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Summary

Due to the awareness of climate change, more sustainable and efficient ways of transport are
needed. The most polluting road transport mode in the European Union are the long-haul
tractor-trailer combinations. This study will investigate the aerodynamic characteristics of
three vehicles in a platoon subjected to cross wind conditions. The effect of front- and rear
drag reduction devices is investigated numerically. The frontal edge radius is considered the
front drag reduction device while the rear drag reduction device is represented by a boat tail.

ANSYS Fluent® was used to solve the RANS equations that were closed with the SST k — w
turbulence model. The GETS model was used to analyse the aerodynamic characteristics
of a simplified heavy-duty vehicle. The geometry was meshed and a mesh sensitivity study
showed the asymptotic behaviour of the drag as a function of mesh size.

It was shown that the frontal edge radius influences the flow behaviour largely. For the radii
of 0.54 m and 0.27 m, a large thrust force on the frontal edges decreased the drag of the front
part of the vehicle significantly such that the drag contribution of the front part was lower
than 15% of the total drag while the pressure drag at the rear delivered around 70% of the
drag. Halving the frontal edge radius to 0.135 m, caused the drag contributions of the front
and rear part of the vehicle to be about 45% of the total drag. Adding an inward deflected tail
increased drag drastically by increasing the base pressure. Adding a cross wind component
to the incoming flow increased the drag and gave a side force.

The inter-vehicle distance had a large influence on the drag of the individual vehicles. At
a very short distance, the lead vehicle experienced a very large drag reduction because of
the presence of the high pressure region in front of the middle vehicle. This lead to a large
reduction in pressure drag. When the distance is increased, the drag goes asymptotically
to the value in isolation. The trailing vehicle showed opposite behaviour. The drag of the
trailing vehicle was increased when the inter-vehicle distance decreased due to the fact that the
streamlines were deflected inward after the middle vehicle and they experienced a deceleration
due to the concave trajectory of the flow arriving at the frontal surfaces of the trailing vehicle.
This lead to a decreased thrust force on the frontal edges of the trailing vehicle. For the lowest
inter-vehicle distance, the trailing vehicle was positioned inside the near-wake of the middle
vehicle and the drag decreased again. The middle vehicle experienced a combination of the
effects on the lead and trailing vehicle, its drag remains fairly constant except for the closest
distance where the negative effect on the frontal part started to decrease. These trends are
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viii Summary

similar for all platoons, the amount of drag increase or decrease however was determined by
the geometric variables and the cross wind condition.

The drag reductions of the different vehicles in the platoon were mainly determined by the
frontal edge radius. The relative drag reductions on the lead vehicle were higher when the
frontal edge radius was larger, since then the pressure drag at the rear represents a larger
portion of the total drag. The drag decrease in drag counts however only slightly changed.
For the large radii, the trailing vehicle experienced a drag that increased up to a value above
that in isolation when the inter-vehicle distance was decreased. A trailing vehicle with the
smallest frontal edge radius, 0.135 m, experienced a drag reduction. The combined effects of
the lead and trailing vehicle caused the drag reductions of the middle vehicle to increase for
a lower frontal edge radius.

The drag reductions decreased when tails were added or deflected inwards. A tail on a specific
vehicle mainly influences the vehicle driving behind the tail. Deflecting a tail decreased the
drag reductions caused by the slower incoming flow field, i.e. the lower dynamic pressure
experience by the following vehicles. Deflecting a tail on the lead vehicle inward has the same
effect on the middle vehicle as increasing the inter-vehicle distance, it decreases the influence
of the lead vehicle’s wake on the middle vehicle. For a frontal edge radius of 0.27 m, the total
drag reduction of a following vehicle was decreased when the tail was deflected from 0° to
6°, but it was increased when deflecting the tail from 6° to 12°. Decreasing the frontal edge
radius to 0.135 m gave different results. The total drag of the following vehicle was increased
when the tails of the vehicle in front were deflected more inward.

Overall, the drag reductions obtained in a platoon were not much affected by the applied
cross wind conditions. It is shown that the lead vehicle of a platoon redirects the flow such
that the middle and trailing vehicle experience a significantly lower side force. The side force
of the lead vehicle itself is not changed significantly. When inward deflected tails are applied
to the lead and middle vehicle, the side force reduction on the following vehicles is diminished
but still significant.

The final results showed that the platoon with the worst performing vehicles in isolation, the
‘nnn’ configuration with R = 0.135 m, experienced the largest drag reduction, namely 29%,
corresponding to 1223 drag counts. If this is extrapolated to a vehicle with an initial drag
coefficient as high as a real heavy-duty vehicle, this could lead to a fuel saving of 2.48 L./100km.
Considering the absolute drag coefficients, the platoon with the best performing vehicles was
still the optimal platoon with the lowest drag coefficient, namely the ‘t12t12t12’ platoon with
the largest frontal edge radius. This aerodynamic analysis investigated the effect of the drag
reduction devices in a platoon of bluff bodies subjected to cross wind conditions. It was
shown that the frontal edge radius can determine whether the following vehicles experience
a drag reduction or a drag increase. Tails reduced the drag of the individual vehicles but did
also decrease the drag reductions experienced in the platoon. The drag reductions were still
present under cross wind conditions. Considering the set-up of platoon formations, vehicles
with the most streamlined front should be placed as lead vehicle. Vehicles with large tail
angles should be used as trailing vehicle.
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Chapter 1

Introduction

This introduction states the importance and motivation for the current research on truck aero-
dynamics. A brief background will first be given. Afterwards a more technical background,
based on a literature study, is given. This will introduce the reader to the aerodynamics of
single bluff bodies and the aerodynamics of vehicle platoons.

1.1 Background

In the last years, there has been an increasing awareness of climate change, as demonstrated
in the climate conference in Paris recently [1]. Besides this, oil production in most of the oil
producing countries has already peaked. In the coming years it will become more and more
difficult to produce high-quality and cheap oil [2]. These two facts provide the drive to come
up with more sustainable and efficient ways of transport. The most polluting road transport
mode in the European Union are the long-haul tractor-trailer combinations. These heavy-
duty vehicles are responsible for 30% of the on-road C'O3 emissions [3]. Only limited attention
is paid to the aerodynamic design of those vehicles, compared to aircraft or formula one cars.
This leads to vehicles that are not very streamlined. However, more and more studies are
performed on the aerodynamics of these vehicles to make them more fuel efficient, like studies
from Pankajakshan or Sreenivas on the effects of drag reduction devices or cross winds on the
drag force [4, 5]. The importance of an aerodynamic design can be seen in Figure 1.1. At a
velocity of 90 km/h, the aerodynamic drag is about 50% of the rolling resistance.
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2 Introduction

—— Rolling resistance
= Aerodynamic drag
= Total

Resistance force ('000N)

| \
0 50 100 150

Vehicle speed (km/h)

Figure 1.1: Different resistance forces as a function of velocity for a 10-tonne rigid vehicle [6].

Besides optimising the aerodynamic shape of a single vehicle, several studies investigate the
effect of a platoon on the drag of different vehicles. A platoon is a group of two or more
vehicles that line up, while driving, to save fuel. The following vehicles drive in the wake of
the vehicle in front and could experience a decrease in drag. Track tests indicated that the
fuel consumption reduction can be as high as 21% for the trail truck and 7% for the lead truck
with a 10 m spacing and a velocity of 80 km/h. With increasing truck mass or decreasing truck
velocity, the proportion of aerodynamic resistance decreases, and with it the fuel consumption
reduction [7]. Tsugawa et al. [8] used three fully-automated trucks, driving at 80 km/h with a
10 m gap, to investigate the fuel consumption reduction of a platoon. The lead truck savings
were 7.5% — 10%, those of the middle truck were 17.5% — 18% and the trailing truck saved
14% — 16%. The savings in energy consumption for the entire platoon were 14%. At a close
spacing, the lead vehicle experiences a lower drag force than the trailing vehicle. The reversal
between the lead and trailing vehicle as ‘most benefiting’ vehicle occurred at a vehicle length
of 0.43 [9].

Currently, platooning is becoming more and more known. For example, in 2016, the European
Truck Platooning Challenge will take place. This will involve various brands of automated
trucks driving in platoons on public roads from several European cities to the Netherlands.
The aim of this Challenge is to stimulate the implementation of platooning [10]. An illustra-
tion of two platoon formations is shown in Figure 1.2.

Thomas Gheyssens M.Sc. Thesis



1.2 Bluff body aerodynamics 3

(a) A 4-vehicle platoon (b) A 2-vehicle platoon

Figure 1.2: Example of trucks riding in platoon formations [11, 12].

1.2 Bluff body aerodynamics

The aerodynamics of heavy-duty vehicles has already been studied extensively. These vehicles
are aerodynamically characterised as bluff bodies, i.e. bodies where the largest part of the
drag consists of pressure drag and where the friction drag is much less significant. The
aerodynamics of basic bluff bodies can be influenced largely by adding, for instance, drag
reduction devices.

1.2.1 Basic bluff body

Basic bluff bodies experience a very large pressure drag compared to the friction drag due to
the blunt shape of the front and rear part. The flow around these bodies is also characterised
by the presence of large regions of separated flow, like the wake. A study on the distribution
of the aerodynamic drag for a tractor-trailer vehicle showed that the front face and the trailer
base of the vehicle have the same drag contribution as can be seen in Figure 1.3. The other
two important areas that create the most drag are the gap between the tractor and trailer and
the undercarriage of the vehicle. A 2D sketch of the flow around two simplified heavy-duty
vehicles can be seen in Figure 1.4

20%

25%

30%

Figure 1.3: Distribution of the aerodynamic drag for a heavy vehicle tractor-trailer truck [13].

The aerodynamic properties of such a vehicle are largely influenced by the flow around the
front part. As can be seen in Figure 1.4, the flow can either separate when not much attention
is paid to the streamlining of the front faces. By increasing the radius of several frontal facing
edges and attaching extra surfaces, the flow is able to follow the geometry without separating.

MSc. Thesis Thomas Gheyssens



4 Introduction

This is a very effective way of reducing the drag of the front part of the vehicle.

Figure 1.4: Airflow around a more (right) and less (left) streamlined heavy-duty vehicle [6].

One of the most complex aspects of the flow around a bluff body is the wake behind the
body and its relation to the front part of the body. This wake is highly unsteady, shear
layers develop on the periphery of the vehicle and roll up into a vortex ring which is advected
downstream [14]. The wake of bluff bodies accounts for the largest contribution of drag when
more simplified models are used, i.e. without gap, undercarriage. This pressure drag at
the rear can be decreased either by using drag reduction devices or by driving in a platoon
formation with a following vehicle. These methods will be elaborated on further.

1.2.2 Effect of cross winds

In reality, road vehicles do not operate often in conditions where the flow is perfectly aligned
with the vehicle’s axis. When a cross wind velocity is added, the freestream velocity, expe-
rienced by the vehicle, is rotated with a certain yaw angle. Due to the high driving velocity,
road vehicles experience yaw angles between —10° and 10° for 88% of the time [15].

Large Eddy Simulations (LES) of the flow field around a full-scale heavy duty truck showed
that the drag coefficient increases with increasing yaw angles. As the yaw angle increases,
the separation on the windward side was mitigated and the flow became fully attached at a
yaw angle of 10°. On the leeward side, the separation was enhanced for increasing yaw angles

[16].

For relatively small yaw angles, i.e. below 10°, the drag of a bluff body increases with
increasing (constant) cross wind [5]. This is however not always the case, Cooper [17] gathered
results of wind tunnel studies with different geometries. In these studies it was shown that
the drag of the more streamlined geometries was less sensitive to increasing yaw angles. Some
geometries even showed a drag decrease due to cross wind. This increase or decrease of the
drag can be explained with the use of Figure 1.5. The increase in body-axis drag with yaw
angle depends on the increase rate of the wind-axis drag force, D,,, and the increase rate of

the bracketed term containing the yaw angle and the side force to drag force ratio, (%Z)

Thomas Gheyssens M.Sc. Thesis



1.2 Bluff body aerodynamics

Because of the geometry of road vehicles, i.e. a larger length than width, the wind-axis drag
force always increases with increasing yaw angle. If the vehicle is very streamlined and has

a high side force to drag force ratio, (g—z), the drag becomes less sensitive to an increase in

yaw angle or can even be reduced [18].

V ~vehicle speed
Vi ~ wind speed
Vi ~ air speed
# ~wind angle
W ~ yaw angle
Sw ~ wind-axis side force
Dw ~ wind-axis drag force
D ~ body-axis drag force

D = Dy [cosy - (g'_' )sin v]
w

Dy Cosd

Figure 1.5: Body-axis drag at a non-zero yaw angle [18].

1.2.3 Effect of drag reduction devices

Drag reduction devices have shown great potential in decreasing the drag of a bluff body.
One of the most basic drag reduction methods is increasing the radius of the frontal edges. It
is clear that the model with the largest leading edge radius experiences the lowest drag [19].

This was also already illustrated in Figure 1.4.

Tails or flaps at the base of a trailer try to increase the base pressure by allowing the flow to
follow the shape of the body more easily. An example of base flaps or tails on a heavy-duty

vehicle can be seen in Figure 1.6.

MSc. Thesis Thomas Gheyssens



6 Introduction

Figure 1.6: Example of base flaps applied on a heavy-duty vehicle [20].

The effect of base flaps on a truck geometry has been studied. The base flaps consisted of four
panels inclined at an angle of 15° with a length of one-quarter of the trailer width. The results
showed that the wind-averaged drag reduction was 15%. The effectiveness of the base flap
did not depend particularly to the crosswind direction, though it performed slightly better
without cross wind [4]. The study of McCallen et al. also showed that base flaps decrease
the drag coefficient significantly and that their effect is not sensitive to yaw angles [21]. This
can be seen in Figure 1.7.

[ER T}
0SS
0L50
E. —a—Re = .4, Base faps off
8 048 == Qg = 1.1, Base Paps off
5 #—Bw = 6.3, Base Mlaps 16
w— R = 1.1, Base flaps 16
o0
0.3s e — —
T o
030
20 15 10 -5 o 5 n 15 20
W

Figure 1.7: Drag coefficient versus yaw angle with and without base flaps for Re = 1.1 million
and 6 million [21].

Van Raemdonck [15] performed experiments on boat tails, both numerical, in the wind tun-
nel and on a full scale prototype. Wind tunnel experiments on the Generalised Furopean
Transport System (GETS) model showed that an open boat tail with a slant angle of 12°
reduced the drag by an amount of just over 30%. This drag decrease can even be improved to
40%, when longer boat tails are applied. Due to the longer tails, a higher pressure recovery
is achieved. It is also shown that the efficiency of longer tails increases with increasing yaw
angle. For the more realistic standard semi-trailer model, the slant angle of 15° performed
best at increasing the base pressure, but the slant angle of 10° showed the largest decrease in
drag coefficient.

Thomas Gheyssens M.Sc. Thesis



1.3 Platoon aerodynamics 7

1.3 Platoon aerodynamics

The principle of platooning is that the following vehicle drives in the wake of the vehicle
in front. This way, the low pressure in the wake increases while the high pressure in the
stagnation region of the following vehicle decreases. Both vehicles thus benefit from the
platoon. An example of a numerical simulation on a platoon of vehicles can be seen in
Figure 1.8.

Figure 1.8: Aerodynamic representation of the vehicles at 3 m and 6 m gaps [22].

