.26, which show contours of Cp,tot and projected velocity
vectors at x/L = 0.43 (joint between truck and trailer), and iso-surfaces of Cp,tot = 0,
respectively.

Cp,tot

(a)

(b)

(c)

Figure 4.25: Contours of total pressure coefficient Cp,tot at x/L = 0.43 for the baseline
case (a), the realistic side skirts (b) and the idealised concept (c). 5◦ -yaw, front view.

(a)

(b)

(c)

Figure 4.26: Iso-surfaces of total pressure coefficient Cp,tot = 0 for the baseline case (a),
realistic side skirts (b) and idealised concept (c). 5◦ -yaw, rear-right view.
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Finally, Fig. 4.27 ṗrovides a comparison of the drag build-up along the truck between
the baseline case and the side skirts concepts. The dramatic difference between the
idealised and the realistic concept can be observed, originating from the reduced turbulent wake on the cabin leeward side. The two concepts show however very similar
trends along the entire truck length, with an offset generated by the difference in
cabin flow separation. The implementation of realistic side skirts has thus negligible
impact on the drag increase along the first part of the truck, where the bunks lie
in the cabin turbulent wake. However, a larger difference can be noticed along the
trailer, as the exposed wheels are shielded from the side wind.

Figure 4.27: Comparison of drag coefficient build-up along the truck between the
baseline case and the side skirts concepts, for the 5◦ -yaw case.

4.2.5

Higher Skirts

By assessing the performance of the side-skirts concepts, and in particular the difference between the realistic and the idealised concept, a further modification was
introduced in the side-skirts, namely an extension above the frame level. The main
idea of this concept is to shield both the exposed wheels and the bunks from the side
wind and the wheels upwash. A model of the concept can be found in Fig. 4.28 for
the realistic case (a) and the idealised one (b) extending all the way along the truck.
The comparison with the baseline model, as well as the realistic concept presented
in Sec. 4.2.4 is presented in Table 4.6.
The introduction of an upper extension of the skirts further improves the drag reduction capability of this concept, for both the realistic and ideal case.
First, the higher skirts provide a lateral shield for the bunks, which allows to decrease the stagnation pressure on their frontal areas, as less air impacts on this
region. This phenomenon is particularly evident on the rearmost bunks, which were
originally more exposed to the influence of side-wind, as well as the windward side
of the second stake, which is not included in the cabin wake. The contours of Cp,x
presented in Fig 4.29 show the comparison of stagnation pressure regions on the
baseline, the realistic skirts and the higher skirts concepts.
Secondly, the wake generated by the sides of the bunks, and its interaction with the
upwash from the wheels is reduced. The main wake of the stakes is moved upwards
as the air is deflected by the upper part of the skirts. Since the cross-section of the
stakes is smaller here, the size of the low-pressure wake also decreases. This effect is
more evident on the windward side of the truck.
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(a)

(b)
Figure 4.28: Conceptual model of the higher skirts, for the realistic case (a) and
idealised concept (b). Rear-left view.

Concept

CD

∆%

∆ drag counts

Baseline

0.696

–

–

Realistic skirts
Extended case

0.682
0.649

-2.01%
-6.75%

-14
-47

Ideal skirts
Extended case

0.522
0.476

-25.00%
-31.56%

-174
-219.5

Table 4.6: Comparison between baseline and side skirts variants for the 5◦ -yaw case,
extended.

Finally, the extended skirts also increase the base pressure on the bunks rear surfaces,
thus reducing the suction drag created by the low pressure wakes in these locations.
The main difference in performance between the realistic and the ideal case is to be
found at the connection between the truck and the trailer. In this location, the ideal
skirts, which extend all the way along the truck, provide additional shielding of the
trailer frontal area. This in turn reduces the stagnation pressure on the first bunk
of the trailer (4th bunk).
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Cp,x

(a)

(b)

(c)

(d)

(e)

Figure 4.29: Distribution of Cp,x on truck surfaces for the baseline case (a), the realistic
skirts concept (b), the extended realistic skirts (c), the ideal case (d) and the ideal
version with extended skirts (e). 5◦ -yaw, top-left view.
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A more extensive comparison of the concept is provided in Fig. 4.30, in terms of drag
build-up along the vehicle. Interestingly, it can be seen how, along the first part of
the truck, the realistic cases perform similarly to the baseline, with negligible impact
of both the low and extended skirts. Both idealised concept show instead lower drag
values as the cabin leeward separation is removed. The similarity in results between
the low and extended skirts concepts, for both the realistic and ideal cases, can be
attributed to the presence of the cabin turbulent wake. As the higher skirts are
intended to shield the bunks from exposure to side wind, but the effect is almost
negligible since the first part of the truck lies in the low-pressure wake.
However, the differences between the concepts are more evident along the trailer.
The additional drag reduction caused by the higher skirts can be appreciated for
both the realistic and idealised concepts, as the bunks in the trailer are more exposed to the side wind along the trailer surfaces.

Figure 4.30: Extended comparison of drag coefficient build-up along the truck between
the baseline case and the collapsed stakes concept, for the 5◦ -yaw case.

The findings presented in Table 4.6 were compared with a study on aerodynamic drag
reduction for flatbed trailers, presented in [29]. The study showed that the introduction of side skirts on a flatbed trailers reduces the wind-averaged drag coefficient
by approximately 8%. The comparison reveals two important findings. First, and
most important, that the drag reduction obtained with the idealised skirts concepts
(25% for the low skirts) is significantly larger than the realistic implementation seen
in [29]. Secondly, that the results obtained for the realistic skirts are instead in good
agreement with the experimental results, in particular for the vertically extended
skirts. By shielding the bunks from the side wind, the flow disruption and drag contribution coming from these surfaces are dramatically reduced, which explains the
similarity with the flatbed configuration.
The comparison with experimental results was useful in order to indicatively understand what the typical magnitude of drag reduction is for a realistic case. However,
the differences in models and test set-up need to be considered. The study presented
in [29] was in fact conducted on a different truck geometry and flow conditions, with
16.15 m length, a conventional cab, and a 1-2-3 axles configuration, at a velocity of
U∞ = 100 km/h.
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4.2.6

Rotated Bunks

As shown in Fig. 4.3 and 4.10, the bunks are an important source of pressure drag
and a strong interaction is appreciated between the upwash from the rotating wheels
and the wake of the bunks. By considering this factors, a concept was developed
where the bunks have been rotated along their respective y-axis, and are therefore
aligned on the truck symmetry plane. In order to achieve this configuration, the
bunks x-position has been adapted in order to enable them to rotate. The concept
is presented in Fig. 4.31. The comparison with the baseline is presented in Table
4.7.

Figure 4.31: Conceptual model of the rotated bunks. Rear-left view.

Concept
Baseline
Rotated bunks

CD

∆%

∆ drag counts

0.696
0.629

–
-9.62%

–
-67

Table 4.7: Comparison between baseline and y-rotated bunks for the 5◦ -yaw case.

By rotating the bunks and aligning them on the truck symmetry plane, a drag decrease of almost 10% was achieved. This can be attributed to the reduced frontal
area of the bunks with respect to the baseline case, as shown in Fig. 4.32, which
in turn reduces the regions of stagnation pressure. Moreover, the number of exposed surfaces is considerably decreased, as the bunks are pairwise aligned and the
frontal ones shield the downstream ones. This design also completely removes the
low-pressure wake generated by the bunks.
Furthermore, the interaction between the upwash of the rotating wheels and the
bunks sides extending out of the frame has been removed, and for this reason the
low-pressure wake generated by the bunks is considerably reduced, as shown in Fig.
4.33. It can also be appreciated that the second bunk, when rotated, can be entirely
included in the low-pressure wake developing from the cabin, which further contributes to the drag reduction. Additionally, as the alignment of the bunks provides
a sort of streamlining feature, the size of the rear wake of the truck is also shortened.
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Cp,x

(a)

(b)

Figure 4.32: Distribution of Cp,x on truck surfaces for the baseline case (a) and the
y-rotated bunks concept (b). 5◦ -yaw, top-left view.

(a)

(b)

Figure 4.33: Iso-surfaces of total pressure coefficient Cp,tot = 0 for the baseline case (a)
and y-rotated bunks (b). 5◦ -yaw, top-left view.

Finally, Fig. 4.34 provides a comparison of the drag accumulation along the truck
between the baseline case and the rotated bunks concept. The benefits of rotating
the bunks in terms of drag reduction are evident from the second stakes/bunk, at
x/L = 0.3. As shown in Fig. 4.33, by rotating the second stake pair it will be included
in the cabin wake, which explains the lower drag showed by the concept at this
location. Further downstream, the drag increase is gradual, as the different alignment
of the bunks in the re-designed concept removes the clear step-like behaviour showed
in the baseline case, and yields a resulting lower total drag.
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Figure 4.34: Comparison of drag coefficient build-up along the truck between the
baseline case and the rotated bunks concept, for the 5◦ -yaw case.

4.2.7

Streamlined Bunks

In order to reduce the pressure drag coming from the windward side of the bunks,
which was shown in Fig. 4.3 and 4.10, two additional concepts were investigated,
with a re-designed shape of the bunks. The aim was to assess whether it was possible to reduce both the turbulent wake size and the stagnation pressure originated
from the bunks. A first concept was developed by introducing a deflecting surface
to achieve more streamlined base for the bunks, that was aimed at keeping the flow
attached to the bunk surfaces.
A second variant was developed with larger radii of the bunks surfaces, with the
idea of boosting flow attachment and reducing stagnation pressure (as for the cabin
radius) and a boat-tailing device on the rear surfaces of the bunk, with the intention
of reducing the bunks frontal area and the size of the bunks wake. The two concepts were named streamlined bunks 1 and streamlined bunks 2, respectively, and are
presented in Fig. 4.35. Table 4.8 shows instead the comparison of results with the
baseline case.

(a)

(b)

Figure 4.35: Conceptual model of the streamlined bunks 1 (a), and 2 (b). Rear-left
view.
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Concept
Baseline
Streamlined bunks 1
Streamlined bunks 2

CD

∆%

∆ drag counts

0.696
0.715
0.710

–
+2.8%
+2.1%

–
+19
+14

Table 4.8: Comparison between baseline and streamlined bunks for the 5◦ -yaw case.

The unexpected results presented in Table 4.8 show that both concepts did not yield
satisfactory performance in drag reduction, since the drag coefficient was instead
increased. In order to understand the reason behind the poor performance, different
flow field features were compared. In Fig. 4.36, the regions of stagnation pressure
on the truck are compared in terms of Cp,x .
Cp,x

(a)

(b)

(c)

Figure 4.36: Distribution of Cp,x on truck surfaces for the baseline case (a), streamlined
bunks 1 concept (b), and streamlined bunks 2 concept (c). 5◦ -yaw, top-left view.
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From the comparison of stagnation pressure with the baseline design, it can be
seen that for both concepts the stagnation pressure on the bunks front surfaces is
increased. In the first variant, the introduction of additional surfaces at the bunks
increased the area exposed to the side wind, as it can be seen in Fig. 4.36 (b). For
the second variant instead, although the frontal area of the bunks was decreased
through a larger radius, the pressure coefficient distribution on the remaining area
shows higher values.
Fig. 4.37 shows instead contours of total pressure coefficient on a xz-plane at the
bunk location y/H = 0.26. As it can be seen, another contribution to the increased
drag in the concepts can be attributed to the increased size of the bunks low-pressure
wakes. This is more evident at the second bunk location, in particular for the first
variant of the concept.
Cp,tot

(a)

(b)

(c)
Figure 4.37: Contours of total pressure coefficient Cp,tot at y/H = 0.26 plane for the
baseline case (a), streamlined bunks 1 concept (b) and streamlined bunks 2 concept
(c). 5◦ -yaw, top view.