Unlike for heavy duty vehicles, it is shown for generic passenger vehicle models, e.g. the
Ahmed model with a slanted rear, that the drag of the trailing model increases for a decreas-
ing spacing and decreases again from an inter-vehicle distance of about 0.3 vehicle length,
while the drag force on the leading model always decreases. The drag coefficient of the trailing
vehicle was also larger than that of the vehicle in isolation. Still a net platoon drag reduction
was achieved [23]. The trailing vehicle’s drag increase was due to the significant flow impinge-
ment on its front by the flow leaving the lead car’s rear slant [24]. Wind tunnel experiments
performed on a platoon of two Ahmed bodies showed that the rear vehicle experiences drag
reductions for spacing between one and four vehicle lengths. Between 0.1 and 1 however, the
drag goes up significantly, even above the drag of the isolated model [25].

By testing 1/8 scale models of the GM Lumina Van in the wind tunnel, the PATH project
showed that for a 2-vehicle platoon, at spacing greater than one vehicle length, the lead vehicle
is almost unaware of the presence of the trailing vehicle. This trailing vehicle however, already
experiences a decrease in drag. Lowering the spacing below one vehicle length decreases the
drag of both vehicles drastically. For a spacing below 0.5 vehicle length, the drag of the
trailing vehicle increases abruptly and becomes larger than the lead vehicle drag. Adding
vehicles to the platoon increases the complexity of the vehicles behaviour. The interior vehicles
experience the lowest drag. These results can be seen in Figure 1.9.

MSc. Thesis Thomas Gheyssens
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Figure 1.9: Resulting drag coefficients for different platoons [26].

Using Computational Fluid Dynamics (CFD) based on the time accurate Lattice-Boltzmann
Method, Smith et al. showed that while the drag of the lead truck always decreases with
decreasing spacing, the drag of the trailing truck started to rise again for the shortest spacing.
The reason for this is that besides reducing the stagnation pressure on the trailing vehicle, the
wake of the leading vehicle also reduces the suction pressure on the curved frontal surfaces of
the trailing vehicle. This was observed for yaw angles of zero and six degrees. These findings
correspond to trucks like the Peterbilt Model 386. It must be noted that most trucks in
Europe do no resemble this geometry. The measured mass flow through the heat exchangers
of the trailing vehicle showed that with decreasing spacing, the mass flow also decreases. In
real life situations this could lead to the necessity of an operating fan which could lower the
fuel savings [27].

Hammache and Browand [19] tested a tandem of both rounded and blunt trucks. Using these
two different bluff body shapes, four different platoon configurations could be tested in the
wind tunnel. In the region of 0 — 1 gap width, there is a strong interaction. For larger gap
widths there was a low interaction region. Their results are plotted in Figure 1.10. Every
configuration contributes to lower drag coefficients compared to an isolated value. In the
strong interaction region, the relative drag coefficient of the rear body starts at a value of
20% (blunt) or 40% (rounded) of the isolation value. When enlarging the spacing, a steep
increase in drag coefficient is noticed for the trailing body.

It was observed that applying a rounded edge on the leading body always reduces the drag
on that body as well as on the total platoon. Rounding the front of the rear body however,
increases the relative drag coefficient of the rear body and of the total platoon due to the loss
in suction force on the leading edges. The most beneficial configuration is thus a rounded
body followed by a blunt body. The highest relative drag coefficient occurs for the platoon
with a blunt front body and a rounded rear body. The blunt-blunt and the rounded-rounded
configurations behave alike in the strong interaction region, but in the low interaction region,
the rounded-rounded configuration has a higher relative drag coefficient and it even becomes
higher than for the blunt-rounded configuration after a spacing of 2.5 vehicle length. In all the

Thomas Gheyssens M.Sc. Thesis



1.3 Platoon aerodynamics 9

configurations except for the rounded-rounded configuration, the trailing vehicle experienced
significantly lower drag forces. For the rounded-rounded configuration, the drag of the trailing
body was lower than that of the front body, but it was the other way around in the low
interaction region. It must be noted that the non-dimensional gap width, G/ VA, where G
is the spacing and A the frontal area of the model, was normalised using the squared frontal
area instead of the vehicle length [19]. A remark has to be made that these results should
not be interpreted as absolute drag values. The drag coefficient is normalised using the drag
coefficient in isolation, which is higher for the blunt body than for the rounded geometry.
This can cause the rounded body to experience a higher relative drag coefficient.

Cplatoon/C jisclatan

Truck separation, SH(A)

o8-

08 S

03

03 [ a _ _ ]
: i i i i "
03 1 1.3 z s 3 35 +

Figure 1.10: Relative drag coefficient for four platoon configurations as a function of the sepa-
ration between the models. /A-symbols resemble the trailing vehicle, o-symbols the lead vehicle
and the bold line resembles the average platoon drag [19].

Doppenberg studied the effect of different drag reduction devices on the performance of a
platoon based on time averaged numerical simulations. A three-vehicle platoon is considered
with bodies both with and without a tail and for a spacing of 1.5 m, 4.5 m and 16.5 m. Bodies
with a tail benefit from the increased base pressure but the following body experiences an
increased drag force due to the inwards deflected streamlines, resulting in a higher stagnation
pressure at the front body. The results showed that only the last vehicle needs to have a boat
tail in order to reduce the platoon drag at short spacing. For this configuration, the flow was
able to follow the platoon contours the best. When the spacing was large, the best solution
was obtained when all the vehicles had a boat tail since this is also the best option when the
vehicles would drive in isolation [28].
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10 Introduction

The effect of cross wind conditions on a platoon has been studied by Marcu and Browand.
The drag reductions gained by platooning are still present under side wind conditions. At a
spacing of 0.1 vehicle lengths, the average platoon drag coefficient is approximately 61% of
that of a yawed vehicle in isolation. The platoon drag coefficient for a zero yaw condition was
only 58% of the value in isolation (zero yaw). Without taking into account the extra rolling
resistance due to side winds, the savings in a platoon decrease under cross wind conditions.
On the lead vehicle, the largest side force and yawing moment was observed. It appeared
that the platoon redirects the air flow into its axial direction such that the trailing vehicles
experience less side forces and yawing moments due to cross wind. The side force and yawing
moments on the lead vehicle are practically insensitive to the presence of trailing vehicles.
The axial force on the lead vehicle is insensitive to the presence of the third vehicle. It is the
nearest upstream neighbour that influences the vehicle the most [29].

It can be concluded from the literature study that not a lot of studies investigate the effect
of cross wind conditions and/or drag reduction devices on a platoon. Besides, some studies
report a drag increase of the trailing vehicle due to the platoon, others report a drag decrease.
None of the papers clearly makes a distinction between these two cases or explains why this
discrepancy exists between several studies.

1.4 Present study

The objective of this study is to investigate the effects of drag reduction devices on a platoon
of bluff bodies in cross wind conditions. The aim is to have quantitative indications of platoon
performance while also having an understanding of the flow phenomena that cause this. This
leads to following research question:

What is the effect of drag reduction devices on a platoon of bluff bodies subjected to cross wind
conditions?

To answer this question, this study performs a numerical analysis on the flow around three
GETS models. These models are highly simplified truck models with the dimensions of a
European tractor-trailer combination [30]. The drag reduction devices will be represented by
the varying frontal edge radius and the addition of a boat tail. Chapter 2 gives all the details
on the set-up of the simulation and the generation of the mesh around the GETS model.
Simulations of vehicles in isolation as well as in platoon formation are performed. The vari-
ables that are changed during the simulations are the inter-vehicle distance, the cross wind,
the frontal edge radius and the tail configuration of the vehicles. In Chapter 3, the results
of the vehicles in isolation are given, as well as the effects of all variables on a single vehicle.
These results are compared to data from wind tunnel experiments in order to validate the
computational results and are used as a baseline result when studying the effect of a platoon
configuration. The analysis of the different platoon configurations can be seen in Chapter 4.
After the complete analysis, the performance of the different platoon configurations is com-
pared for every vehicle and some thoughts on the optimal platoon configuration are given in
Chapter 5. Finally conclusions are drawn and some recommendations are stated in Chapter 6.
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Chapter 2

Numerical Set-up

Simulating the flow around a certain object can be done by solving the Navier-Stokes equa-
tions. For this study, these are solved numerically using the ANSYS Fluent software. In
this chapter, the set-up of this numerical simulation is described. First, the settings of the
solver are going to be examined, this can be found in section 2.1. For every numerical study
a model is needed and a mesh needs to be generated around the model. The model and the
meshing strategy are explained in section 2.2 and 2.3. A mesh sensitivity analysis is shown
in section 2.4 in order to investigate the dependency of the results on the mesh refinement.
section 2.5 presents the different configurations that are simulated. At last, the limitations
to this study are shown in section 2.6.

2.1 Simulation set-up

2.1.1 Turbulence modelling

A Direct Numerical Simulation (DNS) fully solves the Navier-Stokes equations. However,
to capture the smallest turbulent scales at a Reynolds number as high as for road vehicles,
combined with a large domain, would lead to computational costs that exceed the capability
of the most powerful computers. Therefore, the turbulence, or part of it, should be modelled.
In ANSYS Fluent® , three possible methods exist to do so, namely:

e Large Eddy Simulation, LES
e Detached Eddy Simulation, DES

e Reynolds Averaged Navier Stokes, RANS simulation
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12 Numerical Set-up

While LES resolves the large eddies and models the smaller ones, the RANS equations are
time-averaged and thus only solve the mean flow and model the effects of the turbulence
on the mean flow. DES is a mix that uses LES combined with RANS in the proximity of
walls. However, for simulations with large mesh sizes, LES and DES are too computationally
expensive in the framework of this thesis. Therefore the RANS equations will be solved.
These equations look as follows:

ou;
=0 (2.1)
ou; _ ou; 0 |_ ou;  Ou; 7
Oui\ _ _ o m 2.2
¢ ( ot W axj> 9z [pé] : (axj " (‘)xi> +p“l“ﬂ} 22)

The first two terms in the square brackets are the mean molecular stress terms, while the
third term is the Reynolds stress term, i.e. the turbulent stress. The turbulence stress terms
need to be modelled in order to create a closed system of equations.

To model these terms, several turbulence models are available in Fluent® like the k — e, k—w
and the Reynolds Stress Model (RSM). While the standard k& — w model outperforms the
k — € for cases where a severe pressure gradient or separation occurs, it is too sensitive to
the turbulence properties from the free-stream inlet. Therefore these two models have been
combined in the Shear Stress Transport (SST) k—w model. While the models discussed above
are two-equation models, the RSM is a seven-equation model and requires large computing
costs. While the other models use an isotropic eddy viscosity, this model solves all components
of the turbulent transport. However due to identical problems with the k£ — ¢ modelling, it
performs the same as the k — e for some problems. It was observed that the Menter k —w SST
model performed the best when compared to four other two equation models [31]. Therefore
the SST k — w model is chosen to close the RANS equations in this study.

2.1.2 Wall treatment

The flow close to the wall can be divided in an outer layer and an inner layer. In the inner
layer, a distinction is made between the viscous sublayer and the buffer layer. The overlap
region between the inner and outer layer is contained in the log-law region. The location of
these layers can be described by use of the dimensionless wall coordinate, 4. This coordinate
can be described by following equations [32, 33].
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Where CY is the friction coefficient at the surface, 7 the wall shear stress and Re, the Reynolds
number based on the length along a surface. u* is called the friction velocity and y 1 is half
the height of the first cell. Now the three different layers can be put in perspective to yT.
The different layers are sketched in Figure 2.1.

104 102 0.01 01 03 1
| \ | | A

y/é

[ OUTER LAYER | ]
i overlap region ;

i Tog-law region f
INNER LAYER
viscous wall region P

buffer layer
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| | | E_f ] | J

1 5 10 3050 100 1,000 10,000

Figure 2.1: A sketch showing the various wall regions and layers defined in terms of y* = /4,
and y/4, for turbulent channel flow at high Reynolds number (Re, = 10*) [32].

e Viscous sublayer: y* < 5
e Buffer layer: 5 < y+ < 30

e Log-law region: y™ > 30

ANSYS Fluent® has the option to resolve the entire boundary layer using the near wall
model or it can use wall functions to model the flow in the layers/region mentioned above.
The difference between these two methods is illustrated in the sketch in Figure 2.2. One
can imagine that a very fine grid is needed to use the near wall model, y© < 5 is definitely
needed. In order to use the wall functions, y* should be between 30 and 300 [34]. Wall
functions perform well for high Reynolds number flows where the turbulent boundary layer
is fully developed. However, since the y* value is based on the friction, this value will not
be larger than 30 on the entire model surface (e.g. on the stagnation surface). In these
regions it is not beneficial to use the wall functions. Therefore Fluent® has the Enhanced
Wall Treatment function that uses wall functions if the y* is within the valid range and uses
the near wall treatment when y* is small enough. This procedure is automatically selected
when the k£ — w model is used.
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14 Numerical Set-up

g g
1
K ¢ | Wurbulent core

Figure 2.2: Left: mesh used when wall functions are applied in the region close to the wall.
Right: mesh to resolve the entire boundary layer.

2.1.3 Boundary and operating conditions

The boundary conditions of the domain vary with the yaw angle applied to the incoming flow.
They can be seen in Table 2.1.

Table 2.1: Boundary conditions for varying cross wind conditions.

Surface Boundary condition
No cross wind  Cross wind

Front Velocity inlet

Right boundary Symmetry Velocity inlet

Left boundary Symmetry Outflow

Back Outflow

Top Symmetry

Bottom Moving wall

GETS model Wall

For the mesh sensitivity study, where the model is scaled like in wind tunnel tests by Van
Raemdonck [15], the turbulence intensity was set to 1%, similar to the value in the wind
tunnel. For the full scale simulations, the turbulence intensity was set to 5%, this value was
found in extensive road tests by McAuliffe et al. [35].

The difference between the simulations with and without cross wind lies in the boundary
conditions on the side and the inlet. To simulate the cross wind, a lateral velocity component
is added to the inlet. This creates yaw angle between the models axis and the incoming flow.
The yaw angle that is simulated in this study is 3°, based on road measurements [15]. When
a yaw angle is applied, both the side on the left and the outlet act as an outflow boundary.
Depending on the domain length and the yaw angle, the mass flow that enters the domain
across the inlet and the right side is calculated. Weightings are set for the side outlet and the
back outlet such that the same amount of mass flow that comes in from the side inlet also
goes out through the side outlet. The same applies for the front inlet and the back outlet.
This assumes that the flow reaches freestream conditions when it leaves the domain. This
method has already been applied successfully [36], it is much more time efficient than rotating
the model in the domain and re-meshing the entire domain. The moving wall condition at the
bottom represents the driving velocity. Since only cross winds are considered (no longitudinal
gusts/wind), the moving wall always has the same velocity in z-direction as the freestream
velocity. It never has a velocity component in any other direction.
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2.1 Simulation set-up 15

The operating conditions of the simulation are a density of 1.225 kg/m? and an operating
pressure of zero. The latter is done, since Fluent® always subtracts the real static pressure
with the operating pressure in order to plot the static pressure. Thus by setting the operating
pressure to zero, the static pressure given by Fluent is equal to the real static pressure. The
operating conditions can be seen in Table 2.2.

Table 2.2: Operating conditions.
Mesh sensitivity study Full scale simulations

Model scale [-] 1:15 1:1
Driving velocity [m/s] 60 25

Density [kg/m?] 1.225 1.225
Reynolds number* [-] 8.2 x 10° 5.1 x 10°

Yaw angles [°] 0 0-3

*this Reynolds number is based on the square root of the frontal area,v/A.

All the computed forces on the models will be normalised using the freestream velocity,
density and the frontal area of the model as can be seen in Equation 2.7. Where D, S and
L are respectively the drag force, the side force and the lift force on the model. For the lift
coefficient, instead of the frontal area, the upper surface area is used.