67

Fig. 4.38 depicts iso-surface of Cp,tot = 0, which additionally highlight the size of the
separation wakes for the baseline case and the two concepts. A central portion of the
wake is effectively removed on the first variant of the concept, but in turn the wake
on the bunk outmost sides is larger in size than the baseline case. Conversely, for
the second variant a smaller wake can be appreciated in the last two bunks, whereas
it can be noticed that for the other bunks, the low-pressure wake is larger at the
connection between bunks and stakes.
Furthermore, for the second variant, it can be seen that a region of increased pressure
is developed between the third and fourth bunk, as the air is deflected by the “boattailing" devices and thus impacts more directly on a downstream bunk, thus resulting
in the increased stagnation pressure that can be seen in Fig. 4.36.

(a)

(b)

(c)

Figure 4.38: Iso-surfaces of total pressure coefficient Cp,tot = 0 for the baseline case
(a), streamlined bunks 1 concept (b), and streamlined bunks 2 concept (c). 5◦ -yaw,
top-left view.

Finally, a comparison of the drag coefficient build-up along the truck is provided in
Fig. 4.39, which summarises the findings discussed so far for the concepts. The main
differences in drag build-up with the baseline occur from the second bunk, and both
concepts show similar trends along the remaining length of the truck.
From an general point of view, the design of the streamlined bunks was carried out
to target specific features of the flow field. However, the overall poor performance
of the concepts revealed that design of more aerodynamic bunks is a complex topic,
that additionally need to take into account the combination of multiple bunks, as
they lie one downstream one another. For this reason, there might be an imbalance
between the resources needed for such a detailed studies and the effective results
that can be obtained, whereas a considerably better outcome can be achieved with
relatively simple designs such as the extended skirts.
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Figure 4.39: Comparison of drag coefficient build-up along the truck between the
baseline case and the streamlined bunks concepts, for the 5◦ -yaw case.

4.2.8

Streamlined Stakes

The baseline design of the stakes presents a square cross-section with rounded edges,
which contributes to the generation of low-pressure wakes downstream a stake pair,
and turn gradually increase the truck drag, as presented in Fig. 4.10 and 4.5.
A concept called streamlined stakes was designed, as this approach has been successfully implemented in [3] and [7]. The re-designed stakes feature symmetricalm
thick airfoil profile cross-section, with a thick trailing edge. Although a thinner airfoil would be more recommended for low-drag configuration at 0◦ -yaw, this could
lead to larger separation with larger yaw angles, in particular at the sharp leading
and trailing edges. The concept is presented in Fig. 4.40 and 4.41, and the comparison between the baseline design and the streamlined stakes is presented in Table 4.9.

(a)

(b)

Figure 4.40: Conceptual model of the baseline (a) and streamlined (b) stakes.
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U∞

U∞

(a)

(b)

Figure 4.41: Cross-section of the stakes for baseline case (a) and streamlined stakes
concept (b) at the stake top. Notice the reduced thickness and the sharp trailing edge
in the streamlined case.

Concept
Baseline
Streamlined stakes

CD

∆%

∆ drag counts

0.696
0.675

–
-3%

–
-21

Table 4.9: Comparison between baseline and streamlined stakes for the 5◦ -yaw case.

The new stakes design produces only a marginal reduction in drag, around 3%,
which is mainly achieved by reducing, the wake of the stakes. The results show good
agreement in terms of CD (same order of magnitude) with the study presented in
[30], which showed a that a drag reduction of almost 1.6% was achieved for tapered
stakes on the full-scale timber truck simulation.
However, from the findings presented in [3] and [4], where a drag reduction of approx.
50 drag counts was achieved, show how the concept could be further improved.
In Fig. 4.42, iso-surfaces of Cp,tot = 0 are depicted for the baseline (a) and the
streamlined stakes concept (b).
It can be appreciated that in the concept with more streamlined stakes the wake can
be considerably reduced. In particular, this is more evident at the intersection of
the stakes with the bunks. It is important to note that the separation is not entirely
removed with the new stakes design, especially in the rearmost stake pairs. However,
an optimisation of the shape for a particular yaw case could be detrimental for other
yaw cases.
Interestingly, the streamlined stakes do not bring about major changes on the truck
flow field, as their effect is confined to the stakes region. With this consideration,
the streamlined stakes allow for a significant degree of flexibility and are thus highly
suitable for combination with other concepts.
Fig. 4.43 shows the behaviour of the drag coefficient build-up along the truck x/Lcoordinate, comparing the baseline case with the streamlined stakes concept. The
results revealed an unexpected difference from the baseline drag starting from the
first stake pair, where the streamlined stakes concept shows slightly higher values.
However, this can be identified in Fig. 4.42 (b) from a somewhat longer cabin wake.
Despite this unexpected difference, the benefit of the streamlined stakes is evident
as the drag increase over a stake pair is reduced (e.g. at x/L = 0.52), and despite
the difference along the truck, the concept shows better results and an overall lower
drag along the trailer.
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(a)

(b)
Figure 4.42: Iso-surfaces of total pressure coefficient Cp,tot = 0 for the baseline case (a)
and streamlined-stakes (b). 5◦ -yaw, rear-left view.

Figure 4.43: Comparison of drag coefficient build-up along the truck between the
baseline case and the streamlined stakes concept, for the 5◦ -yaw case.
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4.3

Concepts Comparison

The results of the presented concepts have been summarised and re-arranged from
least to most effective for the 5◦ -yaw case. They are presented in Fig. 4.44 and 4.45
in terms of total drag (compared to the baseline), drag counts reduction from the
baseline and percentage decrease in drag.

Figure 4.44: Comparison of drag coefficient CD between the baseline case (dashed red)
and different concepts for the 5◦ -yaw case.

(a)

(b)

Figure 4.45: Comparison aerodynamic performance among different concepts in terms
of drag counts reduction (a) and % decrease in drag coefficient (b) from baseline case
for the 5◦ -yaw case.

From the summary of the concepts performance presented above, it can be seen that
the range of their effectiveness is relatively broad, with a drag reduction varying from
2 to more than 30%.
Three solutions can be distinguished for their remarkable performance, namely the
collapsed stakes, the idealised skirts and the vertically extended ideal skirts, which
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bring about a drag reduction of approximately 22-32%. The main effect of these
concept is the reduction of pressure regions at the bunks and wheels, as well as the
reduction of the interaction between the corresponding wakes.
From the large variety of concepts presented in this Section, it can also be observed
that one of the major factors of drag reduction is related to the separation on the
leeward side of the cabin A-pillar. For concepts such as the bulkhead frame, the
bulkhead shield, the collapsed stakes and the idealised skirts, a significant contribution to the reduction in drag coefficient comes from the fact that size of the this
wake is considerably reduced, if not removed entirely.
The developing of aerodynamic concepts proved to be dramatically sensitive to the
flow conditions in this region. The reason behind it lies in the selection of the yawangle of 5◦ as the representative case for the wind-averaged drag coefficient (see
Section 3.3).
The rotated bunks, bulkhead shield and bulkhead frame occupy a middle category
in terms of performance, whereas the realistic skirts (with and without vertical extension) and the streamlined stakes yield only marginal improvements.
For the final comparison of the concepts, a distinction can also be drawn in terms of
effects on the flow field. Concepts such as the streamlined stakes, the rotated bunks,
and the collapsed stakes cause only local modifications on the baseline flow field.
However, the introduction of skirts, bulkhead frame and shield achieve better performance by bringing about complex changes in the truck aerodynamics, which in
turn increase the difficulty of determining how to combine them into aero-kits.
Furthermore, some of these concepts might show highly performing results as a
proper equilibrium is reached in the flow field, which could however be disrupted by
the combination with other concepts. This concerns in particular the separation on
the leeward side of the cabin A-pillar, which, as highlighted in many cases, is very
sensitive to the downstream flow conditions and makes a substantial difference in
terms of drag reduction.
An example in this sense is the bulkhead frame, which, as presented in Appendix C.2,
requires a proper sizing of the openings to achieve the correct equilibrium between
flow-through and back-flow, and thus avoid flow separation at the cabin leeward side.
The interaction of multiple modifications is hence a very sensitive task, which might
yield unexpected outcomes instead of creating synergy.
Another important aspect that needs to be taken into consideration is the flow separation on the leeward side of the cabin. Although the yaw-sweep results showed the
best agreement with the MIRA and SAE wind-averaging methods at 5◦ , as shown in
Fig. 4.1, it must be considered that, this angle also corresponds to the onset of the
cabin separation, as indicated by the increased drag coefficient that can be observed
in Fig. 4.2. For this reason, some concepts might have shown different and more
effective results in drag reduction. However, since the particular case of 5◦ is critical for the separation onset, small details and disturbances in the flow field features
could make the difference between detached or attached flow (e.g. lateral component of velocity in the realistic skirts, pushing the wake outwards on the leeward side).
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4.4

Aero-kits Development

From the results of the designs presented in Fig. 4.44 and 4.45, different sets of
concepts were chosen as candidates to be combined and tested into “aero-kits". The
goal of this phase was find a suitable combination of existing concepts in order to
further enhance the drag reduction. For this purpose, geometrical aspects were also
taken into account in terms of practical feasibility of the proposed solution.
A build-up approach was used for the combinations, in order to establish the influence of integrating different concepts on the flow field. For instance, if a combination
included skirts, both the low and the extended versions of this concept were investigated. In this Section, the combined concepts are described, whereas a comparison
in terms of aerodynamic performance is provided in Section 4.5.

4.4.1

Aero-kit 1

The first combination of concepts was designed by picking best-performing designs
presented in Section 4.2. With this consideration, the baseline truck was fitted with
a the set of ideal skirts, collapsed stakes and bulkhead frame. The ideal skirts were
preferred over the more realistic ones as they provided a substantial difference in
drag reduction.
It is important to note that, although the skirts with a vertical extension yielded
better results than the initial concept, they may impose a major practical constraint
if combined with the grouping of the stakes. For this reason, the lower skirts were
selected for this concept, which is illustrated in Fig 4.46.

Figure 4.46: Conceptual model of the aero-kit 1. Rear-left view.

4.4.2

Aero-kit 2

The second proposed aero-kit was derived by combining the collapsed stakes and
ideal skirts with the streamlined version of the stakes. The bulkhead frame was
instead replaced with the baseline plate in order to achieve a flow field more similar
to the stand-alone stakes concept. This was done to verify the performance of the
combination through a buildup method. The aero-kit 2 is presented in Fig. 4.47.
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Figure 4.47: Conceptual model of the aero-kit 2. Rear-left view.

4.4.3

Aero-kit 3

The aero-kit 3 was designed to exploit the considerable benefit showed by the skirts
vertical extension (for the ideal case). For this reason, the higher skirts were combined with the bulkhead shield, which showed good flow attachment properties at
the cabin, and the airfoil-shaped stakes.
The ideal, extended skirts were used here as they showed the best results in terms
of drag reduction. Although the concept is not entirely realisable from a practical
perspective, due to limitations in manoeuvring and turning radius, this design was
chosen to illustrate the performance of an ideal case. The concept is shown in Fig.
4.48.

Figure 4.48: Conceptual model of the aero-kit 3. Rear-left view.

4.4.4

Aero-kit 3, Realistic

From a practical loading and manoeuvring perspective, the ideal skirts in the aerokit 3 configuration present a substantial obstacle. For this reason, a more realistic
version of the concept was designed, by replacing the skirts in the truck-trailer gap
with the more realistic design, and by removing the upper side of the skirts boattailing, which would obstruct the trailer loading procedure. The concept is presented
in Fig. 4.49.
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Figure 4.49: Conceptual model of the aero-kit 3, realistic version. Rear-left view.

4.4.5

Aero-kit 4

An additional aero-kit was designed with the intention of further improving the realistic concept for the aero-kit 3.
Furthermore, by considering that the trailer is typically produced by different manufacturers than the truck, this concept additionally aimed at providing separate
aero-kits for the truck and the trailer. For this purpose, the stakes were collapsed
only on the trailer, whereas the original positioning was kept for the truck. The
combination is depicted in Fig. 4.50.

Figure 4.50: Conceptual model of the aero-kit 4, realistic version. Rear-left view.
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4.5

Aero-kits Comparison

The comparison of the aero-kits presented above with the baseline case is carried
out in Fig. 4.51, 4.52 and Table 4.10, in terms of total drag coefficient, percentage
reduction and reduction in drag counts.
The remarkable performance of the third aero-kit can be appreciated, reaching almost
40% in drag reduction, which is the best overall result from the concepts investigated
in this Thesis work. Interestingly, the modification of the concept for a more realistic
setup achieved a considerable drag reduction, more than 25%. This value was further
increased to 32% by collapsing the stakes on the trailer as in the second aero-kit.
Conversely, the first two aero-kits yielded only limited performance, in the sense that
the combination of multiple concepts did not produce an increased drag reduction.
Concept
Baseline
Aero-kit
Aero-kit
Aero-kit
Aero-kit
Aero-kit

1
2
3
3, real.
4

CD

∆%

∆ drag counts

0.696
0.584
0.564
0.429
0.512
0.468

–
-16.0%
-18.9%
-38.3%
-26.4
-32.7

–
-112
-132
-267
-184
-228

Table 4.10: Comparison between baseline and aero-kit concepts for the 5◦ -yaw case.

Figure 4.51: Comparison of drag coefficient CD between the baseline case (dashed red)
and different aero-kits for the 5◦ -yaw case.
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(a)

(b)

Figure 4.52: Comparison aerodynamic performance among different aero-kits in terms
of drag counts reduction (a) and % decrease in drag coefficient (b) from baseline case
for the 5◦ -yaw case.

The main reason for the limited performance of the aero-kits 1 and 2, is the presence
of a separation wake on the leeward side of the cabin, that was instead reduced or
removed in the single concepts. By combining the collapsed stakes with the side
skirts, the air stream undergoes a strong deflection at the location of the second
stake group location. This strong deflection causes in turn the flow on the leeward
side to detach from the cabin surface. This was not the case for the collapsed stakes
concept, but the presence of additional skirts does not allow the deflected flow to
escape towards the underbody.
Similarly, by comparing the aero-kits 1 and 2 with the ideal skirts concept, as the
stakes and bunks were staggered along the whole axis, the “blockage" effect was considerably reduced and no flow separation occurred on the upper leeward side of the
cabin.
This phenomenon is, however, mitigated in the aero-kit 3 concept, where the presence of the bulkhead shield provides a more attached flow, and the vertical extension
of the skirts shields the bunks from the side-wind and the sidewards deflection is
avoided.
A comparison of the different flow fields can be found for the y/H = 0.26 plane in
Fig. 4.53, for the collapsed stakes concepts, and three aero-kits, whereas 4.54 provides the iso-surfaces of Cp,tot = 0. Aero-kits 3 realistic and 4 are not included as
they show flow field features similar to the aero-kit 3. The concept with collapsed
stakes is depicted to highlight the difference with the aero-kits, and thus underline
the importance of the build-up method while designing concept combinations.
As shown in Fig. 4.53 (b) and (c), the combination of side-skirts with the collapsed
stakes concept creates a strong blockage effect at the location of the trailer stakes,
that affects the upstream flow on the leeward side of the truck. The considerable
difference with the collapsed stakes (without skirts) shown in Fig. 4.53 (a) can be
appreciated.
Furthermore, it is possible to notice that, for the third aero-kit, the flow on the leeward side of the truck is considerably more streamlined and well-attached. Although
local recirculation regions can be observed between the first and second bunks, as
well as the second and third, the vertical extension of the skirts prevents these local
flow deflections to induce flow-separation on the cabin.
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Cp,tot

(a)

(b)

(c)

(d)
Figure 4.53: Contours of total pressure coefficient Cp,tot at y/H = 0.26 plane for the
collapsed stakes concept (a), aero-kit 1 (b), aero-kit 2 (c) and aero-kit 3 (d). 5◦ -yaw,
top view.

A comparison between the baseline model and the third aero-kit can be found in Fig.
4.55 in terms of iso-surfaces of Cp,tot = 0. It can be appreciated that the bulkhead
shield, combined with the ideal skirts in the aero-kit 3, is considerably effective in
removing the flow separation from the leeward side of the upper cabin. Moreover a
shorter and narrower low-pressure wake behind the cabin was obtained.
Furthermore, the skirts provide a drastic reduction of the wakes from the wheels,
as well as their interaction with the separated flow downstream the bunks. When
combining them with the streamlined stakes, as expected, a local improvement in
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the reduction of the stakes wake was obtained, in particular in region of the wheels
upwash.

(a)

(b)

(c)

(d)

Figure 4.54: Iso-surfaces of total pressure coefficient Cp,tot = 0 for the collapsed stakes
(a), aero-kit 1 (b), aero-kit 2 (c) and aero-kit 3 (d). 5◦ -yaw, rear-left view.

(a)

(b)

Figure 4.55: Iso-surfaces of total pressure coefficient Cp,tot = 0 for the baseline case (a)
and the aero-kit 3 combination (b). 5◦ -yaw, top-right view.

Fig. 4.56 shows instead the distribution of stagnation pressure regions, in terms of
Cp,x contours. The main improvement in this case is given by the higher skirts,
which deflect the air impacting on the wind-side of the bunks, and thus remove the
areas of high stagnation pressure on the bunks and exposed wheels. However, it can
also be appreciated the static pressure is decreased on the streamlined stakes as well,
because of the reduced frontal area.
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Cp,x

(a)

(b)

Figure 4.56: Distribution of Cp,x on truck surfaces for the baseline case (a) and aero-kit
3 combination (b). 5◦ -yaw, top-right view.

For the more realistic design of the third aero-kit, the considerable difference in
performance, compared to the ideal version, is attributed to the separation on the
leeward side of the cabin, as well as the stagnation pressure from the additional
frontal area of the trailer skirts.
As it was discussed in Sections 4.2.4 and 4.2.5, a lateral wind component in the region of the truck-trailer connection was causing an upstream separation at the cabin
for the realistic concept of the skirts. This phenomenon was instead not witnessed
for the ideal concepts of the skirts, extending from the truck to the trailer.
However, by introducing the bulkhead shield, the separation is considerably mitigated, as the flow also tends to be more attached on the leeward side, and the base
pressure of the bulkhead is increased.
Fig. 4.57 presents a comparison of total pressure coefficient contour at the bulkhead
location (x/L = 0.11), between the higher skirts concept and the aero-kit 3 (realistic). It can be observed that, although not entirely removed, the separation wake
on the leeward side of the cabin is considerably smaller in size for the aero-kit 3
combination (b).
Concerning the fourth aero-kit, the further improvement from the aero-kit 3 (realistic) can be attributed to the grouping of the stakes on the trailer, which, combined to
the higher skirts, provides an additional 6% reduction in drag. The comparison can
be found for Cp,x contours in Fig. 4.58. It is possible to observe how the additional
frontal surface of the realistic skirts at the trailer adds to the stagnating pressure
in both concepts. However, by collecting the stakes at the front of the trailer, and
combining this with higher skirts, the impact on drag build-up from the bunks 4 to
6 is almost removed.
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Cp,tot

(a)

(b)

Figure 4.57: Contours of total pressure coefficient Cp,tot at x/L = 0.11 for the extended
skirts concept (a) and the realistic aero-kit 1 (b). 5◦ -yaw, front view.

Cp,x

(a)

(b)

Figure 4.58: Distribution of Cp,x on truck surfaces for the aero-kit 3, realistic (a) and
aero-kit 4 (b). 5◦ -yaw, top-Left view.

A final comparison of the drag coefficient build-up along the truck x/L coordinate
for the aero-kits is presented in Fig. 4.59.
First, it can be seen that the major difference in performance showed by the aero-kit
3 (ideal) is to be found at the cabin location, because of the separation wake on the
leeward side. The trend of the drag accumulation for the ideal and realistic case of
the aero-kit 3 is in fact very similar along the rest of the truck. A small difference can
only be found at the connection of truck and trailer x/L ≈ 0.6, where the realistic
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skirts present additional stagnation pressure.
By contrast, the comparison between aero-kit 3 (realistic) and 4 shows similar trends
along the truck, whereas the collapsing of the stakes yields in overall a lower drag
increase over the trailer.
The limited performance of the aero-kits 1 and 2 is also reflected in the drag buildup comparison. Although the two combinations show similar results along the truck
surface, the different type of stakes used yields a different outcome for the drag
accumulation along the trailer, where the second aero-kit clearly performs better,
thanks to the more streamlined stakes.

Figure 4.59: Comparison of drag coefficient build-up along truck between the baseline
(red) and the aero-kits, with normalised x/L-coordinate, at 5◦ -yaw.

Table 4.11 shows the contribution of truck and trailer to the total drag for the
best-performing combinations, namely aero-kit 3, aero-kit 3 realistic and aero-kit 4,
compared to the baseline. The boundary between truck and trailer was set at the
hook location for x/L = 0.4. This analysis was carried out in consideration of the
differences among the concepts and aero-kits for the truck and trailer drag build-up.
From the comparison between the baseline and the combinations, it can be appreciated that the aero-kit 4, with an approximate total drag reduction of 32%, shows a
decrease of 11% in the drag contribution from the trailer.
For this reason, an important finding of the analysis of the aero-kits is the considerable suitability of the aero-kit 4 for the development of an aero-kit focused on the
trailer performance. This could in turn be an interesting opportunity in the timber trucks sector, as the trailers are typically manufactured by stand-alone, external
companies.
Concept

CD Truck [%]

CD Trailer [%]

68%
73%
76%
79%

32%
27%
24%
21%

Baseline
Aero-kit 3
Aero-kit 3, real.
Aero-kit 4

Table 4.11: Comparison of truck and trailer drag contributions between baseline and
aero-kit concepts for the 5◦ -yaw case.
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The analysis of the full yaw sweep was carried out on the aero-kit 3 (realistic) and
4, in order to assess the yaw-dependence of the drag coefficient in comparison to the
baseline case. The results are presented in Fig. 4.60 and in Table 4.12 in terms of
percentage change ∆%, which additionally shows a comparison of the wind-averaged
drag coefficients.