D
CD - ﬁ
S
Cs=1—5~ 2.7
%pUQA ( )
L
Co=v—5— 5
2PU % Aupp

2.1.4 Solver settings

The pressure-based coupled solver is used in Fluent® since this yields superior performance
to the segregated solver. This is also recommended by SAE International guidelines [34]. The
density-based solver is not used since this is mostly applicable for high speed compressible
flow, combustion, etc... The gradients of the solution variables at the cell centres are de-
termined using the Green-Gauss Node-Based approach [37]. This approach minimises false
diffusion and is thus recommended for tetrahedral meshes. Both the momentum, turbulent
kinetic energy, specific dissipation rate and pressure are discretised with the default scheme
(1°¢ order / standard) for 150 iterations. After these initial iterations, the pressure is discre-
tised with a second order scheme. The other variables use a second order upwind scheme
for the spatial discretisation [34]. The required limits for the convergence residuals are also
adapted in order to have a fully converged flow. The criteria are set to 107° for the continuity
and velocity residuals and to le — 04 for the turbulent kinetic energy (k) and the turbulent
dissipation rate (w). The flow field is initialised using the flow parameters from the velocity
inlet.

MSc. Thesis Thomas Gheyssens



16 Numerical Set-up

2.2 GETS model

Heavy-duty vehicles have a complex geometry. Besides the gap between the cab and the
trailer, there is also a complex shaped under-body, rotating wheels, side mirrors, mud flaps
etc. To mesh such a geometry requires a very time consuming process and would lead to
high computational costs. Furthermore, this study focuses only on the general flow behaviour
around a platoon of bluff bodies. There is thus no need to capture the details of a real truck
geometry. A model with a simplified geometry is used, i.e. the GETS model [30]. Using this
model, only the primary effects will be measured without interference of secondary effects
due to the details of the more complex geometry. An example of the model can be seen in
Figure 2.3. The dimensions are given in Table 2.3.

e

h

Tr.m

Figure 2.3: Geometry of the used GETS model.
Table 2.3: Dimensions of the GETS model.

Dimension Symbol Value
Length [m] I, 16.5
Width [m)] W, 2.6
Height [m] hom 3.5
Front edge radius [m] T'm 0.54*
Tail length [m] I 1.5
Tail angle [°] oy 12*
Ride height [m)] hrm 0.5

*these values are varied during this study.

During the modelling, all the surfaces of the model are categorised to one of the following
parts: front, sides, back (and tail if applicable as displayed in Figure 2.3). This way, the
forces working on the model can be split into the forces working on every part and the origin
of the forces can be traced. The vehicle parts can be seen in Figure 2.4. Note that the
sides also include the top and bottom surface. The pressure force on a body is calculated by
subtracting the pressure on the front part by the one on the rear part multiplied by the frontal
area. When the surfaces are split up, Fluent® calculates the pressure part of the individual
surfaces by relating them to the reference pressure as shown in Equation 2.8. ﬁp is the force
vector, p the static pressure, p,.y the reference pressure and A the area of the surfaces. N is
the number of surfaces and 7 is the unit normal to the surface.

N
ﬁp:Z(p_pref)A'ﬁ (28)

i=1
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2.3 Grid generation 17

Front

(a) Front and sides (b) Back and tail

Figure 2.4: The different vehicle parts of the GETS model.

2.3 Grid generation

To mesh the GETS model, the ANSYS ICEM CFD meshing software is used. The dimensions
of the domain are shown in Figure 2.5. Using these dimensions the blockage ratio is sufficiently
small as seen in Equation 2.9 [38].

A
Blockage Ratio = —72% — 1.34% (2.9)
Adomain
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Top ,,,»u ,«h,»ﬂ/,

(a) Vertical surface boundaries (b) Horizontal surface boundaries

Figure 2.5: Domain size and boundaries.

To capture the relevant flow phenomena and still keep the amount of cells reasonable, the
mesh is only refined in certain areas. To accomplish this, two density boxes are used in the
domain. One contains the immediate surroundings of the GETS model and its wake, while the
other surrounds a larger area around the model (and other models in the case of a platoon).
The dimensions of these density boxes can be seen in Figure 2.6.

0,5xL

Figure 2.6: Dimensions of the mesh density boxes around the GETS model.

After generating a tetrahedral mesh, a layer of prism elements is needed in order to capture
the flow phenomena in the boundary layer of the GETS model. These prisms are placed on
every surface of the model, except for the back side. The height of the boundary layer and
the height of the first cell are computed separately for the 1/15 scaled model and the full scale
model. The height of the boundary layer can be estimated using flat plat theory, according
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2.4 Mesh sensitivity 19

to Prandtl [33], it is estimated by following equation.

0.16

5:;}/7.

x (2.10)

where Re, is the Reynolds number based on the length (of the boundary layer). The height
of the first cell can be estimated with Equations (2.3)-(2.6) [33]. y™ is set to 100 since the
boundary layer will be modelled with wall functions instead of computing the entire boundary
layer.

2.4 Mesh sensitivity

When using CFD, the results of a simulation depend on the number of cells up unto a certain
amount of cells. To determine this dependency, a mesh sensitivity study is performed with
the 1/15 scale GETS model. The mesh in the density boxes is refined step by step in order
to generate eleven meshes. The properties of the meshes and their differences can be seen in
Table 2.4.

Table 2.4: Mesh sensitivity parameters.

. Cell size First prism
Cell size wake . .
surrounding layer height Cell count
box [mml]
box [mml] [mm]|T
Mesh 1 15 30 1.3 1 073 688
Mesh 2 10 20 1.3 2 683 167
Mesh 3 8 16 1.3 4 561 296
Mesh 4 7 14 1.3 6 713 015
Mesh 5 6 14 1.3 7 659 382
Mesh 6 6 12 1.3 10 296 562
Mesh 7 5 12 1.3 12 009 483
Mesh 8 5 11 1.3 14 091 460
Mesh 9 5 10 1.3 17 096 999
Mesh 10 4 12 1.3 15 466 359
Mesh 11 4 11 1.3 17 525 658

As can be seen, from mesh 7 to 8 and 9, only the outer box is refined twice. Afterwards for
mesh 10-11, the same is done for a smaller refinement of the wake box. This is done in order
to check the mesh sensitivity for each box. A comparison between the first and the fifth mesh
can be seen in Figure 2.7.
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First the convergence of every simulation is checked, this is done by plotting the evolution of
the drag coefficient during the simulation in Figure 2.8(b). For every simulation, the value of
the drag coefficient was sufficiently levelled out.
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Figure 2.8: Mesh sensitivity results.

In Figure 2.8(a), the asymptotic behaviour of the drag coefficient as a function of the mesh
size can be clearly seen. If one looks at the difference between the cases where only the
surrounding density box is refined, it can be seen that the effect of increasing the number of
cells in the surrounding density box has no effect any more on the accuracy of the results.
This is seen from case five to six, case seven to eight and nine and from case ten to eleven.
However, if only the wake density box is refined, case seven to ten or case eight to eleven, it
is clear that the curve is not totally asymptotic yet. However further refining the mesh would
lead to excessive computational costs. The final drag coefficient that is computed is 0.2943.
Since, several configurations with multiple models will be tested, it is unrealistic to use the
configuration where just one GETS model already has ten million cells or more. The mesh
configuration that will be used for the full scale simulations is the fourth mesh. The drag
coefficient for this configuration is 0.3056, which is a difference of 3.5% or 11.3 drag counts
with the drag coefficient of the finest mesh. Since the aim of this research is to discover trends
due to platooning, it is not critical to be able to calculate the exact drag force of the GETS
model. Furthermore, the GETS model is only a simplified representation of real trucks, the
exact drag coefficient of this model does not resemble that of real trucks.
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22 Numerical Set-up

2.5 Tested configurations

The vehicles that are tested are all variations on the basic GETS geometry. The radius of the
frontal edges is varied three times. Also three different tails are added to the model. These
variations are tested for two yaw angles. The different variations are listed below

Front curve radius Tail configurations Yaw angle
e R=0.135m e no tail o Y =0°
e R=027m e tail of 0° e YV =3°
e R=0.54m e tail of 0°

e tail of 6°

Beside the vehicles in isolation, five platoon configurations are tested. First a platoon con-
figuration is tested without any tailed vehicles. The second platoon configuration shows the
effect of equipping the trailing vehicle with a tail of 12°. For the remaining platoon configura-
tions, the tail of the trailing vehicle remains unaltered while the tail configuration of the first
two vehicles is changed. In the platoon, the vehicles are referred to as the lead vehicle (LV),
middle vehicle (MV) and trailing vehicle (T'V). The different configurations are summed up
in Table 2.5. These platoon configurations are tested for the different yaw angles and frontal
edge radii and for three inter-vehicle distances. These distances are often expressed as time
intervals when the speed of the vehicles is known. For a driving velocity of 25 m/s, the time
intervals between the vehicles are set to 0.3 s, 0.6 s and 0.9 s. The largest time interval is
the smallest one at which it is currently legal to drive on the highway in Germany [39]. The
shortest time interval is chosen based upon a TNO publication where the string stability of
platoons with automatic cruise control was simulated. An interval of 0.3 s still proved to
be feasible using cooperative adaptive cruise control [40]. Converting these time intervals to
distances gives the distances 7.5 m, 15 m and 22.5 m. If these distances, D, are normalised
using the vehicle length, 16.5 m, they become 0.45, 0.91 and 1.36. For the first platoon con-
figuration, an even shorter distance is used in order to reproduce a trend that was observed
in literature, namely 3.75 m or 0.23. A distance as close as this lies beyond the scope of this
research, therefore only one simulation is performed for this distance.

Table 2.5: The five tested platoon configurations.
Platoon configuration Tail configuration
LV MV TV

‘nnn’ n/a nj/a n/a
‘nnt12’ n/a n/a 12°
‘0t0t12’ 0° 0° 12°
‘461612’ 6° 6° 12°
‘126126127 12° 12° 12°
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2.6 Limitations

Like every study, the chosen method implies that several limitations are going to be present.
These limitations will limit the accuracy and application of the results.

The first limitation is the use of the steady RANS equations combined with a closure model
for the effects of turbulence. While results from this system can give good agreement in
steady flow, the flow is highly unsteady in real life, especially in the wake of the vehicles.
Studying a single vehicle, this would result in an error in the drag force and a difference in
flow structures in the wake. This study however, focuses on the interaction of this wake with
a drafting vehicle. This will surely induce additional inaccuracies in the results. In order to
estimate the magnitude of these errors, extensive validation tests would need to be done on
a platoon of vehicles.

The model that is used to study the effects of platooning is the GETS model. This is a
highly simplified truck model. It is stripped from all geometrical details like the gap, wheels,
mirrors, undercarriage, mud flaps etc. This simplified model has a drastically reduced drag
coefficient. The effects that will be seen with these models are thus the primary effects that
occur when considering real heavy-duty vehicle geometries.

Another limitation is the steadiness of the chosen platoon configurations. The inter-vehicle
distance is exactly the same between the lead and middle vehicle and between the trailing
vehicle. The vehicles are also perfectly aligned. In real situations, lateral and longitudinal
misalignments might take place. Besides these steady misalignments, the vehicles could also
be moving in lateral or longitudinal direction with respect to each other position. This could
reduce the beneficial effects of platooning and could lead to increased side forces or yawing
moments that influence the driving stability of the vehicles. The considered incoming flow is
also a steady uniform flow. In reality, this incoming flow will be influenced by other traffic and
surroundings, like bridges, trees etc. This increases the turbulent intensity of the incoming
flow instantaneously.

The last limitation has to do with the fact that, during the time period of the master’s thesis,
only a limited amount of configurations can be tested. Only five platoon configurations are
tested with four tail configurations, three frontal edge radii and two yaw angles. All the
platoons also consist of vehicles with the same frontal edge radius. In real situations, the
frontal shape of the different vehicles can also be slightly different and different effects might
occur if one of the parameters is varied more.
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Chapter 3

Analysis and Validation of the GETS model

This chapter shows the results of the performed simulations on a single GETS model as well
as some discussions on these results. These results will serve as a baseline for the results of
the platoon configurations. Therefore, every variation of the basic vehicle that is used in a
platoon configuration needs to be simulated first in isolation. First, the results of the basic
GETS model are shown, after which the effects of the frontal edge radius, tails and yaw angle
will be shown and discussed. Next, the used methodology is validated using data from wind
tunnel experiments and a summary is given on the behaviour of isolated vehicles. Finally, a
summary of the aerodynamic characteristics of the isolated GETS model is given. All force
coefficients in this report are normalised using the freestream velocity, density and the frontal
area of the model.

3.1 Basic configuration

The basic configuration of the GETS model is the first model that is simulated. This model
has a frontal edge radius of R = 0.54 m. The model had a drag coefficient of 0.2881. Since
wall functions are used to model the flow near the walls, the 3y values on the model are first
checked. This can be seen in Figure 3.1. It is seen that the values of y™ are within the desired
range in order to validate the use of wall functions. The use of the wall functions is only
invalid in the stagnation region and in the vicinity of the wake. In these regions, Fluent®
does not use the wall functions since the enhanced wall treatment is used.
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Figure 3.1: Y+ values on the basic GETS model.

The different contributions to the drag can be seen in Figure 3.2. The model is split up in
three different parts: front, side and rear. It is noted that the front surfaces of the model only
have a small contribution to the total drag of the model. This is caused by the acceleration of
the flow around the frontal edges. This acceleration produces a low pressure region and thus
a forward acting suction force at these surfaces. The drag contribution of the front part can
be split up further in the four edges and one frontal stagnation surface. These contributions
can be seen in Table 3.1 in section 3.2. The low pressure coefficient over the frontal edges is
visualised in Figure 3.3.
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Figure 3.2: Drag contributions of the basic GETS model with R = 0.54 m and Y = 0°.
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Pressure Coefficient Pressure Coefficient

(a) Top view at z = 2.3175* (b) Side view at the y = 0 plane

Figure 3.3: Contour of the pressure coefficient around the front part of the model with a radius

of 0.54 m.
*the z=2.3175 plane, is the plane halfway the vehicle height.

The simulation of the wake is of great importance for the results since a large contribution of
the drag originates from this wake. The visualisation of the wake can be seen in Figure 3.4.
The wake is clearly visible within the iso-surface of zero total pressure. Looking at the
streamlines shows that there is a toroidal vortex present in the wake. This is confirmed when
the vortex cores in the wake are calculated by Tecplot® and shown in Figure 3.4(b). This
vortex ring was also observed by Ortega et al [14].
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(a) Iso-surface of piotar = 0 with stream rods (b) Vortex cores

Figure 3.4: Visualisation of the flow structures in the wake of the model.

3.2 Effect of frontal edge radius

Because of the strong frontal edge suction on the model, the drag contributions of the different
vehicle parts did not resemble those found in literature for detailed truck vehicles. Wood
stated that the front and rear part of the vehicle produce an equal contribution to the drag
[13]. Therefore, the effect of smaller frontal edge radii is investigated. The radius of the
GETS model is halved twice, i.e. to a radius of 0.27 m and of 0.135 m. Lowering the radius
would lead to an increased suction on the frontal edges. However, these edges then would
represent a smaller part of the entire frontal area while the stagnation surface is increased.
The contributions to the drag can be compared for the different radii in Figure 3.5.
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Figure 3.5: Drag contributions of the basic GETS model with R = 0.54 m, R = 0.27 m and
R=0.135m and Y = 0°.

While the drag of the front part increases for decreasing radius, it can also be seen that the
drag at the rear of the model decreases slightly. This can be explained by the fact that due
to the lower radius of the front curves, the boundary layer thickness over the side surfaces
increases. It was already shown in wind tunnel experiments that a thicker boundary layer
leads to a decreased back pressure behind the model and thus also to a smaller contribution
of the pressure drag at the rear to the total drag [30]. While the drag contributions do not
change tremendously when halving the radius from R = 0.54 m to R = 0.27 m, halving the
radius a second time increases the front drag significantly. This is due to flow separation at
the frontal edges and the increase of the stagnation surface are due to the smaller edges. The
separation at the front part of the vehicle is visualised in Figure 3.6. Reversed flow is clearly
seen in Figure 3.6(a). Two areas of high vorticity, representing the free shear layer, are seen
on either sides of the vehicle. For the smallest frontal edge radius, the drag contribution
resembles that of other studies (when neglecting the gap and undercarriage) [13]. This case
thus resembles the drag contribution of currently operating heavy-duty vehicles the best. The
cases with a large frontal edge radius represent what happens when more attention is paid to
the aerodynamic shaping of the front part of the vehicle.
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(a) Velocity in z-direction in the vertical plane, (b) Vorticity in z-direction at the plane, z =
y=0 2.3175

Figure 3.6: Visualisation of the flow field around the vehicle with a radius of 0.135 m.

The relative drag contribution of the different parts to the total drag can be seen in the pie
charts in Figure 3.7. Figure 3.8 shows the contribution of the pressure drag and the viscous
drag. As can be expected, reducing the frontal edge radius, and thus making the vehicle less
streamlined, increases the contribution of the pressure drag.

9%

11%

(a) R=0.54m (b) R=027Tm (c) R=0.135m

Figure 3.7: Drag contributions of the GETS model with varying frontal edge radius.
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I pressure drag I pressure drag
[N viscous drag [ viscous drag

I pressure drag
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(a) R=0.54m (b) R=027m (c) R=0.135m

Figure 3.8: Drag contributions of the GETS model with varying frontal edge radius.

The contributions of the different front surfaces change due to the decreased radii. The drag
contributions of the different frontal surfaces can be seen in Table 3.1. While going from
R =0.54 m to R = 0.27 m increases the suction force, decreasing the radius to R = 0.135 m
decreases the thrust force due to occurring flow separation. The bottom curve is the only
surface where the pressure coefficient keeps decreasing with decreasing radius. This is due
to the fact that the presence of the moving floor prevents the flow from separating. It can
be noticed that for the vehicle with the smallest frontal edge radius, the difference between
the left and right edge is much larger than for the other cases. It is expected that these two
contributions are identical in symmetric flow cases. However, due to the sharper corner and
the lack of refinement during the meshing, the asymmetry in the mesh leads to difference in
separation locations between the left and right edge. This causes a larger difference between
the edges than is to be expected. This is a limitation caused by the limiting computation
power available to generate the grids.

Table 3.1: Frontal surface drag contributions.

Surface part Drag coefficient [-]
R=054m R=027Tm R=0.135m

frontal surface 0.3529 0.5123 0.5702
top edge -0.0764 -0.1028 -0.0732
bottom edge -0.0273 -0.0604 -0.0741
left edge -0.1115 -0.1518 -0.115
right edge -0.1115 -0.1518 -0.1167
total front part 0.0262 0.0455 0.1912

The distribution of the pressure coefficient around the front part and the top of the model
are shown in Figure 3.9. The pressure peak is clearly higher, but also smaller for the lower
radii, this leads to the increase in drag for the front part of the model. For the lowest radius,
the adverse pressure gradient is too high and the flow separates from the surface, leading to
a small rise after the first pressure drop.
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R=0.135m
R=0.27m
R=0.54m
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Figure 3.9: Comparison of the pressure coefficient along the front and top of the models with
different front radii.

3.3 Effect of tails

The next variable that will be considered is the addition of a tail. The GETS model was
equipped with three different tails. All the tails were such that the horizontal length of the
model (in z-direction) was increased by 1.5 m, since regulations will limit the horizontal length
of the tail instead of the true length. Three different tail angles were used: 0°, 6° and 12°. The
effect of the added tails is similar for all frontal edge radii. The drag contributions are shown
in Figure 3.10. The tail reduces the pressure drag at the rear of the model significantly, a
small part of this drag reduction is again added to the model since the drag of the tail surfaces
increases with the tail angle. For some cases, the drag contribution of the rear surface even
becomes slightly negative.
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Figure 3.10: Drag contributions of the GETS model for varying tail configuration and a frontal
edge radius of 0.27 m. The yaw angle is 0°.

The pressure coefficient on the back of the vehicles with a frontal edge radius of 0.27 m is
plotted in Figure 3.11. A tail without a tail angle shields the base surface from the freestream
flow. This reduces the peaks of the pressure variation along the rear surface, i.e. the pressure
distribution becomes more constant. Increasing this angle causes the base pressure to rise,
leading to a decrease in pressure drag at the rear of the vehicle. For the largest tail angle, the
base pressure becomes positive, which results in a slightly negative drag force contribution

on the rear surface.

experiments [15].
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This positive pressure coefficient was also measured in wind tunnel
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Figure 3.11: Effect of tails on the base pressure coefficient along the centrelines.

The tail surfaces also influence the relative drag contributions. When increasing the tail
angle, the contribution of the rear surface decreases while that of the tail surfaces increase.
Due to the decrease in drag at the rear, the contributions of the front and sides become more
important. For the configuration with the largest tail angle, the contribution of the rear
surface is entirely removed. It actually gives some net force forward (about 3% of the total
drag coefficient).
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The effect of the tails on the wake structure is visualised in Figure 3.12. Due to the tail, the
streamlines are deflected more inwards and the wake becomes smaller. It is also seen that
due to the ground effect, the wake is deflected upward for the configurations with a tail angle
of 6° and 12°.

X Velocity X Velocity

(a) no tail (b) tail 0°

X Velocity X Velocily
10

(c) tail 6° (d) tail 12°

Figure 3.12: Side contour at the y = 0 plane, of the velocity in z-direction and streamlines
around the rear part of the model with a radius of 0.27 m.
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3.4 Effect of yaw angle

After all geometrical variations of the basic GETS model were studied, a last variable was
added. The models were simulated at a yaw angle of 3°. It was expected that the drag
coefficient would increase [16, 17, 41]. The change in drag contributions due to the yaw angle
can be seen in Figure 3.13 for the vehicles with varying frontal edge radius. The change in
drag coefficient is defined as in Equation 3.1.

ACp = CDy:3O — CDY:()O (3.1)
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Figure 3.13: Difference in drag coefficient contributions of vehicle due to a yaw angle for different
front curve radii. The reference drag coefficient is the one from the same geometry in still wind
conditions.

The drag contribution of the front part of the vehicle decreases for the two large radii. The
large difference in the effect on the front part of the vehicle is mainly due to the fact that
when the flow does not separate at the frontal edges, the drag coefficient of the left (leeward)
frontal edge decreases with the same amount as the increase in drag coefficient of the right
(windward) frontal edge. The flow accelerates more over the leeward side of the front part and
therefore the suction force increases. On the windward side of the front part, the opposite
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effect occurs. However, when the radius is small enough to cause separation, both sides
of the front part experience a slightly higher drag force. These changes in the front drag
contributions can be seen in Figure 3.14.

0.04 F ' : -
0.038
- frontal surface
[ front top curve
[ front bottom curve
0.03 [~ | 1 front left curve
:l front right curve
0.02 -
T
(@]
< 001rp
Gg-’.’ 0.005 0.006
0.003
©
5 D07 0.000 0.000
0
S -0.002
()
“g -0.006
S -001f .
o
g
(]
-0.02 b
-0.03 i
-0.04 1 1 -0.039 .
R=0.135m R=0.27m

Figure 3.14: Difference in drag coefficient contributions of the front part of the vehicle due to a
yaw angle for different frontal edge radii. For each geometry, the reference drag coefficient is the
one from the same geometry in still wind conditions.

Besides the radius of the frontal edges, the addition of a tail also influences the sensitivity
of the drag coefficient to a yaw angle. The difference in drag coefficient change due to cross
wind can be seen for different tails configurations in Figure 3.15. It is seen that for increasing
tail angle, the drag increase due to cross wind becomes less pronounced. It can be stated that
the more streamlined the vehicle is, the less sensitive its drag force is to yaw angles.
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Figure 3.15: Drag coefficient change due to cross wind conditions for vehicles with different
frontal edge radii and tail configurations. The reference drag coefficient is the one from the same
geometry in still wind conditions.

Simulating asymmetrical cases also results in side forces. The side force coefficient and its
contributions can be seen for different frontal edge radii in Figure 3.16. The side surfaces
represent the most important contributions to the side force. The importance of the front
part reduces when the frontal edge radius is decreased.
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Figure 3.16: Side force contributions of the basic GETS model with R = 0.54 m and R = 0.27 m.
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The side force coefficient of all configurations can be seen in Figure 3.17. It is clear that,
while adding a tail reduces the drag, it also significantly reduces the side force experienced
by the model. While increasing the frontal edge radius decreased the sensitivity of the drag
due to cross wind, it increases the side forces experienced in cross wind conditions. The small
increase in side force when adding a tail of 0° is due to the fact that the total vehicle length
is increased, while the reference length remained unaltered.
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Figure 3.17: Side force coefficients of all the configurations
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This reduction of the side force is mainly due to the side force contribution of the side and

tail surfaces as can be seen in Figure 3.18.
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Figure 3.18: Side force contributions of the GETS model with R = 0.27 m, with and without a

tail.

The side force is the result of an asymmetrical pressure distribution over the model. The
pressure distribution over the frontal edges and the sides is shown in Figure 3.19 for two
models with a radius of 0.27 m with different tail configurations. It can be seen that the
negative pressure drop is smaller on the leeward side than on the windward side. On the side
surfaces however, the pressure coefficient is generally lower on the leeward side, this leads to
the side force that is experienced by the vehicle. For the configuration with the tail at an
angle, there is a second negative pressure peak at the position where the tail starts. Although
the difference between the windward and leeward side of the vehicle is more pronounced at
the second pressure peak than in the case of a straight tail (0°), the overall difference between
the pressure on the leeward and windward side is still larger in the case of a straight tail.
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Figure 3.19: Pressure coefficient distribution over both vertical side surfaces of the vehicle for
two different tail configurations.
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The non-zero yaw angle also influences the wake of the vehicle. This influence is shown in
Figure 3.20. It can be seen that the wake is displaced/deformed in the direction opposite to
where the cross wind is coming from. The vehicle bends the air when a yaw angle is applied
like an airfoil would do when an angle of attack is applied.

X Velocity X Velocity
15

(a) Y = 0° (b) Y = 3°

Figure 3.20: Contour of the velocity in z-direction with streamlines around the vehicle for different
yaw angles. The contour is plotted at the half of the vehicle height.

3.5 Validation of computational results

Extensive wind tunnel tests were performed on the GETS model by Van Raemdonck [15].
These results are used to validate the numerical simulations in this thesis. The drag forces
of both simulations and wind tunnel experiments are compared in Table 3.2. In general, the
values are well predicted by the CFD simulations, especially within the scope of this project,
where it is more important to observe trends than to accurately predict the exact drag of a
GETS model.

Table 3.2: Comparison of the force coefficients from the simulation with data from wind tunnel
tests [15].

Y =0° Y = 3°
Cp Cr Cp Cs
CFD simulations | 0.2881 -0.0332 | 0.2918 0.3290
Wind tunnel data | 0.284 -0.0363 | 0.300* 0.305*

*these values are the average of the values for two and four degrees.
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Besides the force coefficients of the model, the pressure distribution over the surfaces of
the model can also be compared to data from wind tunnel experiments. Figure 3.21 shows
the pressure distribution on the top surfaces of the model both for CFD simulations and
wind tunnel experiments. The pressure peak on the frontal edges is well captured by the
RANS simulations. The pressure recovery in the simulations shows a slight offset in pressure
coefficient with the experiments. In Figure 3.22 it is seen that the trend of the simulated
pressure coefficient on the rear surface of the model and the measured values are not very
similar, the order of magnitude however, is similar. The differences between the simulated
wake and the measure wake are also seen in Figure 3.23.
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Figure 3.21: Pressure coefficient distribution over the top surfaces of the model for CFD simu-
lations and experiments [15].
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Figure 3.22: Pressure coefficient distribution over the rear surface of the model for CFD simula-
tions and experiments [15].

Using Particle Image Velocimetry (PIV), visualisations of the flow field were made and charac-
teristics of the wake can be studied. These characteristics can be compared to those computed
by the simulations. The comparison is shown in Figure 3.23. There are substantial differ-
ences between the simulated wake and the wake from the wind tunnel experiments. The
vertical size and location of the lower vortex is highly overestimated by the simulations. The
dimensions of both vortices in z-direction are also overestimated by the CFD simulations.
In reality, this wake structure is highly unsteady and characterised by a large turbulence
intensity. Nonetheless, a steady RANS solver is used to simulate the flow, only modelling the
effects of turbulence on the mean flow and not computing the turbulence itself. This causes
the differences between the simulated and measured wake structures.
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Figure 3.23: Comparison of the wake structures of a model with a frontal edge radius of 0.54 m
between the CFD simulations and wind tunnel experiments.

3.6 Summary of the isolated GETS results

The analysis of the GETS model in isolation showed that the frontal edge radius influences
the flow behaviour largely. The amount of suction force generated by these edges greatly
determines the drag of the vehicle as well as the relative drag contribution of the front part.
For the radii of 0.54 m and 0.27 m, the large suction force decreased the drag of the front part
of the vehicle significantly such that the drag contribution of the front part was lower than
15% of the total drag while the pressure drag at the rear delivered around 70% of the drag.
If the frontal edge radius was halved, the drag contributions of the front and rear part of the
vehicle were almost equal, about 45% of the total drag. The total drag also increased largely
when the edge radius was lowered. This was mainly due to the fact that the frontal edges were
only a small portion of the total frontal surface. With decreasing radii, the stagnation surface
became larger. For the smallest edge radius, flow separation occurred. The vehicle with the
smallest frontal edge radius also best resembled the drag contributions of a real heavy-duty
vehicle.

The addition of tails proved to increase the base pressure of the vehicles significantly. Adding
a tail of 0° made the base pressure distribution more constant, increasing the tail angle,
increased the base pressure and therefore reduced the drag until the drag contribution of the
rear surface was almost zero or even slightly negative for some cases, i.e. a thrust force. Due
to the inward deflected tails, the flow in the near-wake was redirected upward and the size
of the wake was decreased. Adding a cross wind component to the incoming flow resulted in
an increase in drag and a resulting side force. Making the geometries more streamlined by
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adding tails or by increasing the frontal edge radius made the drag force less sensitive to yaw
angles. The side force on the vehicles was slightly increased by increasing the frontal edge
radius, but the addition of tails decreased this side force significantly. The vehicles in cross
wind acted like airfoils and redirected the flow in the near wake towards the windward side.

The drag coefficient for all variations of the GETS geometry in cross wind conditions are
shown in Figure 3.24. It is seen that increasing the frontal edge radius and adding a tail
and increasing its angle decreases the drag coefficient largely. These values will be used to
normalise the drag coefficient of the corresponding vehicles in the platoon configurations. The
drag coefficients of all the discussed geometry variations can also be found in Table A.1 in
Appendix A.
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Figure 3.24: Drag coefficients for all variations of the GETS geometry. The yaw angle is 3°.

With the baseline configurations established and validated, platoon configurations are set up
and simulated. The results of these simulations can be found in Chapter 4.
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Chapter 4

Analysis of the Platoon Configurations

This chapter contains the results of all simulated platoon configurations. All the platoon
configurations are divided in three sections. Section 4.1 starts with the most basic platoon,
where the vehicles have no tails. Next, a tail is added to the last vehicle of the platoon in
section 4.2 and finally all vehicles are equipped with various tails in section 4.3.