Figure 4.60: Drag coefficient CD vs. yaw angle for the baseline timber truck, aero-kit
3 (realistic) and aero-kit 4.

Baseline

Aero-kit 3, real.

Aero-kit 4

CD

CD

∆%

CD

∆%

2.5◦
5◦
7.5◦
10◦
15◦

0.508
0.609
0.696
0.794
0.887
1.091

0.374
0.434
0.512
0.640
0.721
0.851

-26.4%
-28.7%
-26.4%
-19.4%
-18.7%
-22.0%

0.331
0.385
0.468
0.613
0.699
0.818

-34.8%
-36.8%
-32.6%
-22.8%
-21.2%
-25.0%

Wind-averaging

CD,w

CD,w

∆%

CD,w

∆%

MIRA
SAE

0.663
0.713

0.494
0.538

-25.5%
-24.5%

0.451
0.498

-32.0%
-30.2%

Yaw angle
0◦

Table 4.12: Drag coefficient CD vs. yaw angle and corresponding CD , w for the baseline
timber truck, aero-kit 3 (realistic) and aero-kit 4.

The most important finding from the yaw-sweep analysis is that the aero-kits show
lower drag values at all yaw-angles, with the aero-kit 4 showing the best performance.
The improvement in performance is thus not only limited to the 5◦ case used for the
concepts development.
Another interesting observation is that, as showed in Fig. 4.60, the yaw-dependence
of CD for the aero-kit 3 (realistic) and 4 is not linear as in the baseline case. A
steeper increase in drag can be noticed between 5◦ - and 7.5◦ -yaw, whereas the yawsensitivity of CD is lower for the aero-kits in comparison to the baseline at lower and
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larger yaw-angles.
From the results presented in Table 4.12, it can be observed that a good agreement
is reached between both wind-averaging methods in terms of relative drag reduction for the presented aero-kits. Furthermore, both combinations show remarkable
performance in terms of in wind-averaged drag coefficient, with a CD,w reduction of
approx. 24.5% for the aero-kit 3, and more than 30% for the aero-kit 4.

4.6

Method and Methodology Development

This Section provides a general discussion of the results obtained during the Thesis
work, under consideration of the chosen research method. Furthermore, the limitations of the study, as well as the final reflections on the methodology development
for the automatic post-processing are provided.
The main topic of discussion on the research method concerns the validity of the
results that have been obtained through CFD simulations. In fact, validation of the
computational results against experimental data was not carried out for the simulations on the unloaded timber trucks.
However, the preliminary study presented in Section 3.1 was carried out on the Allan
body, which is an established benchmarking case for truck aerodynamics studies. The
selection of a computational grid type, as well as the study of the turbulence model
was carried out under careful consideration of the experimental work presented in
[9], as well as CFD simulations carried out in previous studies [6, 27]. The hexcore
mesh with y + > 30 and the RKE turbulent model with Enhanced Wall Treatment
showed the best performance among the investigated cases, and were deemed to be
sufficiently reliable for to be used on further simulations on the unloaded timber
truck, which features similar flow field characteristics.
Secondarily, the choice of the Allan body as the validation study for the CFD simulations was also based on the available computational resources. A thorough study
of the types of computational grid, as well as the choice of turbulent model, would in
fact have been prohibitively expensive in terms of computational time. For instance,
the mesh generated with tet-elements would have featured a considerably larger size.
Furthermore, since the validation study was carried out on the early stages of the
Thesis work, the Allan body was deemed to be a more suitable platform for the
development of the required knowledge, because of the relatively basic geometry.
With regard to the choice of the turbulent models, the RANS approach was chosen
for a compromise between computational mesh requirements, computational time,
and detail of resolution of the results. A LES approach, or hybrid LES/RANS would
have given additional information about the transient behaviour of the flow field
variables over time. However, this would have computationally and time expensive,
in particular for the concept development phase.
The time-averaged values provided by the RANS turbulence models were instead
a suitable tool for a preliminary design and comparison phase, and more detailed
scale-resolving simulations could instead be used for a detailed study of a chosen
concept or aero-kit.
Concerning the underlying assumptions in the research methods, it can be observed
that only positive angles were used for the yaw-sweep analysis of the baseline case,
although the model presents asymmetric features such as fuel tank and exhaust sys85

tem. The yaw-sweep sensitivity was performed on the positive angles only, however,
because of the low contribution that these surfaces showed on the total drag coefficient, as shown in Fig. 4.2. The fuel tank and exhaust system are included in
the Chassis category, which shows drastically lower values of drag if compared to
the cabin and the wheels, and differences between positive and negative yaw angles
would only marginally affect the underbody flow.
The choice of 5◦ yaw as the most representative case for the wind-averaged drag
coefficient CD,w was confirmed by the yaw-sweep analysis of the aero-kits, which
confirmed the good agreement of the CD results at 5◦ yaw with both MIRA and
SAE wind averaging methods.
In addition to the validation of the results, a few considerations are in order with
regard to the simplifications of the unloaded timber truck geometry, and more in
general the limitations of the study.
First, it needs to be reminded that the results from the CFD analysis are based on a
simplified geometry. As presented in Fig. 3.10 and 3.12, details in the actual geometry such as the crane, small surfaces and the connection between truck and trailer
were removed in order to reach a reasonable compromise between results fidelity and
computational cost, in particular in terms of mesh generation, as explained in [4, 7].
However, these modifications were expected to have only marginal impact on the
study of the drag coefficient.
A similar limitation is presented by the add-on concepts. The geometry modifications were introduced in a simplified design in order to ease the computational grid
creation. For this reason, the actual implementation of the concepts might yield
different results, as the models may require modifications in order to be functionally
and effectively installed on the trucks. An example on this sense is the realistic skirts,
which have been designed to take the truck rotation into account. The collapsing of
the stakes is another example, which would require a study of a system to translate
the stakes and bunks along the truck bed. Similarly, a mechanism would be needed
to rotate the bunks around their y-axis, or to fold the top part of the bulkhead shield
to ease the loading procedure.
On the other hand, time also proved to be a considerable limitation during the concepts development phase. In the available time frame, it was not possible to fully
optimise the proposed concepts, but only to investigate preliminary ideas and a few
variants. This is particularly relevant for the concepts for which cabin separation on
the leeward side of the A-pillar was still present. In this case, more detailed investigations could have proposed different approaches to keep the flow more attached to
the cabin and further decrease drag.
A final discussion is presented on the methodology development phase, in order to
address the accuracy and reliability of the results obtained through the automatic
post-processing, in comparison to the results directly available through the CFD
simulations.
The main difference between the two approaches lies in the fact that the results
obtained from Ansys Fluent were averaged over a defined amount of iterations, in
order to remove minor oscillations. This mainly concerned the end-values of drag
coefficients. Conversely, the results obtained through the automatic post-processing,
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such as contours of surface variables, drag build-up profiles, and iso-surfaces of Cp,tot ,
where obtained from the last step of the CFD simulation, and might hence differ from
the averaged values.
Furthermore, re-sampling procedures where used during the automatic post-processing,
for instance during the projections of velocity vector field for the planes sweep, or
during the case comparison (see Fig. 4.13). Data interpolation was in fact carried
out in order to obtain the vectors for the projected velocity vector field on userdefined grids. Additionally, data was interpolated in the case comparison procedure,
as the information on the target case (comparison) is re-sampled with the grid of the
baseline case (input) in order to preserve consistency in matrix dimensions.
However, the automatic post-processing was more aimed at highlighting tendencies
and trends in the values, in order to understand the underlying reason behind an
effective (or not) drag reduction device.
The results for the cumulative drag over the truck x/L-coordinate yielded minor
differences in comparison to the values obtained from Ansys Fluent (after averaging
over the last 1000 iterations). The reason behind it was attributed to the generation
of surface normals, and the subsequent integration of variables over the truck length
(see Section 3.4.1). For the baseline case at 5◦ -yaw, however, this difference was negligibly small (less than 2%). More importantly, the main goal of the drag build-up
charts was to identify the trend in drag increase, and highlight critical regions.
Finally, a due to time limitations, the automatic post-processing procedure is consisting of several codes, which need to be ran separately in Paraview in order to
obtain the complete set of data. Additionally, Matlab is required to plot the drag
build-up along the truck and the velocity profiles, and consequently the procedure is
not fully automated.
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5

Conclusions

This report presented a CFD investigation of aerodynamic drag reduction for an
unloaded timber truck, with the aim of decreasing both fuel consumption and greenhouse gas emissions.
CFD investigations were carried out in two phases. A preliminary, benchmarking
study was conducted on the Allan body [9], in order to establish a suitable computational grid type. The goal was also to select a turbulence model capable of capturing
the major flow field characteristics, namely extensive geometry-induced flow separation, turbulent wakes, recirculation regions, as well as accurately modelling the
regions of high stagnation or suction pressure. From the preliminary study, the octree
hexcore-mesh was selected as the most suitable type of computational grid, whereas
the RKE with Enhanced Wall Treatment showed the best performance among the
investigated turbulence models, on a mesh with y + > 30. The main reason behind
the choice of mesh type and turbulence model was attributed to the capability of
accurately modelling the flow features in the gap region between the cabin and the
rear box, which was not the case for the tet- and poly-meshes, as well as the SST
turbulence model.
In a secondary phase, CFD simulations were carried out for the baseline model of
the unloaded timber truck, in order to gain a better insight on the regions with
high contribution to the aerodynamics. The study revealed a linear increase of drag
coefficient with yaw-angle, with the 5◦ -yaw case being the most representative of
the MIRA and SAE wind-averaged coefficients, and was thus selected for the development of concepts. The major sources of drag were found in the cabin wake and
bulkhead, the exposed wheels, the windward side of the bunks, as well as the stakes.
With these considerations, passive add-on concepts were designed and investigated
in order to reduce the aerodynamic drag of these sources. The proposed concepts
showed a broad variety results, ranging from 2% to more than 30% in drag reduction. In particular, the introduction ofrotated bunks, bulkhead shield, and bulkhead
frame reduced the drag by approximately 10%, whereas gathering the stakes and
introducing extended side skirts showed the best performance among the proposed
concepts, with a drag decrease between 25% and 32%.
The main source of drag reduction was found to be in the elimination, or reduction,
of the flow separation on the cabin A-pillar, at the leeward side of the truck. Another
large contribution was made by reducing the exposure of the bunks and wheels to
the side wind, by either shielding or rotating them.
In a final step, the concepts were successfully combined into aero-kits, in order to
further improve the drag reduction capabilities. Beneficial effects were obtained from
the combination of extended side skirts, aerodynamically-shaped stakes, and bulkhead shield in the aero-kit 3, which brought about a drag reduction at 5◦ -yaw of 26%
with realistic design for the skirts. By further collapsing the stakes of the trailer in
the aero-kit 4 a total drag decrease of 32% was achieved. Interestingly, this final
combination also showed the best results for the drag contribution coming from the
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trailer, which was decreased by around 11% from the baseline case. This finding is
particularly relevant in the timber truck sector, as it shows the possibility to develop
aero-kits focused on the trailers, which are produced by external manufacturers.
In addition to the CFD investigation of the unloaded timber truck, a methodology
was successfully developed for the automatic post-processing for Kitaware Paraview.
The Allan body was used as development platform, and the work was subsequently
extended to the timber truck study. The codes were developed to provide figures of
surface variables contours (such as pressure coefficient, skin friction coefficient), isosurfaces of Cp,tot = 0, as well as planes sweeps for contours of total pressure coefficient
and projected velocity vectors. Additionally, the extraction of drag build-up along
the vehicle length and velocity profiles was implemented. Finally, a procedure to
carry out a case comparison was designed, with a plane sweep yielding differences
of total pressure coefficient and base pressure. The code showed great potential in
the gathering of information, especially in highlighting trends in the results and in
comparing multiple cases, with a sufficient resolution to highlight detailed differences.
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6