In order to avoid excessive nomenclature for platoon configurations, the name of every con-
figuration exists of three letters. An ‘n’ means that the vehicle has no tail, a ‘tX’ means that
the vehicle has a tail of X degrees. As example: ‘nnt12’ means that the first two vehicles
have not tail, while the last vehicle has a tail of 12°.

4.1 Platoon configuration ‘nnn’

The first platoon that is simulated is the most basic one, three vehicles without tails are lined
up for three different inter-vehicle distances, two yaw angles and three leading edge radii.
This section shows the effects of the different variables, i.e. inter-vehicle distance, frontal
edge radius and yaw angle, and explains the differences between the different positions in the
platoon formation.

4.1.1 Effect of inter-vehicle distance

The most important variable when studying platoons is the distance between the vehicles.
The inter-vehicle distance is defined as the absolute length between the vehicles divided by the
vehicle length. The effect of the inter-vehicle distance on both the individual drag coefficients
and the average platoon drag coefficient is shown in Figure 4.1. The drag coefficients are
scaled using the drag coefficient of a vehicle in isolation, Cp, stands for the drag coefficient
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in the platoon while Cp, stands for the drag coefficient in isolation. To be able to compare
the results better to results from literature, this configuration was also simulated at an even
closer distance as mentioned before. Since the flow field around a model with a frontal edge
radius of 0.27 m is similar to that around the model with a radius of 0.54 m, the model with
the radius of 0.27 m will be considered as the basic model from now on.

o
©

P

Drag coefficient ratio, Co /CD [

0.6 b
04 -
¢ Lead vehicle
L Middle vehicle | |
02 ®  Trailing vehicle
Platoon average
= = = |solated vehicle
O 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 14

Inter-vehicle distance, D [-]

Figure 4.1: Effect of the inter-vehicle distance on the drag coefficient of the models and the
entire platoon. The frontal edge radius is 0.27 m.

It is observed that the drag coefficients of the lead and trailing vehicle show opposite be-
haviour. At very close spacing, the lead vehicle benefits largely from the platoon, the drag
coefficient is decreased by almost 60%. This is more than the other vehicles. When the
distance is increased, the drag of the lead vehicle increases to the value in isolation in an
asymptotic way until it is not influenced anymore by the following vehicles. For the largest
distance, the trailing vehicle experiences a drag reduction of almost 20%. When the spacing is
getting closer, the drag actually rises up to a value above that in isolation, before it starts to
decrease again for the smallest distance. Rajamani [24] also observed, for two Ahmed models,
the drag of the trailing vehicle going up when the inter-vehicle distance decreases. After a
certain point, the drag started to decrease again for lower distances. Another study showed
that the relative drag coefficient of the trailing vehicle can even increase up to 1.4 before
decreasing again after passing a critical spacing between 0.3 and 0.4 vehicle length [23]. This
study also indicates that this critical inter-vehicle distance lies between 0.23 and 0.45. This
critical vehicle length could depend on the size of the wake. For a vehicle length of 0.45, the
trailing vehicle is positioned just outside the near wake of the vehicle in front and the drag is
still above the value of isolation. When the trailing vehicle is positioned inside the near wake
of the vehicle in front, the drag decreases again. This is however not investigated further since
more simulations between the distance of 0.23 and 0.45 would be needed in order to map the
maximum drag coefficient and relate the corresponding distance to the size of the wake. The
effects of both lead and trailing vehicle are combined for the middle vehicle. The drag of
the middle vehicle lies very close to the platoon averaged drag. The middle vehicle always
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benefits from the platoon formation. For inter-vehicle distances between 0.45 and 1.36, it
remains almost constant at about 90%, at the closest spacing, it experiences a steep drop in
drag coefficient to about 65% of the value in isolation.

The different drag behaviour of the three vehicles can be explained by looking at the different
drag contributions of the three vehicles. In Figure 4.2, the drag coefficient is split up over
three different parts of the model: the front, side and rear surface.
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Figure 4.2: Effect of the inter-vehicle distance on the drag contributions experienced by the
vehicles with a frontal edge radius of 0.27 m.

The middle and trailing vehicle are influenced by the presence of a vehicle in front. It was
seen before in the analysis of vehicles in isolation that the frontal edges produce a suction
force that counteracts with the drag of to the stagnation pressure at the frontal surface. The
interaction of the front surfaces with a vehicle in front works in two ways. On one hand, the
low-pressure wake of the leading vehicle decreases the high stagnation pressure at the front of
a following vehicle. On the other hand, the suction force is also decreased significantly. This
is due to the decreased flow velocity over the frontal edges and due to the fact that the flow
is deflected inwards after the lead vehicle. When the flow then turns to go around the second
vehicle, the flow first follows a concave trajectory that increases the pressure on the frontal
edges. The latter effect proves to be dominant as the drag of the entire front part increases
significantly.
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This effect can also be visualised by plotting the pressure coefficient distribution over the
top side of the vehicles. Figure 4.3 shows the pressure distribution over the three vehicles
in the platoon configuration at the closest inter-vehicle distance. While the pressure peak
on the lead vehicle remains unaltered, the middle and trailing vehicle experience a pressure
peak that is a lot less negative than in isolation. Figure 4.4 shows the difference between
the pressure coeflicient on the lead vehicle and on the middle vehicle. This difference is thus
defined as follows

ACP = CpLV - CPMV (4'1)
T T T T T T .
M D=045LV | |
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Figure 4.3: Effect of the position in the platoon on the pressure coefficient distribution over the
top of the vehicles for an inter-vehicle distance D = 0.45 and a frontal edge radius R = 0.27 m.

By decreasing the inter-vehicle distance, the stagnation pressure on the frontal surface drops
significantly. On the frontal edges, the opposite behaviour is seen: the pressure increases
drastically for closer spacings. These two effects thus counteract each other. In Figure 4.2 it
is seen that for the distances down to 0.45, the lowering of the negative pressure peaks on the
frontal edges is the more dominant effect, leading to a increase in drag on the front part of the
vehicle. For the smallest inter-vehicle distance, the loss in stagnation pressure is dominant,
which gives a decrease in front drag.
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Figure 4.4: Effect of the inter-vehicle distance on the pressure coefficient distribution on the
frontal surfaces of the middle vehicle with a frontal edge radius R = 0.27 m. The dash dotted
lines represent the boundaries between the frontal edges and the frontal stagnation surface.

The drag reductions of the lead vehicle are due to the presence of a following vehicle. The
pressure drag at the rear of the lead vehicle is reduced due to the increase in base pressure
in the presence of a following vehicle. The effect of a following vehicle on the base pressure
is shown by plotting the pressure coefficient distributions. This can be found in Figure 4.5
and Figure 4.6. Figure 4.5 shows the effect of the inter-vehicle distance on the base pressure
distribution. The lead and middle vehicle experience a high pressure increase for the smallest
distance, for the middle distance the increase in pressure is limited. For the trailing vehicle,
nothing much changes besides the shape of the distribution for the closest spacing. Figure 4.6
shows the difference between the tree vehicles in the platoon for different distances. Remark-
able is that the trailing vehicle also experience an increase in base pressure. This increase in
base pressure is even higher than that on the lead vehicle for the larger inter-vehicle distances
as seen in Figure 4.6(b) and Figure 4.6(c).

MSc. Thesis Thomas Gheyssens



Height [m]

52 Analysis of the Platoon Configurations
4 . - T
---------- Isolated vehicle LR
D =0.45, LV .
D=0091, LV 35
D =136, LV
m 3 e
1 Tasb
R OO0 0 00 O 0 %
-% ---------- Isolated vehicle
. 2 _
T D = 0.45, MV
D =0.91, MV
D = 1.36, MV
E wr— =
_ 1k
o5 . . .
-0.25 0.2 -0.15 0.1 -0.05 0 03 -0.25 0.2 -0.15 0.1 -0.05
Pressure coefficient, Cp [ Pressure coefficient, Cp [
(a) Lead vehicle (b) Middle vehicle
Isolated vehicle
D=045TV | |
D =091, TV
D =136, TV
E i
=
(=]
k= |
T
05 ; : . .
0.3 0.25 0.2 -0.15 0.1 -0.05
Pressure coefficient, Cp [-]
(c) Trailing vehicle
Figure 4.5: Effect of inter-vehicle distance on the pressure coefficient distribution over the top
of the vehicles, with a frontal edge radius of 0.27 m.
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Figure 4.6: Effect of the position in the platoon on the pressure coefficient distribution over the

top of vehicles, with a frontal edge radius of 0.27 m, for different inter-vehicle distances.
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It was noticed that the trailing vehicle also experiences a decrease in pressure drag at the
rear surface, this drag reduction is however less dependent on the inter-vehicle distance than
for the other vehicles. For the first two vehicles, this drag reduction at the rear is caused by
the presence of a following vehicle in the wake. This is however not the case for the trailing
vehicle, another explanation is found for the drag reduction at the rear surface of the trailing
vehicle.

In Figure 4.2, it was shown that the decrease in drag becomes less for larger inter-vehicle
distances. Besides the drag on the rear surface, the drag of the front and side surfaces of the
trailing vehicle is also decreased slightly, compared to the middle vehicle. This could both be
due to the fact that the incoming flow field for the following vehicles differs from the flow field
that is experienced by the leading vehicle. The effect of the position in the platoon on the
incoming flow, experienced by the vehicles, is shown in Figure 4.7, while Figure 4.8 shows the
total pressure coefficient at half the vehicle length. This coefficient is obtained by normalising
the total pressure with the total pressure in the freestream. These figures explain why even
the trailing vehicle experiences a decrease in drag at the rear surface. The following vehicles
experience a flow field that has a lower dynamic pressure and a lower total pressure. This
causes the drag of the different vehicles parts (except the front) to decrease. The effect is
most significant for the trailing vehicle, since this is located in the wake of two vehicles.

_ 1 _ ] |

04 03 02 01 0 01 02 03 04 05 06 07 08 08 1 03 02 01 0 01 02 03 04 05 06 07 08 09 1 03 02 01 0 01 02 03 04 05 06 07 08 09 1

(a) Lead vehicle (b) Middle vehicle (c) Trailing vehicle

Figure 4.7: Contour of the total pressure coefficient at a distance of 2 m in front of the vehicle.
The vehicles belong the the platoon formation with an inter-vehicle distance of 0.91 and frontal
edge radii of 0.54 m.

Thomas Gheyssens M.Sc. Thesis



4.1 Platoon configuration ‘nnn’ 55

-03 02 -01 0 01 02 03 04 05 06 07 08 09 1 -03 02 01 0 01 02 03 04 05 06 07 08 09 1 -03 -02 01 0 01 02 03 04 05 06 07 08 09 1

(a) Lead vehicle (b) Middle vehicle (c) Trailing vehicle

Figure 4.8: Contour of the total pressure coefficient halfway of the vehicle. The vehicles belong
the the platoon formation with an inter-vehicle distance of 0.91 and frontal edge radii of 0.54 m.

It can be stated that, for a frontal edge radius of 0.27 m, driving in front of a vehicle reduces
the pressure drag at the rear surface and driving behind a vehicle increases the drag on the
front surfaces. The middle vehicle experiences both the effects of a leading and a trailing
vehicle. Despite the increase in drag due to the front surfaces, the total drag of the middle
vehicle however is thus still reduced due to the presence of the trailing vehicle in its wake.
With increasing distance, both effects diminish.

Considering the flow field around the vehicles, some differences occur between the case for an
inter-vehicle distance of 0.45 on one hand and the cases with an inter-vehicle distance of 0.91
and 1.36. This difference can be seen in Figure 4.9. It is seen that for the closest distance, a
vortical structure occurs in front of the frontal surface. This recirculation region in front of
the following vehicle increases the complexity of the flow around the platoon, while for the
larger distances there is no direct interaction between the near-wake of the proceeding vehicle
and the stagnation region of the following vehicle.
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Figure 4.9: Contour of the total pressure coefficient with the streamlines in the y = 0 plane.
The vehicles belong to the platoon formation with an inter-vehicle distance of 0.45 and frontal
edge radii of 0.27 m.

4.1.2 Effect of frontal edge radius

The effect of the frontal edge radius is already discussed in section 3.2. Decreasing the frontal
edge radius to 0.135 m increased the front drag of the vehicle significantly and flow separation
occurred on the frontal edges. Increasing the radius to 0.54 m did reduce the drag slightly,
but no significant changes to the flow field were observed. The analysis, presented above, can
be done for a platoon where the models have a frontal edge radius of 0.54 m and 0.135 m. It
can be seen that besides the decreased drag coefficient due to the more rounded front surfaces,
increasing the radius does not affect the phenomena that occur while driving in a platoon,
as can be seen in Figure 4.10(a). Decreasing the radius to 0.135 m however, changes the
effectiveness of the platoon significantly. This is seen in Figure 4.10(b).
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Figure 4.10: Effect of the inter-vehicle distance on the drag coefficient of the models and the
entire platoon for two different frontal edge radii.

The trend of the drag of the lead vehicle remained unchanged for the lowest radius, but the
relative drag reductions are less than for the larger frontal edge radii. This is due to the
fact that if the front of the vehicle is less streamlined, i.e. a lower frontal edge radius, the
pressure drag at the rear represents a smaller portion of the total drag. When this pressure
drag is then decreased due to the presence of a following vehicle, it has a smaller impact on
the total drag decrease. The same is seen for the middle vehicle, the trend did not change
but the relative drag reductions become higher for a smaller frontal edge radius. The middle
vehicle now becomes the most benefiting vehicle in the platoon, except for a small difference
with the trailing vehicle at the largest spacings. The trailing vehicle no longer experiences a
relative drag coefficient higher than that in isolation. It is seen that the point at which the
drag values of the trailing vehicle and lead vehicle cross each other is shifted towards a larger
inter-vehicle distance

The different drag contributions for the configuration with a radius of 0.135 m can be seen
in Figure 4.11. Unlike for the configuration with larger radii, the front part of the vehicles
now experience a drag reduction due to the platooning effect. This is due to the fact that the
front surfaces generating the negative pressure peak are a smaller portion of the total frontal
surface and the fact that the flow does not separate on the following vehicles, like on the
leading vehicle. Due to the presence of the wake of the lead vehicle and the lower dynamic
pressure, the pressure decrease on the frontal edges of the middle vehicle is less pronounced.
This leads to a lower adverse pressure gradient and thus no flow separation takes place. This
is shown in Figure 4.12 for two different inter-vehicle distances.
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Figure 4.11: Effect of the inter-vehicle distance on the drag contributions experienced by the
vehicles with a frontal edge radius of 0.135 m.
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Figure 4.12: Contour of the total pressure coefficient with the streamlines around the lead and
middle vehicle in the y = 0 plane.
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4.1.3 Effect of yaw angle

In this section, the effect of a yaw angle on the platooning vehicles is described as well as
what a platoon does with the individual vehicles’ response to cross wind. Figure 4.13 shows
what happens to the drag reductions from driving in a platoon when a cross wind component
is added. The change in drag coefficient, ACp, due to platooning is shown for the two yaw
angles. This drag coefficient change is still the drag coefficient of the vehicle in the platoon,
subtracted by the value in isolation. The cross wind does not have a drastic effect on the
drag reductions in a platoon.
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Figure 4.13: Effect of the yaw angle on the drag reductions of the different vehicles in a platoon.
The reference drag coefficient is the drag coefficient of the corresponding vehicle in isolation.

The yaw angle mainly affects the drag reductions of the middle and trailing vehicle. For the
largest frontal edge radii, the yaw angle has a negative influence on the drag reductions. The
drag reductions decrease for a case with cross wind. If the vehicles have a frontal edge radius
of 0.135 m, the drag reductions are increased in a cross wind condition. The drag reduction
per vehicle part for the two yaw angles is shown in Figure 4.14. It is seen that the yaw angle
has a different effect on the different parts of the vehicles. Due to the yaw angle, the drag
reductions at the rear part increase, while those at the front part are reduced. Figure 3.13
in section 3.4 showed that for the vehicle with the lowest radius, the rear part was more
affected by the cross wind then for the vehicles with larger frontal edge radii. Therefore, for
the vehicles with the lowest frontal edge radius, the increase in drag reductions at the rear
part is dominant over the decrease in drag reductions at the front part. For the vehicles with
the larger frontal edge radius, this is reversed.
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Figure 4.14: Effect of the yaw angle on the drag contributions of the different vehicles in a
platoon for an inter-vehicle distance of 0.45. The reference drag coefficient is the drag coefficient
of the corresponding vehicle in isolation.
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Cross wind has been studied in a platoon that was yawed ten degrees with respect to the
wind tunnel axis by Marcu and Browand [29]. They found that the drag reductions gained by
platooning are still present under side wind conditions. The average platoon drag coefficient
was approximately 61% of that of a yawed vehicle in isolation. The platoon drag coefficient
for a zero yaw condition was only 58% of the value in isolation (zero yaw). The models used in
this study were models of passenger cars. They can thus be seen as more streamlined models
than the GETS model with a radius of 0.135 m. In this study, it was also seen that the lead
vehicle redirects the incoming flow such that the following vehicles experience less cross wind
[29]. This could lead to the statement that the drag reductions in a platoon increase due to a
yaw angle, however it is seen that it is the other way around. This is due to the higher drag
increase of the front part of the vehicle when cross wind is considered. This will be explained
in following paragraphs.

Besides investigating the effect of a yaw angle on the drag reductions in a platoon, one can
investigate the effect of driving in a platoon on the drag increase due to a yaw angle. As seen
in section 3.4, the addition of a non-zero yaw angle (i.e. adding cross wind) increases the
drag. Lining up vehicles in a platoon makes this effect more complicated. The change in drag
coefficient due to a yaw angle of Y = 3° can be seen in Figure 4.15 and Figure 4.16. For the
larger radii, almost the entire drag increase due to yaw angles comes from the front surfaces
for the middle and trailing vehicle. In the configuration of the vehicles with the lowest radius,
the drag contribution of the rear part compensates this extra drag increase of the front part.

Figure 4.15: Effect of the inter-vehicle distance and the position in the platoon on the drag
changes due to a yaw angle of 3°. The reference drag coefficient is the one from the same vehicle
in the same platoon without cross wind. The frontal edge radius is 0.27 m.
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Figure 4.16: Effect of the inter-vehicle distance and the position in the platoon on the drag
changes due to a yaw angle of 3°. The reference drag coefficient is the one from the same vehicle
in the same platoon without cross wind. The frontal edge radius is 0.135 m.

The most significant change that is noticed is the fact that the front part becomes more
sensitive to changes in yaw angle if the vehicle is following another vehicle. The drag increase
due to cross wind is enlarged when following another vehicle. This effect can be explained
by the fact that when a non-zero yaw angle is applied, the vehicle acts like an airfoil and
bends the air in the opposite direction. The yaw angle is similar to the angle of attack for
an airfoil. This leads to streamlines hitting on a different position on the frontal surface,
resulting in a different pressure distribution over the front part. The streamlines can be seen
in Figure 4.17, while the resulting pressure coefficient on the front surfaces is compared for
different platoon positions and yaw angles in Figure 4.18. The pressure coefficient for the
Y = 3° case is subtracted by the pressure coefficient for the Y = 0° case. This way, the effect
of the position in the platoon on the pressure change due to cross wind can be investigated.
It is clear that for the lead vehicle, the main pressure increase due to cross wind occurs on the
windward edge, while the leeward edge experiences a pressure decrease. On the middle and
trailing vehicle however, there is a region of pressure increase on the leeward edge due to the
deflection of the streamlines as seen in Figure 4.17. Thus, instead of shielding the following
vehicles from the incoming cross wind, the lead vehicle redirects the flow such that more flow
is impinging on the frontal surface of the following vehicles.
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Figure 4.17: Contours of the velocity in z-direction with streamlines in the plane at half the
vehicle height for different yaw angles and inter-vehicle distances. The frontal edge radius is
0.27 m.
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Figure 4.18: Contour of the difference in pressure coefficient between Y = 3° and Y = 0° on
the front surfaces of the vehicles. The frontal edge radius is .27 m.
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The effect of the yaw angle on the drag coefficient is investigated by showing the difference
in drag coefficient between the two yaw angles of 0° and 3°. These differences are in the
order of 0.01 drag coefficient. It is debatable whether the accuracy of the RANS simulation
is higher than this. Small differences exist in the meshes of different configurations. Also no
symmetrical meshes are used, this gives rise to small asymmetric flow features and side forces
experienced in the zero cross wind case. While these are usually in the order of one drag
count, and thus not significant, for the configurations with the lowest front curvature radius,
these are in the order of 10 drag counts. These non-physical asymmetric forces add up to
the differences due to the different meshes. Therefore care needs to be taken when drawing
conclusions using these results. Not every difference in drag is caused by physical phenomena.

The side force coefficients can also be used to see the effects of cross wind on a vehicle
platoon. The total side force coefficient of all the vehicles and the entire platoon can be seen
in Figure 4.19. The different contributions that lead to these side force coefficient can be seen
in Figure 4.20. This is again illustrated in Figure 4.21 by the distribution of the pressure
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T T T T T T T T T T
........... L TR
“ .................................................. . . ....................................... .. ..................................
[ i e LT B it 1.——"—'__.-—————————————————————'—'--.-
*
08 e = o08F 4
e
]
s
O
=]
=
06 [ 1 S 06 1
=
c
g ///
S
F=]
)
o
o
04r . 8 oaf .
=]
S
............. ° n .
D A AR S LS A et At Y At R At 0 S S A S P I
L A S A0 UO O U 0 PO Y Y OGO DO UG S SO O T SO SO SO et ®
[ TSP, @
02 ¢ Lead vehicle b 0.2 ¢ Lead vehicle
Middle vehicle Middle vehicle
®  Trailing vehicle ®  Trailing vehicle
Platoon average Platoon average
— — = Isolated vehicle — — — Isolated vehicle
O 1 1 1 1 1 O 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 0.2 0.4 0.6 0.8 1 1.2 1.4
Inter-vehicle distance, D [-] Inter-vehicle distance, D [-]
(a) R=0.135m (b) R=10.27 m

Figure 4.19: Side force coefficients of the vehicles in the platoon as well as the platoon average
as a function of the inter-vehicle distance for two different frontal edge radii and a yaw angle of
3°.
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It can be seen that the side forces are decreased for the middle and trailing vehicle. The lead
vehicle redirects the flow in such a way that the following vehicles experience less cross wind
and hence have a smaller side force than the lead vehicle or the vehicle in isolation. The side
force on the lead vehicle itself is practically insensitive to the presence of trailing vehicles.
This effect was also seen in wind tunnel experiments by Marcu and Browand [29]. Because
of this effect, the hypothesis was stated that driving in a platoon could lead to larger drag
reductions for non-zero yaw angles. Since the platoon shields of part of the cross wind, the
drag increase due to the yaw angle could become less significant. This however turned out
not to be true for every case. While the leading vehicle shields the cross wind such that the
side force on the following vehicles decreases, it also turns the streamlines in such a way that
they increase the stagnation pressure on the frontal surface of the following vehicle.

4.1.4 Absolute drag values

All the effects of platooning are illustrated by showing the drag and side forces relative to
those in isolation. This way, the effect of the different configurations on the effectiveness of
a platoon is studied. However, a comparison can still be made with absolute values in order
to check whether a less streamlined configuration suddenly outperforms a more streamlined
configuration if both are placed in a platoon. 3D plots are generated that combine the effect
of the inter-vehicle distance and the frontal edge radius on the drag coefficient of the different
vehicles and the platoon average. The results are seen in Figure 4.22. The most remarkable
result is seen in Figure 4.22(b) and Figure 4.22(c). Decreasing the frontal edge radius almost
always increases the drag, however, for the smallest inter-vehicle distance, the drag of the
trailing vehicle is decreased when the radius is decreased to its lowest value. For the middle
vehicle this occurs at the two smallest distances. Due to the large drag decrease when the
middle or trailing vehicle have a large frontal edge radius, it can be beneficial to have a less
streamlined front vehicle part, i.e. a smaller radius.

A small remark must be made: the colors on the data points resemble the true values, while
the colors on the lines represent the average between the data point. This explains the
non-matching of the colors. All the resulting drag coefficients of the vehicles in the ‘nnn’
configuration can be seen in Table A.2 and Table A.3 in Appendix A.
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Figure 4.22: Drag coefficients for all vehicles and the platoon average for different inter-vehicle
distances and frontal edge radii. The yaw angle is 0°.
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4.1.5 Summary of the ‘nnn’ configuration

This section showed that for every simulated configuration, the platoon average drag coeffi-
cient was decreased with about 10% at least for the larger frontal edge radii and more than
20% for the smallest frontal edge radii. The individual vehicles however, did not always ben-
efit from the platoon formation. The lead vehicle always experienced a drag decrease. Due to
the presence of the middle vehicle, the pressure in the wake of the vehicle is increased and the
pressure drag is thus decreased. This effect is stronger when the front of the lead vehicle is
more streamlined, i.e. with a larger frontal edge radius, and the pressure at the rear surface
represents a larger portion of the total drag.

The trailing vehicle showed very different behaviour depending on the frontal edge radius.
At a certain small inter-vehicle distance, the drag of the trailing vehicle starts to rise above
the drag of the leading vehicle (when gradually decreasing the distance). This inter-vehicle
distance depends on the specific geometry of the trailing vehicle. It was shown that increasing
the frontal edge radius, shifted the ‘switching’ point further towards the larger distances. The
drag values of the trailing vehicle increased with decreasing distance up to a certain critical
point where it started to decrease again. This lied between a distance of 0.23 and 0.45. The
increase in drag was a result of the inward deflected streamlines from the middle vehicle’s
wake that followed a concave trajectory, leading to an increased pressure on the frontal edges.
The suction force on those edges decreased drastically, increasing the drag more than the drag
decrease due to the lower stagnation pressure on the frontal surface. For the configuration
with the larger frontal edge radius, the drag coefficient of the trailing vehicle even increased
up to values above the drag in isolation. The reason for this is that the frontal edges of this
model are a large part of the total frontal area. Both effects working on the lead and trailing
vehicle are combined when considering the middle vehicle. When increasing the inter-vehicle
distance, both effects are diminished. Therefore the drag did not change a lot when changing
the distance, except for the distance of 0.23 where the drag increase of the front part was
drastically decreased. The middle and trailing vehicle also experienced a general decrease in
drag for all vehicle parts due to the decreased velocity in the incoming flow field due to the
wake of the lead vehicle.

When the cross wind term was added to the incoming flow, the drag reductions due to
platooning increased for configurations with a short frontal edge radius. They decreased
however for configurations with a larger edge radius. The yaw angle makes the drag reductions
at the rear part more effective, while those at the front part become less effective. For the
vehicles with the lowest frontal edge radius the increase in drag reductions at the rear part
is more pronounced than the decrease in drag reductions at the front part. This is reversed
for the larger frontal edge radii. Vehicles in a platoon were found to experience a larger front
drag increase than in isolation. This was due to the deflection of the streamlines around a
proceeding vehicle. These streamlines impinges on the front of the vehicle and increase the
drag of the front part. When driving in a platoon, the lead vehicle redirects the flow towards
the platoons axis. This ensures that the middle and trailing vehicle experience almost no side
force due to the cross wind. The side force on the lead vehicle is not changed significantly.
None of the vehicles in the discussed configurations was equipped with a tail. The addition
of a tail on the trailing vehicle will be discussed in section 4.2.
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4.2 Platoon configuration ‘nnt12’

The next platoon configuration that is tested is the ‘nnt12’ configuration, where the last
vehicle of the platoon is equipped with a tail of 12°. It must be noted that the drag coeflicients
of the individual vehicles are always scaled using the drag coefficient of the corresponding
vehicle in isolation. An example for this platoon is given in following equations.

Cp
ratiory = LY
Cp
C;O el ACpy = Cpiy = CDpy
: _ MV _
ratioyyy = CD (4.2) ACDMV = CDMV - CDno tail (43)
no tail
C ACpry = Cpry — O,y 150
ratiopy = _“Drv
CDtail 120

4.2.1 Effect of inter-vehicle distance

The effect of the inter-vehicle distance on both the individual drag coefficients and the average
platoon drag coefficient is shown in Figure 4.23. If this is compared to the results from the
‘nnn’ platoon in Figure 4.1, it is seen that adding a tail to the trailing vehicle increases the
drag coefficient ratio for an inter-vehicle distance of 0.45 largely, from about 1 to a value
higher than 1.2. For the other distances no significant changes are observed. As can be
expected, the lead and middle vehicle are not affected by the addition of the tail.
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Figure 4.23: Effect of the inter-vehicle distance on the drag coefficients of the models and the
entire platoon.
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The drag contributions of the vehicles can be seen in Figure 4.24. Comparing these results
with the results in Figure 4.2 shows that the relative drag increase, compared to the ‘nnn’
configuration, for the trailing vehicle is due to the fact that the drag at the rear surface
increases instead of decreases due to the platoon formation, unlike the ‘nnn’ configuration.
Driving in a platoon increases the drag of the rear part of the trailing vehicle with 0.16 or
0.18, while in Figure 4.2, the drag of the rear surface was decreased with 0.043. The drag
reductions experienced by the tail surfaces do not entirely counteract this difference between
drag reduction and drag increase.

Figure 4.24: Effect of the inter-vehicle distance on the drag contributions experienced by the
models with a frontal edge radius of 0.27 m in the ‘nntl2’ platoon. ACYD is defined as the
difference between the platoon value and the value in isolation.

The increase in pressure drag at the rear of the surface could be due to the fact that, like
illustrated in Figure 4.7, the trailing vehicle experiences a lower incoming velocity field. In
Figure 3.12(d), it was already shown that two counter-rotating vortices exist in the wake of
the tailed vehicle, these two vortices are larger than the tail cavity. If the velocity of the air,
flowing over the tail and separating at the end of the vehicle, decreases, the magnitude of these
vortices also decreases, because the trailing vehicle is moving in the middle vehicle’s wake.
The flow that is rotating and impinging back on the rear surface thus has a lower velocity
and thus does not increase the back pressure as they would in perfect freestream conditions,
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i.e. like for the leading vehicle. This can be seen in Figure 4.25, where the pressure coefficient
on the rear surface is compared between a vehicle in isolation and a trailing vehicle in a
platoon, both with a tail of 12°. The pressure coefficient is significantly higher on the rear
surface of the vehicle in isolation. The average pressure coefficient of the vehicle in isolation
is Cp,,, = 0.00369, while for the vehicle in the platoon Cp,,, = —0.01194. The corresponding
velocity in the z-direction can be seen in Figure 4.26. It can be noticed that for the platoon
case, the backflow velocity is lower than in the isolated case.

Pressure Coefficient

0.028
0.02

Prassure Coefficient

0.028
0.02

0.012 0.012
0.004 0.004
-0.004 -0.004
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a) Trailing vehicle, Cp,,, = —0. ehicle in isolation, Cp,,, = 0.
Traili hicle, Cp,,, 0.01194 b) Vehicle in isolation, Cy,,, = 0.00369

Figure 4.25: Pressure coefficient distribution on the rear surface of a vehicle with a tail of 12°.
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Figure 4.26: Velocity in x direction in and around the 12° tail of the vehicle.