Perspectives

Despite the broad range of concepts and variants investigated during this Thesis
work, there is still a great potential for improving and extending the research on
aerodynamic drag reduction for unloaded timber trucks.
The concepts presented during this research are often at preliminary stage, and show
a great potential for further development. Optimisation analysis should be performed
in order to further extend the drag reduction capabilities of the presented devices.
This should be done under careful consideration of the choice of yaw-angle, as focusing the optimisation on a single case could be detrimental for other yaw-conditions.
The research should be focused on, but not limited to, the best-performing devices.
Concepts that showed only limited improvements in drag could in fact be improved
to improve flow attachment on the cabin leeward side.
Detailed investigations should be performed on the best-performing aero-kits. In particular, scale-resolving simulations should be carried out to resolve time-dependency
and highlight possible differences compared to the RANS results. Time-dependent
simulations should also be carried out on the concept showing high sensitivity at
the cabin A-pillar separation, in order to further investigate the root causes of the
phenomenon.
During the study of aerodynamic drag reduction for an unloaded timber truck concepts and aero-kits were developed with noticeable performance improvements. However, timber trucks typically travel unloaded only half of the operational time. Additional studies will then be required to assess the performance of the proposed
concepts on the loaded truck configuration. With this consideration, it should be
investigated if a particular concept shows beneficial effects on both the unloaded
and loaded cases, or if it may be detrimental for the loaded case and thus limit the
performance improvement.
In a more general observation, this Thesis work showed a promising approach towards the reduction of greenhouse gas emissions and fuel consumption, which would
in turn contribute to a more sustainable transportation system. The aerodynamic
drag was in fact highlighted as one of the main sources of fuel consumption, for timber trucks. The systematic study of more aerodynamically-efficient timber trucks
would be positive for both the environment and the operating companies, which
would benefit from the reduction in operational costs. For this purpose, particular
attention should be given to the development of aero-kits for the trailers, which are
typically manufactured by stand-alone companies.
Concerning the methodology development for the automatic post-processing code,
future developments should be focused on merging the separate parts of the code
that have been developed during this Thesis work in a consistent way, in order to
further reduce the need for human intervention, and thus the time required to obtain
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the simulations results. Further attention should be focused on the performance of
the existing code, in order to additionally speed up the process by finding more
time-efficient solutions for the data and figures extraction.
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Appendix A
Automatic Post-Processing
A.1

Surface Variables, Drag Build-up, Velocity
Profiles

This Section describes of key parts of the Python code used for the automatic postprocessing of surface variables, volume renderings, drag buildup and velocity profiles,
described in Section 3.4.1.
Listing A.1 shows the code section used for extracting the figures of Cp contours
on the truck surfaces: a first for loop (variable k) was used to iterate over the
variable ranges for Cp . Subsequently, a second for loop in i was used to iterate the
figure extraction over the different 2D camera views (cameraPositions). Finally, the
action was repeated for the 3D iso-views (for loop in j in cameraISOPositions).
Listing A.1: Extraction of figures for surface contours of pressure coefficient Cp .
370

print " - - - - - - - - - -

Cp on body surfaces - - - - - - - - - - - - - - - "

371
372

k =0

373
374
375
376
377
378

# Iterate over the available scales for Cp
for k in range (0 , len ( cp_max ) ) :
# Rescale transfer function with variable ranges
p r e s s u r e c o e f f i c i e n t L U T . R e s c a l e T r a n s f e r F u n c t i o n ( cp_min [ k ] , cp_max [ k ])
p r e s s u r e c o e f f i c i e n t L U T . RGBPoints = [ cp_min [ k ] , 0.23137254902 ,
0.298039215686 , 0.752941176471 , 0.0 , 0.865 , 0.865 , 0.865 , cp_max [ k
] , 1.0 , 0.0 , 0.0]

379
380
381
382
383
384
385
386
387
388
389
390

# 2 D views
# Iterate over the 2 D camera views
i =0
for i in range (0 , camera_views ) :
print " View " , i +1 , " of " , camera_views
# Current camera placement for renderView1
renderView1 . Camer aPosit ion = ca me r aP os i ti o ns [i ,:] # first row is
index 0
renderView1 . C a m e r a F o c a l P o i n t = c a m e r a F o c a l P o i n t s
renderView1 . C a m e r a P a r a l l e l S c a l e = c a m e r a P a r a l l e l S c a l e s
renderView1 . C a m e r a P a r a l l e l P r o j e c t i o n = c a m e r a P a r a l l e l P r o j e c t i o n s
renderView1 . CameraViewUp = camera UpVect or [i ,:]

391
392
393

# Zoom in 133% ( multiply above vector values *2/3)
renderView1 . ResetCamera ( -6.666 , 10 , -0.5186 , 2.28 , -0.86 , 0.86)

394
395
396
397

# Update of text
view_title = view_name [ i ]+ ’ view ’
text1 . Text = view_title

398
399
400
401
402

# Figure export
fig_name = ’ cp_surf_ ’+ str ( k +1) + ’_ ’+ view_name [ i ]+ ’. ’
Save Screen shot ( save_location + fig_name + figure_file_format ,
magnification =1 , quality =100 , view = renderView1 )
print fig_name + f i g u r e _ f i l e _ f o r m a t

403
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404
405
406
407
408
409
410
411
412
413
414

# 3 D ISO views
# Iterate over the 3 D camera views
j =0
for j in range (0 , c a m e r a _ I S O _ v i e w s ) :
print " ISO - View " , j +1 , " of " , c a m e r a _ I S O _ v i e w s
# current camera placement for renderView1
renderView1 . Camer aPosit ion = c a m e r a I S O P o s i t i o n s [j ,:] # first row is
index 0
renderView1 . C a m e r a F o c a l P o i n t = c a m e r a I S O F o c a l P o i n t s [j ,:]
renderView1 . C a m e r a P a r a l l e l S c a l e = c a m e r a I S O P a r a l l e l S c a l e s
renderView1 . C a m e r a P a r a l l e l P r o j e c t i o n = c a m e r a P a r a l l e l P r o j e c t i o n s
renderView1 . CameraViewUp = c a m e r a I S O U p V e c t o r [j ,:]

415
416
417
418

# Update of text
view_title = ISO_view_name [ j ]+ ’ view ’
text1 . Text = view_title

419
420
421
422
423

# Figure export
fig_name = ’ cp_surf_ ’+ str ( k +1) + ’_ ’+ ISO_view_name [ j ]+ ’. ’
Save Screen shot ( save_location + fig_name + figure_file_format ,
magnification =1 , quality =100 , view = renderView1 )
print fig_name + f i g u r e _ f i l e _ f o r m a t

The same procedure shown in Listing A.1 was repeated for the skin friction coefficient
Cf contours, as well as the iso-surfaces of total pressure coefficient Cp,tot = 0. Note
that for the skin friction coefficient, a definition through an expression calculator
was required, as the variable was not directly exported from the CFD simulations
(as for Cp and Cp,tot instead).
For the x-component of pressure drag and pressure coefficient Cp,x , an additional
step was required, as presented in Listing A.2. In this case, the surface normals had
to be extracted from the mesh file first, and a fine-tuning of the normals generation
options FeatureAngle, Splitting and Consistency was required for improving the
accuracy of the results.
The projection on the x-direction of the pressure force and coefficient was then carried
out as presented in Listing A.3, by multiplying the corresponding force scalar with
the Normals_X. Note that the the pressure force (drag) was re-created from the
pressure coefficient, line 844.

Listing A.2: Creation of surface normals for Cp,x and Cf,x contours.
818
819
820

# Create a new ’ Extract Surface ’:
# get surface information from the selected geometry
e xt ra c tS u rf ac e 1 = Ex tractS urface ( Input = calc_Cf )

821
822
823
824

# Create a new ’ Generate Surface Normals ’:
# generate surface normals for the selected geometry
g e n e r a t e S u r f a c e N o r m a l s 1 = G e n e r a t e S u r f a c e N o r m a l s ( Input = ex tr a ct S ur fa c e1 )

825
826
827
828

# Compute cell normals :
# retain cell centeroid data in additional to point ( nodes ) data
generateSurfaceNormals1 . ComputeCellNormals = 1

829
830
831
832
833
834

# Modify generation of normals .
# This steps yields drag values closer to Fluent averaged values
g e n e r a t e S u r f a c e N o r m a l s 1 . FeatureAngle = 0.0
g e n e r a t e S u r f a c e N o r m a l s 1 . Splitting = 0
g e n e r a t e S u r f a c e N o r m a l s 1 . Consistency = 0
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Listing A.3: Projection of pressure and drag and coefficient on the x-direction.
838
839

# Create a new ’ Calculator ’ for pressure drag .
c a l c _ p r e s s u r e D r a g = Calculator ( Input = g e n e r a t e S u r f a c e N o r m a l s 1 )

840
841
842
843
844

# Compute pressure drag : rebuild pressure from the pressure coefficient ,
the ambient ref pressure (0 Pa ) , and take the X component
c a l c _ p r e s s u r e D r a g . Re s ul tA r ra yN a me = ’ Pressure_drag ’
c a l c _ p r e s s u r e D r a g . Function = ’ (0+0.5* p r e s s u r e _ c o e f f i c i e n t
* 1 . 2 2 5 * ( 2 2 . 2 2 2 2 2 2 2 2 ^ 2 ) ) * Normals_X ’

845
846
847
848

# create a new ’ Calculator ’ for x - component of pressure force
calc_CpX = Calculator ( Input = c a l c _ p r e s s u r e D r a g )

849
850
851
852

# Compute CpX
calc_CpX . R e su lt A rr a yN am e = ’ CpX ’
calc_CpX . Function = ’ p r e s s u r e _ c o e f f i c i e n t * abs ( Normals_X ) ’

For the computation of cumulative drag along the truck x/L coordinate, a pair of
clipping planes was used. The initial plane was placed in front of the truck, whereas
the second was moved along the truck. The integration filter IntegrateVariables
from Paraview was used to obtain the friction and pressure forces values on the
clipped truck surface.
The process was iterated by moving the clipping plane (clip_x_position) along the
entire surface of the truck, with a for loop in i presented in Listing A.4.
Finally, the values integrated up to a position x were exported in separate files for
further post-processing, and the corresponding x-position written into a separate file
(lines 1044 to 1048).
Listing A.4: Movement of clipping planes to obtain the drag build-up over x/L.
1003
1004

for i in range (0 , N +1) :
print " Step " , i +1 , " of " , N +1

1005
1006
1007

# Define x position of the end of clipping range
c li p_ x _p os i ti o n = clip_x_start + i * clip_dx

1008
1009
1010

# Initialize the ’ Plane ’ selected for ’ ClipType ’
clip2 . ClipType . Origin = [ clip_x_position , 1.3295267820358276 , 0.0]

1011
1012
1013
1014

# Create string with X coordinate . replace . with _ to avoid file
format problems
c l i p _ p o s i t i o n _ X _ n a m e _ o l d = str ( cl i p_ x_ p os i ti on )
c l i p _ p o s i t i o n _ X _ n a m e _ n e w = c l i p _ p o s i t i o n _ X _ n a m e _ o l d . replace ( " . " ," _ " )

1015
1016
1017

# Define file name for every x position
fil e_name _drag = ’ cd_x ’+ c l i p _ p o s i t i o n _ X _ n a m e _ n e w + ’. ’

1018
1019
1020

# Integrate ( all ) variables on the resulting surface
i n t e g r a t e V a r i a b l e s 1 = I n t e g r a t e V a r i a b l e s ( Input = clip2 )

1021
1022
1023

# Create spreadsheet view to export the integrated variables
s p r e a d S h e e t V i e w 1 = G e t A c t i v e V i e w O r C r e a t e ( ’ S pr e ad S he et V ie w ’)

1024
1025
1026

# Show data in view
i n t e g r a t e V a r i a b l e s 1 D i s p l a y = Show ( integrateVariables1 , s p r e a d S h e e t V i e w 1
)

1027
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1028
1029

# Trace defaults for the display properties .
i n t e g r a t e V a r i a b l e s 1 D i s p l a y . C o m p o s i t e D a t a S e t I n d e x = [0]

1030
1031
1032

# Export data at specified save_location_drag , with file_n ame_dr ag and
data_file_format
ExportView ( s a v e _ l o c a t i o n _ d r a g + fil e_name _drag + data_file_format , view =
spreadSheetView1 )

1033
1034
1035

# Update list with x positions
l i s t _ x _ p o s i t i o n s _ d r a g . append ( c l i p _ p o s i t i o n _ X _ n a m e _ n e w )

1036
1037
1038

# Clear the integrate filter to generate a new one in the next step
Delete ( i n t e g r a t e V a r i a b l e s 1 )

1039
1040
1041

print " Data Saved For X line Position " , cl i p_ x_ p os it i on

1042
1043
1044

# Write x positions in separate . txt files ( used for the import of all
the . csv files in Matlab )
f = open ( s a v e _ l o c a t i o n _ d r a g + x_pos_drag_file , " w + " )

1045
1046
1047
1048

for x in l i s t _ x _ p o s i t i o n s _ d r a g :
f . write ( x + ’\ n ’) # write all the elements in a new line
f . close ()

In a last phase, the u-velocity profiles were extracted along the y-coordinate for
different x- and z positions. In order to achieve this, the sampling lines for the
velocity were created by intersecting pairs of slicing planes. A first xy slicing plane
slice1 was set at a z-location (for loop in i), and then iteratively intersected by
yz slice planes slice2 (for loop in j).
Data on the resulting line was exported in separate files, and the corresponding xand z-positions written into text files for further post-processing. A sample of the
code for the data extraction is provided in Listin A.5
Listing A.5: Movement of slicing planes to obtain u-velocity profiles.
1073
1074

# Loop over z locations
for i in range (0 , line_steps_Z +2) :

1075
1076
1077

print " Step " , i +1 , " of " , line_steps_Z +2
# Create condition for sampling on the symmetry plane as well

1078
1079
1080
1081
1082

# Create additional sampling location for symmetry plane
if i == line_steps_Z +1:
l in e_ p os i ti on _ Z =0.0000001
else :

1083
1084
1085

# Define Z position of the line for the sampling
l in e_ p os i ti on _ Z = l i n e _ s t a r t _ p o s i t i o n _ Z + i *( line_end_position_Z l i n e _ s t a r t _ p o s i t i o n _ Z ) /( line_steps_Z -0.0)

1086
1087

print " - ------ Data Saved For Z line Position " , line_position_Z , " ------ "

1088
1089
1090
1091

# Create and rename string for saving files
l i n e _ p o s i t i o n _ Z _ n a m e _ o l d = str ( li n e_ po s it i on _Z )
l i n e _ p o s i t i o n _ Z _ n a m e _ n e w = l i n e _ p o s i t i o n _ Z _ n a m e _ o l d . replace ( " . " ," _ " )

1092
1093
1094
1095
1096
1097

# Create x - y slice at Z location
slice1 = Slice ( Input = mergeBlocks3 )
slice1 . SliceType = ’ Plane ’
slice1 . S l i c e O f f s e t V a l u e s = [0.0]
slice1 . SliceType . Origin = [0.0 , 0.0 , l in e _p os i ti on _ Z ]

98

1098
1099

slice1 . SliceType . Normal = [0.0 , 0.0 , 1]
Hide ( slice1 , renderView1 )

1100
1101
1102
1103

# Loop over x locations
for j in range (0 , line_steps_X +1) :
print " Step " , j +1 , " of " , line_steps_X

1104
1105
1106

# Define X position of the line for the sampling
l in e_ p os i ti on _ X = l i n e _ s t a r t _ p o s i t i o n _ X + j *( line_end_position_X l i n e _ s t a r t _ p o s i t i o n _ X ) /( line_steps_X -0.0)

1107
1108

print " Data Saved For X line Position " , li n e_ po s it io n _X

1109
1110
1111
1112
1113
1114
1115

# Intersect Slice 1 at different X locations to create lines
slice2 = Slice ( Input = slice1 )
slice2 . SliceType = ’ Plane ’
slice2 . S l i c e O f f s e t V a l u e s = [0.0]
slice2 . SliceType . Origin = [ line_position_X , 0 , 0]
slice2 . SliceType . Normal = [1.0 , 0.0 , 0.0]

1116
1117
1118
1119

# Rename string
l i n e _ p o s i t i o n _ X _ n a m e _ o l d = str ( li n e_ p os it i on _X )
l i n e _ p o s i t i o n _ X _ n a m e _ n e w = l i n e _ p o s i t i o n _ X _ n a m e _ o l d . replace ( " . " ," _ " )

1120
1121
1122

fig_name = ’ u_vel_z ’+ l i n e _ p o s i t i o n _ Z _ n a m e _ n e w + ’x ’+
l i n e _ p o s i t i o n _ X _ n a m e _ n e w + ’. ’
print fig_name

1123
1124
1125

# Save the data
SaveData ( s a v e _ l o c a t i o n _ p l o t s + fig_name + data_file_format , proxy = slice2 ,
Precision =5 , U s e S c i e n t i f i c N o t a t i o n =0 , W r i t e A l l T i m e S t e p s =0 ,
F i e l d A s s o c i a t i o n = ’ Points ’)

1126
1127
1128
1129

# Select one case in z to extract the x - positions
if i ==0:
l i s t _ x _ p o s i t i o n s . append ( l i n e _ p o s i t i o n _ X _ n a m e _ n e w )

1130
1131
1132
1133
1134

# Clear lines for next step
Delete ( slice2 )
Delete ( slice1 )
l i s t _ z _ p o s i t i o n s . append ( l i n e _ p o s i t i o n _ Z _ n a m e _ n e w )

1135
1136
1137
1138

# Write x and z location in separate . txt files ( used for the import in
Matlab )
f = open ( s a v e _ l o c a t i o n _ p l o t s + x_pos_file , " w + " )

1139
1140
1141
1142

for x in l i s t _ x _ p o s i t i o n s :
f . write ( x + ’\ n ’)
f . close ()

1143
1144
1145
1146
1147
1148

g = open ( s a v e _ l o c a t i o n _ p l o t s + z_pos_file , " w + " )
for z in l i s t _ z _ p o s i t i o n s :
# g . write ("% s \ r \ n " % l i s t _ x _ p o s i t i o n s [ z ])
g . write ( z + ’\ n ’)
g . close ()
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A.2

Planes Sweep, Projected Velocities

This Section provides a detailed explanation of the key parts in the code for the generation of planes sweeps, described in Section 3.4.2. In order to obtain the sweeps of
Cp,tot contours with projected velocity vectors across the truck x, y and z directions,
a similar approach was used as in the cumulative drag build-up presented in Listing
A.4. In this case however, instead of clipping the truck surfaces for the integration
of variables, the flow domain was sliced with a plane on which Cp,tot contours could
be depicted.
Additionally, a second plane was placed at the same location at the slice in order to
re-sample the velocity field at the chosen grid, and thus project the resulting vector
field. Listing A.6 shows an example of how the 2D projections of the velocity fields
are created for the yz case, and how a plane is used to resample data on an arbitrary grid with resolution resample_grid_X × resample_grid_Y. The vector field
is represented in Paraview with a Glyph filter.
Listing A.6: Re-sampling of 2D projections of the velocity vector field.
171
172
173
174
175

if i n c l u d e _ v e c t o r _ g l y p h s == True :
# create a new ’ Calculator ’
calculator1 = Calculator ( Input = mergeBlocks1 )
calculator1 . R es u lt A rr ay N am e = ’2 D_velocity_XY ’
calculator1 . Function = ’( iHat * velocity_X ) *0+( jHat * velocity_Y ) +( kHat *
velocity_Z ) ’ # project the direction on y - z

176
177
178
179
180
181

Hide ( calculator1 , renderView1 )
# -----------------------------------------------------------# Create a Plane which is going to be moved together with the slice
plane
# and resample the 2 D velocity data on its nodes
plane1 = Plane ()

182
183
184
185
186
187
188

# Define plane through origin and 2 points on it
plane1 . Origin = [ plane_start_position_X , resample_grid_Ymax ,
resample_grid_Zmax ]
plane1 . Point1 = [ plane_start_position_X , resample_grid_Ymax ,
resample_grid_Zmin ]
plane1 . Point2 = [ plane_start_position_X , resample_grid_Ymin ,
resample_grid_Zmax ]
plane1 . XResolution = r es am p le _g r id _X
plane1 . YResolution = r es am p le _g r id _Y

189
190

Hide ( plane1 , renderView1 )

191
192
193
194
195
196
197

# -----------------------------------------------------------# Resample data onto Plane
r e s a m p l e W i t h D a t a s e t 1 = R e s a m p l e W i t h D a t a s e t ( Input = calculator1 ,
Source = plane1 )
# Set up re - sampling tolerance
r e s a m p l e W i t h D a t a s e t 1 . Tolerance = 2.0 e -16

198
199

Hide ( resampleWithDataset1 , renderView1 )

Subsequently, a Threshold filtering procedure was applied to the re-sample data in
order to exclude values within the truck body. This was achieved by excluding zero
or negative values of velocity magnitude. The procedure is presented in Listing A.7.