4.2.2 Effect of frontal edge radius

The same analysis as presented above can be done for a platoon where the models have a
frontal edge radius of 0.54 m. This can be seen in Figure 4.27 and Figure 4.28. It was stated
before in section 3.2, that the differences between a frontal edge radius of 0.54 m and 0.27 m
are very small. The drag of a vehicle only decreases slightly when the frontal edge radius is
increased. Also in the case of the ‘nnt12’ platoon, the behaviour of the vehicles in the platoon
remain almost identical when changing the frontal edge radius. The drag contributions also
show very similar before to the platoon with a frontal edge radius of 0.27 m. This platoon
was not simulated for the shortest radius of 0.135 m.
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4.2.3 Effect of yaw angle

It was seen that cross wind reduces the drag reductions in a platoon for larger frontal edge
radii. The drag reductions due to platooning also slightly decrease in this platoon when a
yaw angle is applied. This can be seen in Figure 4.29.
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Figure 4.29: Effect of the yaw angle on the drag reductions experienced by the vehicles with a
frontal edge radius of 0.27 m.

The side force coefficients can also be used to see the effects of cross winds on a platoon
of vehicles. The side force coefficient of all the vehicles and the entire platoon can be seen
in Figure 4.2.3. The different contributions that lead to these side force coefficient are very
similar to those of the ‘nnn’ configuration in Figure 4.19(b). Again, the addition of a tail
at the end of the platoon formation does not cause large differences in the behaviour of the
relative side coefficient.
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4.2.4 Absolute drag values

The effects of platooning are illustrated by showing the drag and side forces relative to those in
isolation. This way, the effect of the different configurations on the effectiveness of a platoon
is studied. However, a comparison is also made with the absolute drag values. 3D plots are
generated that combine the effect of the inter-vehicle distance and the frontal edge radius on
the drag coefficient of the different vehicles and the platoon average. The results are seen in
Figure 4.31. The behaviour of the absolute drag values resembles that of the relative drag
coefficients.

A small remark must be made: the colors on the data points resemble the true values, while
the colors on the lines represent the average between the data point. This explains the non-
matching of the colors. Similarly to the previous platoon configurations, all the results for
the ‘nnt12’ configuration can be seen in Table A.4 in Appendix A.

4.2.5 Summary of the ‘nnt12’ configuration

Adding a tail to the trailing vehicle did not change the trend of the drag coefficiens in the
platoon. Besides the drag decrease of the trailing vehicle, another remarkable conclusion can
be drawn. Contrary to what happened in the ‘nnn’ platoon configuration, the presence of
the proceeding vehicles increased the base pressure on the rear surface of the trailing vehicle.
This could be due to the decreased velocity in the incoming flow field that the trailing vehicle
experiences, this then decreases the vorticity in the wake and decreases the backflow velocity.
This is a large difference between a tailed and a non-tailed vehicle. For the vehicle without a
tail, the base pressure decreased due to the presence of the proceeding vehicles. The effect on
the total drag however is not very significant, since the decrease in drag of the tail surfaces
itself replaces that of the rear surface in the case of a non-tailed vehicle. Now that the
trailing vehicle is equipped with a tail, this will remain unchanged while the other vehicles
are equipped with different kind of tails in section 4.3.
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Figure 4.31: Drag coefficients for all vehicles and the platoon average of the ‘nnt12’ platoon for
different inter-vehicle distances and frontal edge radii. The yaw angle is 3°.
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4.3 Platoon configurations ‘ttt’

This section consists of the results of three different platoon configurations where all the
vehicles are equipped with tails. The simulated configurations are: ‘t0t0t12’,'t6t6t12’ and
‘412t12t12°. While previous sections elaborated more on the effect of the platoon formation
on the drag of the vehicles, this section focuses on the effect of a changing tail angle on the
following vehicle. For the smallest frontal edge radius, only the last two configurations are
tested and no simulations are done with the largest radius 0.54 m. This was decided since
the differences between this radius and the radius of 0.27 m were small and the phenomena
that were occurring were exactly the same, as opposed to the significant differences between
R=0.135 m and R = 0.27 m.

4.3.1 Effect of inter-vehicle distance

The effect of the inter-vehicle distance on both the individual drag coefficients and the average
platoon drag coefficient is shown in Figure 4.32. The effectiveness of the platoon does not vary
a lot for the leading vehicle when the tail angle is changed: the drag coefficient ratio remains
almost unchanged. However since the drag coefficient of the vehicle in isolation decreases
with increasing tail angle, the absolute drag reduction is larger for the vehicles with a smaller
tail angle, i.e. the less streamlined vehicles. The same applies for the other vehicles. With
the varying tail angles, the same trends are seen as in section 4.1.
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Figure 4.32: Effect of the inter-vehicle distance on the drag coefficient of the vehicles in different
platoons. The frontal edge radius is 0.27 m.
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As seen in Figure 4.33 and Figure 4.34, the drag of the middle and trailing vehicle is influenced
by the varying tail angle. Both the middle and trailing vehicle experience a drag increase at
the front part due to the decreased thrust force at the frontal edges. This increase in drag
becomes less when the vehicle in front has a tail that is deflected more inwards. The drag
contributions of the other parts of the vehicle experience a decrease in drag reductions when
the tail is deflected more inward. This is due to the fact that for the middle and trailing
vehicle the decrease in dynamic pressure of the incoming flow field is less when the front
vehicle’s wake is decreased in size by deflecting a tail.
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Figure 4.33: Drag contributions of the middle vehicle for the platoon configurations with vehicles
with a frontal edge radius of 0.27 m.
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Figure 4.34: Drag contributions of the trailing vehicle for the platoon configurations with vehicles
with a frontal edge radius of 0.27 m.

The tail angle of a vehicle largely affects the front part of the following vehicle. To study this
effect, the pressure coefficient distribution over the front part of the middle vehicle is plotted
in Figure 4.35. The two black horizontal point-dashed lines indicate the borders between the
frontal edges and the stagnation surface. Two variations are included in this plot, the inter-
vehicle distance and the tail angle. Increasing the inter-vehicle distance increases the pressure
on the horizontal surface towards the value of an isolated vehicle. Increasing the tail angle
also increases the pressure. On the frontal edges, the situation is reversed. Increasing the
inter-vehicle distance and the tail angle lowers the negative pressure on the edges towards the
value of a vehicle in isolation. It can thus be stated that the tail angle and the inter-vehicle
distance globally have the same effect on the platoon. In Figure 4.36, the change in drag
contributions of the frontal stagnation surface and the frontal edges can be seen, it is clear
that for this frontal edge radius, the decrease of the pressure on the frontal edges influences
the front drag more than the increase of the high stagnation pressure on the frontal surface
due to the deflection of the tails. This is the case for both the middle and trailing vehicle.
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Figure 4.35: Pressure coefficient over the vertical centreline on the front part of the trailing
vehicle in different platoon configurations with a frontal edge radius of 0.27 m.
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Figure 4.36: Drag contributions of the front of the trailing vehicle for the platoon configurations
with vehicles with a frontal edge radius of 0.27 m.

It can be noticed in Figure 4.34 that while the drag of the front part of the trailing vehicle
decreases when deflecting the tail inwards, the total drag of the trailing vehicle is first increased
when the tail angle is increased from 0° to 6°, but it is decreased when increasing the tail
angle from 6° to 12°. Deflecting the tail more inward causes several things. First of all the
drag increase of the front part is reduced. Secondly, the small drag reduction of all vehicle
parts due to a slower incoming flow field, i.e. lower dynamic pressure, experienced by the
trailing vehicle, is also decreased. Changing the tail angle from 0° to 6°, the first effect is less
significant and thus the second effect becomes more dominant and increases the total trailing
vehicle drag. When changing the tail angle from 6° to 12°, the first effect (on the front drag)
becomes more dominant and thus the total trailing vehicle drag decreases again.

The differences between the middle and trailing vehicle are due to the fact that when the tail
angle of the lead vehicle is changed, its effect on the flow around middle vehicle is affected by
the fact that the simultaneous change of the middle vehicle’s tail also affects the flow around
the middle vehicle. Another difference is that the effects of the middle vehicle’s tail on the
trailing vehicle are affected by the fact that the middle vehicle is also positioned in a region
with a lower dynamic pressure than in the freestream, unlike the lead vehicle.

It is remarkable in Figure 4.35 that by deflecting the tail inward, the pressure values on the
lower part of the frontal surface slightly exceed those of a vehicle in isolation, while on the
upper part, there is still a decrease in pressure due to the platoon formation. This is due to
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ground effect that increases the flow velocity underneath the tail. When a particle follows
a streamline going underneath the vehicle, its velocity at the end of the tail will be higher
than in the case where the particle follows a streamline going over the vehicle. This difference
in velocity results in the wake being deflect more upward. Figure 4.37 shows the upward
deflection of the wake and the interaction with the following vehicle.

Stagnation Pressure Coefficient

(a) x-velocity (b) Total pressure coefficient

Figure 4.37: Visualisation of the interaction between the wake of the leading vehicle and the
front of the middle vehicle.

4.3.2 Effect of frontal edge radius

When the frontal edge radius is decreased to 0.135 m, nothing much changes for the behaviour
of the lead vehicle when the tail angle is varied. Changing the tail of the vehicles mainly affects
the vehicles driving behind a tailed vehicle. For every inter-vehicle distance, the middle and
trailing vehicle benefit a lot more from the platoon when the radius of the frontal edge radius
is smaller. The drag of the front part of the middle and trailing vehicles is no longer increased
due to the presence of the vehicle in front. This results in the middle and trailing vehicle
benefiting more from the platoon than the leading vehicle, which was not the case for larger
radii. In Figure 4.38, it is seen that, for both tail configurations, by increasing the inter-
vehicle distance, the drag reductions first increase and then decrease again. While for the
‘nnn’ configuration, the drag reductions increase with increasing inter-vehicle distance, it is
expected that the drag value will asymptotically go to the value in isolation if the inter-vehicle
is increased further and further. Deflecting a tail on the vehicles in front might have the same
effect as it also reduces the influence of the wake on the following vehicle. This explains why
the drag of the entire vehicle starts to increase again for the largest inter-vehicle distance,
when the vehicles are equipped with deflected tails. The deflection of the tails shows what
would happen if the inter-vehicle distance was increased further without tail deflection. This
is the main difference between this configuration and the configuration with frontal edge radii
of 0.27 m. For a frontal edge radius of 0.27 m, the drag values of the total trailing or middle
vehicle are not increasing again when the inter-vehicle distance or the tail angle is increased.
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Figure 4.38: Drag coefficient reductions for the vehicles in the platoon as a function of the

inter-vehicle distance. The frontal edge radius is 0.135 m.

To investigate the effects of the varying tails on the middle and trailing vehicle, all the drag
contributions of these vehicles are shown in Figure 4.39 and Figure 4.40 for different platoon
configurations. Since no ‘t0t0t12’ configuration is tested for this frontal edge radius, the ‘nnn’
configuration will serve as the configuration where the tails are not deflected inward. It can
be seen that the total drag of the vehicles always increases when the tail angle is increased.
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Figure 4.39: Drag contributions of the middle vehicle for the platoon configurations with a frontal
edge radius of 0.135 m.
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Figure 4.40: Drag contributions of the trailing vehicle for the platoon configurations with a

frontal edge radius of 0.135 m.
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As opposed to the behaviour of the total drag, the front drag shows a more complicated
behaviour when the tail angles are changed. The drag reduction on the front part of the
vehicle is split up again in the frontal stagnation surface and the frontal edges in Figure 4.41.
The difference between going from 0° to 6° and going from 6° to 12° lies in the fact that,
in the first case, the loss in thrust force on the frontal edges is affected more than the drag
on the stagnation surface. Going from 6° to 12°, this is reversed. Only when the largest
inter-vehicle distance is considered, it can be seen that the drag reductions on the front part
are always decreasing with increasing tail angle, i.e. the decrease in stagnation pressure is
more significant than the change in thrust force. This shows that the effects of the tail angle
and the inter-vehicle distance on vehicles, that follow a tailed vehicle, strongly depend on each
other. It can be stated as follows: if the combination of the inter-vehicle distance and the
tail angle is low, the front drag reductions are increased by the deflection of the tails. If the
combination is high, the front drag reductions decrease when the tails are deflected inwards.
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Figure 4.41: Drag contributions of the front of the trailing vehicle for the platoon configurations
with vehicles with a frontal edge radius of 0.135 m.
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In Figure 4.42, it is seen that by increasing the inter-vehicle distance, the stagnation pressure
on the frontal surface of the trailing vehicle increases. If the vehicle in front has a tail angle
of 6°, the pressure coefficient on the frontal surface is lower than for the case when the vehicle
in front has a tail angle of 6°. This is due to the fact that the tails that are deflected inwards
also bend the air flow towards the frontal surface of the trailing vehicle. This effect is most
significant at the lowest inter-vehicle distance. At the frontal edges, the opposite trend is
observed. The closer a vehicle is to the vehicle in front, the higher the pressure coefficient.
This decrease in suction force at the frontal edges is already explained in section 4.1. It
seems that the inter-vehicle distance of 0.91 gives the lowest pressure coefficient, i.e. the
highest suction force, while its stagnation pressure is still lower than for a distance of 1.36.
This results in the largest drag reductions on the front of the vehicle when the inter-vehicle
distance is 0.91. Figure 4.43 shows the velocity in the wake of the middle vehicle and over
the front part of the trailing vehicle. It can be noticed that the inward deflection of the tails
causes a higher acceleration of the flow over the frontal edges of the following vehicle. This
leads to the higher negative pressure peak on the edges that was seen in Figure 4.42.
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Figure 4.42: Pressure coefficient over the vertical centreline on the front part of the trailing
vehicle in different platoon configurations with a front curvature radius of 0.135 m.
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Figure 4.43: Top view of the contour of the x-velocity around the base of the middle vehicle and
the front of the trailing vehicle for different inter-vehicle distances and tail configurations. The
plane is located halfway the vehicle's height at z = 2.3175.
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4.3.3 Effect of yaw angle

The addition of tails makes the bluff bodies more streamlined and will therefore affect the
behaviour in cross wind conditions. In subsection 4.2.3 and subsection 4.1.3, it was seen that
the cross wind decreased the savings in a platoon for the more streamlined bodies (with a
radius of 0.27 m or higher), while it increased the platoon savings for the less streamlined
bodies (with a radius of 0.135 m). It is seen that, also for the all tailed platoon configurations,
the cross wind decreases the drag reductions for the vehicles with a large radius, this can be
seen in Figure 4.44. The ACp stands for the decrease or increase in drag that the vehicles
experience in the platoon formation. For the vehicles with the lowest radius, the results are
more complex.
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Figure 4.44: Effect of the yaw angle on the drag reductions of the different vehicles in a pla-
toon. The frontal edge radius is 0.27 m. The reference drag coefficient was the value from the
corresponding geometry in isolation.

For the vehicles with the lowest radius, the complexity of the results increases. This can
be due to the fact that the RANS simulations have difficulties to cope with the complex
flow separation and reattachment. The drag reductions can be seen in Figure 4.45. Some
differences occur between the ‘t6t6t12’" and the ‘t12t12t12’ configuration. In the ‘t12t12t12’
configuration, both the middle and the trailing vehicle do not experience a significant different
in drag reductions due to the cross wind. The trailing vehicle however, experiences a much
lower drag reduction when a yaw angle is applied. When looking at the ‘t6t6t12’ configuration,
the behaviour of the lead vehicle remains the same. The middle and trailing vehicle experience
higher drag reductions in cross wind conditions for specific inter-vehicle distances.
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Figure 4.45: Effect of the yaw angle on the drag reductions of the different vehicles in a platoon.
The frontal edge radius is 0.135 m. The reference drag coefficient was the value from the
corresponding geometry in isolation.