100

Listing A.7: Thresholding of velocity magnitude.
201
202
203
204
205
206

# -----------------------------------------------------------# Calculation of Velocity magnitude for Threshold Filter
# create a new ’ Calculator ’
calculator2 = Calculator ( Input = r e s a m p l e W i t h D a t a s e t 1 )
calculator2 . R es u lt A rr ay N am e = ’ V e l o c i t y _ m a g n i t u d e ’
calculator2 . Function = ’ sqrt (( velocity_X ^2+ velocity_Y ^2+ velocity_Z ^2) ) ’

207
208
209
210
211
212
213
214

Hide ( calculator2 , renderView1 )
# -----------------------------------------------------------# Threshold for filtering out the nodes within the solids
# create a new ’ Threshold ’
threshold1 = Threshold ( Input = calculator2 )
threshold1 . Scalars = [ ’ POINTS ’ , ’ V e l o c i t y _ m a g n i t u d e ’]
threshold1 . Th reshol dRange = [0.0001 , 10000000]

215
216

Hide ( threshold1 , renderView1 )

217
218
219

# show color bar / color legend
t h r e s h o l d 1 D i s p l a y . S e t S c a l a r B a r V i s i b i l i t y ( renderView1 , False )

In a final procedure, the location of the slice plane, on which Cp,tot contours are
depicted, and the re-sampling plane for the velocity field were moved iteratively
along the truck coordinates at the plane_pos_X locations. Listing A.8 shows an
example for the export of yz planes at a number of x-coordinates specified with
plane_steps_X. The same approach was followed for xy and xz planes.
Listing A.8: Export of yz planes at a different x-coordinates.
343
344
345
346
347
348

glyph1 . ScaleFactor = vector _size_ YZ
for i in range (0 , plane_steps_X +1) :
print " Step " , i , " of " , plane_steps_X
plane_pos_X = p l a n e _ s t a r t _ p o s i t i o n _ X + i * dx # (( plane_end_position_X p l a n e _ s t a r t _ p o s i t i o n _ X ) /( plane_steps_X -0.0) )
print " Imaged Saved For X Plane Postion " , round ( plane_pos_X ,2)
print ( " - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - " )

349
350
351
352
353

# update camera position
# move the camera position and focus point along with the plane sweep
movement to get rid of perspective effects
renderView1 . Camer aPosit ion = [ c a m e r a _ p o s i t i o n _ Y Z [0]+ i * dx ,
c a m e r a _ p o s i t i o n _ Y Z [1] , c a m e r a _ p o s i t i o n _ Y Z [2]]
renderView1 . C a m e r a F o c a l P o i n t = [ c a m e r a _ f o c a l _ p o i n t _ Y Z [0]+ i * dx ,
c a m e r a _ f o c a l _ p o i n t _ Y Z [1] , c a m e r a _ f o c a l _ p o i n t _ Y Z [2]]

354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369

# Slice plane movement
slice_plane . SliceType . Origin = [ plane_pos_X , 0.0 , 0.0]
# Resample plane movement
plane1 . Origin = [ plane_pos_X , resample_grid_Ymax , r e s a m p l e _ g r i d _ Z m a x ]
plane1 . Point1 = [ plane_pos_X , resample_grid_Ymax , r e s a m p l e _ g r i d _ Z m i n ]
plane1 . Point2 = [ plane_pos_X , resample_grid_Ymin , r e s a m p l e _ g r i d _ Z m a x ]
# Update of text
plane_pos_str = ’ Plane position is X = ’ + str ( round ( plane_pos_X ,2) )
text1 . Text = plane_pos_str
# Figure export
fig_name = ’x - move % d . ’ %( i )
Sav eScree nshot ( save_location + fig_name + figure_file_format , magnification
=1 , quality =100 , view = renderView1 )
# set active source as its postion has been changed
S et Ac t iv eS o ur c e ( slice_plane )
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A.3

Case Comparison

This Section provides an explanation of the key aspects of the code for the case
comparison, which was explained in Section 3.4.3.
The main part of this code is based on the automatic post-processing of planes sweep
for contours of total pressure coefficient Cp,tot , presented in Section A.2. The major
difference is that two cases are loaded in this post-processing script, one of which is
selected as reference (typically the baseline geometry). For the case to be compared
with the reference one, the use of different geometry or computational mesh could
lead to inconsistencies in the computation of differences for the chosen variables.
For this reason, the information on the comparison case is re-sampled using the
reference grid as a source. Listing A.9 shows the code part where this is done.
The re-sampling procedure is applied after defining all the calculators for both the
reference and comparison cases. The Tolerance parameter can be tuned in order to
tune possible inconsistencies in the re-sampling procedure.
Listing A.9: Resampling of comparison case on reference grid.
215
216
217
218

# create a new ’ Calculator ’
c al c_ c p_ t ot _r e f = Calculator ( Input = mergeBlocks1 )
c al c_ c p_ t ot _r e f . R es ul t Ar r ay Na m e = ’ cp_tot_ref ’
c al c_ c p_ t ot _r e f . Function = ’ t o t a l _ p r e s s u r e _ c o e f f i c i e n t ’

219
220
221
222

c a l c _ v e l _ m a g _ r e f = Calculator ( Input = ca l c_ cp _ to t _r ef )
c a l c _ v e l _ m a g _ r e f . Re s ul t Ar ra y Na me = ’ vel_mag_ref ’
c a l c _ v e l _ m a g _ r e f . Function = ’ sqrt ( velocity_X ^2+ velocity_Y ^2+ velocity_Z ^2)
’

223
224
225
226
227

c a l c _ c p _ t o t _ c o m p = Calculator ( Input = mergeBlocks2 )
c a l c _ c p _ t o t _ c o m p . Re s ul t Ar ra y Na me = ’ cp_tot_comp ’
c a l c _ c p _ t o t _ c o m p . Function = ’ t o t a l _ p r e s s u r e _ c o e f f i c i e n t ’

228
229
230
231

c a l c _ v e l _ m a g _ c o m p = Calculator ( Input = c a l c _ c p _ t o t _ c o m p )
c a l c _ v e l _ m a g _ c o m p . Re s ul tA r ra yN a me = ’ vel_mag_comp ’
c a l c _ v e l _ m a g _ c o m p . Function = ’ sqrt ( velocity_X ^2+ velocity_Y ^2+ velocity_Z
^2) ’

232
233
234
235
236

Hide ( calc_cp_tot_ref , renderView1 )
Hide ( calc_vel_mag_ref , renderView1 )
Hide ( calc_cp_tot_comp , renderView1 )
Hide ( calc_vel_mag_comp , renderView1 )

237
238
239
240
241
242
243

# create a new ’ Resample With Dataset ’
# data from the comparison case is resampled with the reference case grid
r e s a m p l e W i t h D a t a s e t 1 = R e s a m p l e W i t h D a t a s e t ( Input = calc_vel_mag_comp ,
Source = c a l c _ v e l _ m a g _ r e f )
resampleWithDataset1 . ComputeTolerance = 0
r e s a m p l e W i t h D a t a s e t 1 . Tolerance = 0.5
Hide ( resampleWithDataset1 , renderView1 )

In a second phase, data from the reference case and the (re-sampled) comparison
one need to be merged in order to carry out the calculation of differences, as shown
in Listing A.10. In a final step, the difference in selected variables (here Cp,tot ) is
computed between the reference and comparison case. Note that, for representative
purpose, the difference is here computed as subtraction between the comparison case
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and the reference one. As the concepts typically aim at increasing the total pressure
in the wake, a positive difference was sought in order to be best represented with
the chosen colour scale. A threshold is then applied to the velocity magnitude to
exclude the truck surfaces. The result geometry will be a superimposed figure of
the reference case and the comparison one. The code snippet for this procedure is
presented in Listing A.11.
Listing A.10: Merging of reference and comparison data for further calculations.
245
246

a p p e n d A t t r i b u t e s 1 = A p p e n d A t t r i b u t e s ( Input = r e s a m p l e W i t h D a t a s e t 1 )
a p p e n d A t t r i b u t e s 1 . Input = [ calc_vel_mag_ref , r e s a m p l e W i t h D a t a s e t 1 ]

247
248

Hide ( appendAttributes1 , renderView1 )

249
250
251

mergeBlocks3 = MergeBlocks ( Input = a p p e n d A t t r i b u t e s 1 )
Hide ( appendAttributes1 , renderView1 )

Listing A.11: Merging of reference and comparison data for further calculations.
255
256
257
258

# create calculator for the case comparison
c a l c _ d e l t a _ c p _ t o t = Calculator ( Input = mergeBlocks3 )
c a l c _ d e l t a _ c p _ t o t . Re s ul tA r ra yN a me = ’ Delta_cp_tot ’
c a l c _ d e l t a _ c p _ t o t . Function = ’ cp_tot_comp - cp_tot_ref ’

259
260

Hide ( calc_delta_cp_tot , renderView1 )

261
262
263
264

threshold1 = Threshold ( Input = c a l c _ d e l t a _ c p _ t o t )
threshold1 . Scalars = [ ’ POINTS ’ , ’ vel_mag_ref ’]
threshold1 . T hresho ldRang e = [0.0001 , 10000000]

265
266

Hide ( threshold1 , renderView1 )

267
268
269
270

threshold2 = Threshold ( Input = threshold1 )
threshold2 . Scalars = [ ’ POINTS ’ , ’ vel_mag_comp ’]
threshold2 . T hresho ldRang e = [0.0001 , 10000000]

271
272

Hide ( threshold2 , renderView1 )

The concluding part of the code follows the same procedure presented in Listing A.8
for the creation of the planes sweep, without the addition of vector-field projections
for velocity.
A similar procedure was finally used to obtain contours of ∆Cp on the truck base
surfaces.
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Appendix B
Wind-Averaging of Drag Coefficient
Two wind-averaging procedures were used for the drag coefficient in this Thesis work,
as presented in Sec. 3.3.2. The detailed methods are described in this Appendix,
following the procedure in [12].
A schematic representation of the reference system is depicted in Fig. B.1. The
vehicle is traveling at Vv , which matches with the freestream velocity U∞ . The wind
has velocity Vw and relative angle θ to the vehicle direction. The resultant relative
wind velocity is denoted Vres and has a relative yaw angle Ψ.

Vres
Vw

𝜃

𝛹
Vv=U∞

Figure B.1: Notation and reference system for the wind-averaging process, from [12].

B.1

MIRA Method

Yaw data was required from measurements or simulations for angles of 0, 1, 2, 3,
4, 5, 10, 15◦ , in both positive and negative yaw direction. Since the simulations in
this work were run for angles of 0, 2.5, 5, 7.5, 10 and 15◦ , the missing data was
interpolated from the available results with a cubic spline interpolation.
The MIRA method assumes seven fixed values for wind velocities Vv and assigns
them a weighting factor w. The values are presented in Table B.1.

Table B.1:
method.

Vw [km/h]

w

2
6
10
14
18
22
26

0.210
0.330
0.250
0.130
0.055
0.020
0.005

Wind velocities and weighting factors for the MIRA wind-averaging
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The wind angle θ was chosen on a range between 0 and 180◦ , with steps of 10◦ . For
the calculations, θ angles were converted to radians.
With the provided preliminary data, the first step of the MIRA approach was to
determine the relative yaw-angle Ψ of the resulting wind, for every wind velocity Vw
and angle θ. This was done with the following equation:

−1



Ψ = tan

Vw sin θ
Vv + Vw cos θ



(B.1)

The drag coefficient CDΨ at yaw-angle Ψ was then obtained through interpolation
from the measured/simulated results, for all wind angles θ and wind velocities Vw .
In the next step, the resultant wind velocity Vres was determined from:

Vres =

p

(B.2)

Vv2 + Vw2 + 2Vv Vw cos θ

θ
And from it the wind-averaged drag coefficient at a given wind velocity CDw
could
be determined:

θ
CDw


= CDΨ

Vres
Vv

2

(B.3)

θ
were integrated over the range of θ for all the wind
Subsequently, the values of CDw
velocities:

CDw

1
=
π

Z

π

(B.4)

θ
CDw
dθ

0

For the integration, the numerical approach of mid-point trapezium rules was used.
The final step consisted in obtaining a weighed average of the values of CDw for the
different wind-velocities Vw and the corresponding weighting factors w:

CD,M IRA =

X

(B.5)

CDWi · wi

i

B.2

SAE J1252 Method

An alternative method for the wind-averaging of the drag coefficient is the SAE
J1252 method. In this case, data from simulations or experimental measurements
were required for positive and negative yaw angles of 0, 1, 2, 3, 4, 5, 10, 15◦ , as in the
MIRA approach. As previously mentioned, data was interpolated from the available
simulation results for 0, 2.5, 5, 7.5, 10, 15◦ .
By contrast, wind velocity was evaluated at one speed only, namely Vw =11.3 km/h.
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The ambient wind direction θ was not determined from a 180◦ -sweep, but from a set
of six yaw directions:
θi = (i × 30◦ ) − 15◦

(B.6)

with i = 1, 2, ..., 6.
Subsequently, the relative yaw-angles Ψi were computed from:
−1



Ψi = tan

Vw sin θ
Vv + Vw cos θ



(B.7)

Finally, the weighting factors Mi for the wind-averaging process were determined for
the six cases:

Mi = 1 +

Vw
Vv

2


+2

Vw
Vv



(B.8)

cos θ

The drag coefficients CDΨ,i were then interpolated from the available data and relative yaw angles Ψi .
Finally, the weighted average of the drag coefficient was computed for the six cases:
CD,SAE =

1X
(CDΨ,i Mi )
6

(B.9)

i
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Appendix C
Investigations of Concepts Variants
This Appendix presents the results of the developing phase for drag reduction concepts. Here, results from geometry investigations and different shapes for a particular
concepts are summarised, and the decision to a final version of a concept is presented.

C.1

Bulkhead Shield

The bulkhead shield concept was introduced in Section 4.2.1. The different shield
variants are presented in Fig. C.1. The straight-top shield in Fig. C.1 (a) was
designed in three shorter variants of 500, 750 and 1000 mm, respectively.

(a) Top shield, 1250 mm

(b) Full shield, upwards

(c) Full shield, downwards

(d) Top shield, vent

Figure C.1: Variations of the bulkhead top shield concept.

The results of the bulkhead shield investigations are presented in Fig. C.2, which
compares the change in drag counts from the baseline as a function of the shield
length.
From the results shown in Fig. C.2, the most important finding is that the top shield
with length of 1250 mm is the most effective variant, with a drag reduction of more
than 70 drag counts.
It can be appreciated that shorter versions of this device are also effective (reduction
between 20 and 30 drag counts), although they show a linear trend.
However, for the 1250 mm case, the improvement is more dramatic. This can be
attributed to the fact that, although shorter shield lengths succeed in increasing the
base pressure of the bulkhead, they are not sufficiently long to prevent a lateral outflow, which pushes the wake towards the leeward side of the truck and causes its
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Figure C.2: Comparison of different bulkhead shield concepts in terms of drag counts
difference from the baseline (red). Original shield in black, further modifications in
blue.

separation at the cabin leading edge. For the 1250 mm shield this lateral component
of velocity is instead eliminated and the flow remains attached along the entire leeward side of the cabin, as shown in Fig. C.3 (a).
Interestingly, the variant of the bulkhead shield with a side opening shows a considerably lower performance than the original design. The opening on the side shield was
designed with the intention of drawing air from the side of the truck into the wake
caused by the cabin/shield, and thus increase the pressure by adding energy into the
flow. However, the effect of the vent was the opposite on the leeward side of the
shield, as air flows through the opening from the inside, because of the recirculation
region formed behind the shield. The lateral component of velocity causes the wake
on this side of the truck to be pushed outwards, as it was the case for shorter shield
lengths. This in turn explains the analogy between the results for the shorter shields
and the 1250 mm version with opening vent. This phenomenon can be seen in Fig.
C.3 (d).
Concerning the shields extended to the first stake pair, it can be seen that the
downwards-deflected shield is the second best variant among the ones presented.
However, the performance is poorer compared to the flat, 1250 mm long version.
Although the downwards deflection of the flow acts as a boat tail for the cabin, thus
reducing the size of its wake, a secondary wake is formed on the upper lee-ward
side of the truck. This results from a complex interaction between the recirculating vortex inside the shield area and the flow coming from the windward side. The
combination of these flows generates a lateral component of velocity and a side flow
that, leaving from the leeward lower opening on the shield, generates a secondary
wake, as illustrated in Fig. C.3 (c).
Finally, the variant with upwards deflection shows a CD value close to the baseline.
This is mostly because the top part of the shield, although covering the tip of the
first stake pair, generates a considerably larger wake. At the same time, this shield
configuration also shows the secondary wake on the upper leeward side of the cabin
and thus only a minor deviation from the baseline results, which can be observed in
Fig. C.3 (c).
An additional comparison of the wake size for the downwards and upwards deflection of the fully extended shields, compared to the straight top for the 1250 mm case
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and the baseline can be found in Fig. C.4, which depicts contours of total pressure
coefficient at the truck symmetry plane z/W = 0. Fig. C.5 provides instead the isosurfaces of zero total pressure coefficient, which give a better insight on the relative
size of the turbulent wakes of the concepts, whereas the profile of the drag coefficient
along the truck length is compared for all the concepts in Fig. C.6.
The presence of flow separation on the cabin leeward side for is clearly highlighted
in Fig. C.5 (a), (b) and (c) for the full shield downwards, upwards and the lateral
opening in the top shield 1250 mm. This is reflected in the difference in drag build-up
along the cabin shown in Fig. C.6, where the top shield 1250 mm shows considerably
lower values. Interestingly, although not as good-performing as the top shield 1250
mm variant, all the concepts show a marginal reduction in the cabin drag from the
baseline.
From the findings of this investigation, the 1250-mm-long top shield was selected as
the best variant.
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Cp,tot

(a)

(b)

(c)

(d)
Figure C.3: Contours of total pressure coefficient Cp,tot at y/H = 0.6 plane for the
bulkhead shield (1250 mm) (a), full shield downwards (b), full shield upwards (c) and
top shield with vent (d). 5◦ -yaw, top view.
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Cp,tot

(a)

(b)

(c)

(d)
Figure C.4: Contours of total pressure coefficient Cp,tot at z/H = 0 plane for the baseline
case (a), top shield (1250 mm) (b), full shield downwards (c), full shield upwards (d).
5◦ -yaw, side view.
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(a)

(b)

(c)

(d)

Figure C.5: Iso-surfaces of total pressure coefficient Cp,tot = 0 for the top shield 1250
mm(a), full shield downwards (b), full shield upwards (c) and top shield vent (d).
5◦ -yaw, front-left view.

Figure C.6: Comparison of drag coefficient build-up along truck between the baseline
(red) and the concept variants of the bulkhead shield, with normalised x/L-coordinate,
at 5◦ -yaw.
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C.2

Bulkhead Frame

The bulkhead frame presented in Section 4.2.2 was investigated for different opening
heights. Three different heights were chosen, namely 72, 154 and 210 mm, and the
results are presented in Fig. C.7

Figure C.7: Comparison of different bulkhead frame openings in terms of drag counts
difference from the baseline (red).

Among the three variants, only the middle-sized bulkhead openings showed an improved CD , with a considerable reduction of more than 80 drag counts. The results
for the smallest opening are reasonably similar to the baseline case, which is supported by the strong similarities in the flow field. For this case, the size of the
openings was thus concluded to be insufficiently large, thus blocking the recirculation flow coming from the wake and deflecting it to the leeward side of the cabin.
The middle case, with a 154 mm opening, didn’t show any secondary wake on the
right side of the cabin. Most of the recirculating air is deflected downwards instead
of outwards in the lateral direction, and will thus contribute to the wake originated
by the front-right wheel, rather than create a secondary wake on the upper cabin
side.
Conversely, a further increase in the frame opening caused an inverse tendency in
the performance. An explanation can be derived by considering that the flow of air
through the bulkhead is also increased, which in turns creates a blockage effect on
the recirculating flow. The resulting flow field characteristics behind the bulkhead
are very similar to the ones for the smallest opening and the original bulkhead, which
indicates that the blockage effect impacts the flow as a physical barrier.
A comparison of the flow field results between the three variants of the bulkhead
frame can be found in Fig. C.8 and C.9, where contours of Cp,tot and iso-surfaces of
Cp,tot = 0 are depicted, respectively. The remarkable similarity of the flow field for
the smallest and largest opening can be appreciated. This finding is also reflected
in Fig. C.10, which shows the comparison of the drag coefficient build-up along the
truck x/L-coordinate between the baseline case and the bulkhead frame variants. As
it can be observed, the smallest and largest openings show almost overlapping drag
build-up. The major difference with the baseline case lies at the the gap between
the cabin and bulkhead, where the concepts provide a small reduction in drag. The
difference is however lost right downstream the bulkhead.
In conclusion, this case highlighted a particular sensitivity of the separation on the
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Cp,tot

(a)

(b)

(c)

(d)
Figure C.8: Contours of total pressure coefficient Cp,tot at y/H = 0.49 plane for the
baseline case (a) and the 72 mm (b), 154 mm (c) and 210 mm (d) variants of the
bulkhead frame. 5◦ -yaw, top view.

cabin leeward side, depending on the equilibrium between the air that flows through
the bulkhead framing and the recirculating flow in the wake. A too-narrow opening
has been seen to deflect the recirculating air flow sidewards and produce a secondary
wake. The same effect was obtained when instead the openings are too large, and
the deflection is not created by the physical barrier of the bulkhead, but from the
air flowing through it.
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(a)

(b)

(c)

(d)

Figure C.9: Iso-surfaces of total pressure coefficient Cp,tot = 0 for the baseline case
(a) and the 72 mm (b), 154 mm(c) and 210 mm (d) variants of the bulkhead frame.
5◦ -yaw, front-left view.

Figure C.10: Comparison of drag coefficient build-up along truck between the baseline
(red) and the concept variants of the bulkhead frame, with normalised x/L-coordinate,
at 5◦ -yaw.
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