The different contributions to the drag of the trailing vehicle in the two configurations can
be seen in Figure 4.46. It is noticed that the drag reductions of the front part are decreased
when cross wind conditions are applied. This effect is more pronounced for the inter-vehicle
distance of 0.91. This causes the drag reductions to decrease for the case with cross wind.
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Figure 4.46: Effect of the yaw angle on the drag reductions of the trailing vehicle, with a frontal
edge radius of 0.135 m, in a platoon.

It was already discussed in section 4.1 that the lead vehicle redirects the flow such that the
following vehicles experience significantly lower side forces. This effect becomes slightly less
pronounced when the tails are deflected more inwards. The side forces of the middle and
trailing vehicle increase when the tail angle of the leading vehicle is increased. This can be
seen in Figure 4.47. The trailing vehicle experiences the lowest side force. The side force of
the leading vehicle increases slightly when the inter-vehicle distance is decreased. This can
be due to the influence of the middle vehicle on the flow around the lead vehicle. This effect
is however rather small.
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4.3.4 Absolute drag values

All the effects of platooning are illustrated by showing the drag and side forces relative to
those in isolation. This way, the effect of the different configurations on the effectiveness of
a platoon is studied. However, a comparison can still be made with absolute values in order
to check whether a less streamlined configuration suddenly outperforms a more streamlined
configuration if both are placed in a platoon. The absolute drag coefficients as a function of
the inter-vehicle distance and the frontal edge radius are shown in Figure 4.48 for the ‘t6t6t12’
configuration and in Figure 4.49 for the ‘t12t12t12’ configuration. It can be seen that the
vehicles with the larger frontal edge radius still outperform the vehicles with a lower radius.
The trend of the lead vehicle drag shows the least variation with the inter-vehicle distance as
the front part of this vehicle is not affected by the platoon formation. The platoon average
drag coefficient becomes less dependent on the inter-vehicle distance when the frontal edge
radius is increased. All the drag coefficient results for the ‘ttt’ configurations can be seen in
Tables A.5—A.8 in Appendix A.
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Figure 4.48: Drag coefficients for all vehicles and the platoon average of the ‘t6t6t12’ configu-
ration for different inter-vehicle distances and frontal edge radii. The yaw angle is 3°.
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Figure 4.49: Drag coefficients for all vehicles and the platoon average of the 't12t12t12' config-
uration for different inter-vehicle distances and frontal edge radii. The yaw angle is 3°.
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4.3.5 Summary of the ‘ttt’ configurations

The addition of various tails to the platoon formation did not affect the trends of the drag
reductions of the platoon drastically. Although, several interesting effects take place when
varying the tail angles. The drag in isolation of the vehicles decreases due to the addition of
tails, therefore their absolute drag reductions also decrease. The relative drag decrease of the
lead vehicle remains unaffected by the variation of the tail angle. The change of a vehicle’s
tail angle has a specific effect on the following vehicle. The effect of deflecting the tail of a
vehicle strongly depends on the inter-vehicle distance and on the tail angle itself.

It can be stated that deflecting a tail inward has two main effects on the following vehicle.
Firstly, increasing the tail angle increases the stagnation pressure on the frontal surface while,
at the same time, it reduces the negative pressure peak on the edges and thus reduces the
thrust force on the frontal edges as seen before in section 4.1. Secondly, increasing the tail
angle deflects the streamlines more inward and reduces the size of the wake. This causes
the dynamic pressure, experienced by the following vehicles, to increase with respect to the
‘nnn’ configuration. Changing the tail angle thus has the same global effect on the vehicles
as changing the inter-vehicle distance, they both decrease the influence of the wake on the
following vehicle. Whether the combination of these effects increases or decreases the drag
reductions in the platoon depends on the inter-vehicle distance and the tail angle.

For the vehicles with a frontal edge radius of 0.27 m, the total drag of the trailing vehicle
is first increased when the tail angle is increased from 0° to 6°, but it is decreased when
increasing the tail angle from 6° to 12°. The drag changes of the front part of the vehicle
were not affected significantly when deflecting the tail from 0° to 6°. Deflecting it from 6° to
12° reduced the drag coefficient of the front part. The drag behaviour for the vehicles with a
frontal edge radius of 0.135 m is more complex. While the total drag reductions were always
decreased for an increasing tail angle, the change in drag reductions of the front part was not
monotonic. For the inter-vehicle distance of 0.45 — 0.91, the front drag reductions increased
when the tail is deflected from 0° to 6°, but they decrease when the tail is deflected from 6°
to 12°. For the largest inter-vehicle distance the front drag reductions always decrease for
the vehicles with a frontal edge radius of 0.135 m. If the combination of the inter-vehicle
distance and the tail angle is low, the front drag reductions are increased by the deflection
of the tails. If the combination is high, the front drag reductions decrease when the tails are
deflected inwards. When the tail angle is kept constant, the drag reductions are increased
when the inter-vehicle distance is increased from 0.45 to 0.91. Increasing the distance to 1.36
makes the drag reductions decrease again, except for the platoons without a tail angle.

It was shown that the lead vehicle redirects the flow such that the middle and trailing vehicle
experience a significantly lower side force. This effect was less pronounced when the tail
angle of the lead and middle vehicle was increased. Now that all platoon configurations are
discussed. chapter 5 will compare the different platoons for every individual vehicle as well
as for the platoon average values.
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Chapter 5

Platoon Comparison

In Chapter 4 the differences between the three vehicles are discussed for every platoon. This
chapter will focus on the difference in performance between the different platoon configu-
rations for every individual vehicle as well as for the platoon average. Using these results,
the optimal platoon configuration can be found and the decrease in drag can be linked to
fuel savings. First, sections 5.1-5.4 compare the different platoon configurations for every
individual vehicle. The trailing vehicle is discussed before the middle vehicle since the middle
vehicle experiences the same effects as the trailing and lead vehicle, but combined. At last,
section 5.5 shows the optimal platoon configuration. The optimal platoon can be defined in
two ways. The platoon that has the highest drag reduction, i.e. Cp% and ACp, due to the
platoon formation and the platoon with the lowest absolute platoon averaged drag values.

5.1 Leading vehicle

When looking at the results for all leading vehicles in Figure 5.1(a), it can be regarded that the
vehicles with the more rounded frontal edge radii benefit more from the platoon configuration
compared to their own drag coefficient. This can be explained by the fact that, for the more
streamlined vehicles, the pressure drag due to the wake resembles a larger portion of the total
drag than for the configurations with the lower front curvature radius. If one looks at the
absolute drag reductions in Figure 5.1(b), the clear distinction between the different frontal
edge radii is absent . For the smallest inter-vehicle distance, the main difference in drag
reductions come from the addition and deflection of a tail. This is logical since the platoon
formation only affects the rear part of the leading vehicle. Vehicles with less deflected tails
or no tails show the largest decrease in drag coefficient. Increasing the inter-vehicle distance
makes the differences between the configurations less pronounced. It must be noted that the
result for the largest inter-vehicle distance is ignored in the case of the ‘t0t0t12’ configuration.
This shows a drag coefficient that is much larger than for a vehicle in isolation. This is caused
by numerical errors, since the drag coefficient should go to unity for increasing inter-vehicle
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Figure 5.1: Effect of the platoon configuration on the drag coefficient reductions of the lead
vehicle with a yaw angle of 3°. The circle is the data point for the ‘t0t0t12' configuration.

Figure 5.2 shows the absolute drag coefficient of all lead vehicles. It is clear that for all
configurations, the drag coefficient is lowest for the lowest inter-vehicle distance. For a given
distance, the drag decreases when the vehicles are more streamlined, i.e. large frontal edge
radius or more deflected tail. Changing the frontal edge radius of the lead vehicle seems to be
much more significant in reducing the drag than the addition and angle of a tail. Since the
lead vehicle in a platoon is only affected by a following vehicle, the only advantage it gains
comes from the increases base pressure. Therefore, the drag of the lead vehicle is affected
more by the platoon if the largest contribution to the drag originates from the rear surface.
Therefore the frontal edges of the leading vehicle should be increased as much as possible.
This will both increase the absolute performance of the lead vehicle and the drag reductions
due to the platoon.
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Figure 5.2: Drag coefficient of the lead vehicle in all platoon configurations with a yaw angle of
3°. The circle is the data point for the ‘t0t0t12’ configuration.

5.2 Trailing vehicle

In Figure 5.3, it can be seen that at the closest inter-vehicle distance the trailing vehicle
experiences an increase in drag due to platooning when the frontal edge radius is 0.27 m.
This is due to the fact that the forward force on the frontal edges represents a large part
of the entire front drag. This forward force is largely decreased due to the inward deflected
streamlines coming from the vehicle in front. The tail angle of the trailing vehicle remains
fixed for most of the platoon configurations, so the effects that are seen due to a tail angle
variation are only due to the changes in tail angle of the vehicles in front. The most important
result here is that, if the trailing vehicle has a smaller frontal edge radius, its drag coefficient
becomes more sensitive to the change in tail angle of the middle vehicle. For an inter-vehicle
distance of 0.91, the difference between the ‘t6t6t12" and the ‘t12t12t12’ configuration is 14%
or 0.0455 when the frontal edge radius is 0.135 m. This difference is only 3.6% or 0.0071
when the radius is 0.27 m. When the tail of the middle vehicle is deflected more inwards, the
drag reduction of the trailing vehicle decreases. Again the vehicles with the least streamlined
geometry (no/less deflected tails and lower frontal edge radius) show the highest decrease in
drag due to the platoon.
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The absolute drag coefficient in Figure 5.4 indicates that adding a tail on the middle vehicle
is disadvantageous for the drag of the trailing vehicle. For an inter-vehicle distance of 0.91
and a frontal edge radius of 0.27m, the drag coefficient increases from 0.1650 to 0.1844 when
adding a tail to the middle vehicle and deflecting it to an angle of 12°. The streamlines are
deflected due to the tail of the middle vehicle. These streamlines decreases the beneficial
effect of the platoon on the trailing vehicle. Again, this effect proves to be more significant
for the vehicles with a small frontal edge radius.
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Figure 5.4: Drag coefficient of the trailing vehicles in all platoon configurations.

5.3 Middle vehicle

Looking at Figure 5.5, it is seen that for the middle vehicles with a frontal edge radius of
0.27 m, the drag decreases with increasing inter-vehicle distance. If the radius is 0.135 m,
the drag increases with increasing inter-vehicle distance. This is due to the fact that in the
configuration with the larger radius, the front part of the vehicles can experience an increase
in drag due to the decreased suction force in the wake of a leading vehicle. Due to this effect,
the potential drag reductions for the middle and trailing vehicles are significantly reduced for
the configurations with a radius of 0.27 m or larger. It is also noticed that making the vehicle
more streamlined by adding a tail or increasing the frontal edge radius decreases the drag
reductions.
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Figure 5.5: Effect of the platoon configuration on the drag coefficient reductions of the middle
vehicle.

Figure 5.6 shows the drag coefficient of the middle vehicle in all platoon configurations. The
middle vehicle experiences the most complex changes in the flow field since it is surrounded
by vehicles. It is seen that some of the configurations with a lower radius outperform con-
figurations with a higher radius unlike for the lead vehicle where the higher radius always
leads to the lowest drag. This is due to the fact that the vehicles with the lowest frontal
edge radius benefit a lot from the wake of the lead vehicle, while vehicles with a larger radius
might experience a drag increase due to the lead vehicle’s presence. It is always beneficial for
the middle vehicle to add a tail to the vehicle or to increase the angle of this tail. Although
this reduces the drag of the middle vehicle, this will increase the drag on the trailing vehicle.
Since the tail configuration of the lead and the middle vehicle are the same in every platoon,
it can be concluded that the negative influence of adding a tail on the lead vehicle is less than
the decrease in drag by adding a tail to the middle vehicle itself. It also seems that adding
tails to the platoon configuration decreases the sensitivity of the drag coefficient to changes
of the inter-vehicle distance. For the configuration without any tails it is thus slightly better
to have a smaller frontal edge radius.
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Figure 5.6: Drag coefficient of the middle vehicles in all platoon configurations.

5.4 Platoon average

Combining all of the above results, the platoon averaged drag coefficient is shown in Figure 5.7.
Again it is seen that the drag reductions decrease significantly as the geometry of the vehicles
becomes more streamlined, i.e. larger frontal edge radius and more deflected tails.

When looking at the absolute drag coefficients, the same trends as shown before are again
present. The more streamlined the vehicles are, the lower the platoon averaged drag coefficient
is. The platoon that experiences the largest drag reduction due to the platoon formation is
also the platoon with the largest absolute drag increase.
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Figure 5.7: Effect of the platoon configuration on the platoon averaged drag coefficient reduc-
tions.
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Figure 5.8: Platoon averaged drag coefficient of all configurations.
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5.5 Optimal platoon

The configuration that benefits the most from the platoon formation is not necessarily the
same as the the formation that experiences the lowest drag force. Considering only the
reductions of drag due to the platooning, it can be stated that the ‘nnn’ configuration with
a low frontal edge radius is optimal for every vehicle, except for the leading vehicle. This is
logical since the vehicle that performs the worst can benefit the most from the advantages of
a platoon formation. This platoon has a platoon average drag coefficient reduction of 0.1223
for the lowest inter-vehicle distance. This corresponds to a fuel saving of 1.71 L/100km per
vehicle, according to an calculation sheet '. This value of course depends on the total drag
of a vehicle in isolation. The drag coefficients of the used models are much smaller than the
drag coefficients of a real truck. If the drag reduction in percentages, 71%, of this platoon
is used to calculate the drag count of a real heavy-duty vehicle, the resultant drag decrease
would be 1775 drag counts, based on a drag coefficient of 0.75 [42]. This would lead to a fuel
saving of 2.48 L/100km per vehicle. Of course, this value is only an estimation but it gives
an indication on how much fuel could be saved.

The platoon configuration that has the lowest absolute drag coefficient is the platoon where
all vehicles are equipped with tails of 12°. This indicates that while platooning offers great
advantages in drag reduction of heavy-duty vehicles, the individual shape of the vehicle is
still of great importance if one wants to decrease the drag of a vehicle. Although, care should
be taken when comparing geometries of vehicles that are slightly better, since the geometry
that is outperformed in isolation might gain an advantage when the vehicles are placed in a
platoon formation.

In real situations, the vehicles of a platoon might not have the same frontal edge radius like
in this study. This study however points out that the vehicle with the most streamlined front
part (largest radius) should be placed in the lead position. Vehicles with a less streamlined
front part need to be placed after the lead vehicle. It is also beneficial to the platoon that
the vehicle with the highest tail angle should be placed in trailing position.

!This calculation sheet was provied by Gandert Van Raemdonck from WABCO Automotive
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Chapter 6

Conclusion & Recommendations

In this chapter, the conclusions of the different analyses will be presented along with conclu-
sions about the used methodology. In order to improve the current work or to build further
on this study, some recommendations are stated.

6.1 Conclusions

Isolated vehicle

In order to analyse a platoon of bluff bodies, the isolated GETS model was first simulated, to
serve as baseline results and to show the effects of a varying frontal edge radius, tail and yaw
angle on a vehicle in isolation. It was shown that the frontal edge radius influences the flow
behaviour largely. The amount of thrust force generated by the low pressure region on these
edges greatly determines the drag of the vehicle as well as the relative drag contribution of
the front part. For the radii of 0.54 m and 0.27 m, the large thrust force decreased the drag
of the front part of the vehicle significantly such that the drag contribution of the front part
was lower than 15% of the total drag while the pressure drag at the rear delivered around
70% of the drag. halving the frontal edge radius to 0.135 m, caused the drag contributions of
the front and rear part of the vehicle to be almost equal, about 45% of the total drag. The
total drag also increased largely when the edge radius was lowered. This was mainly due to
the flow separation occurring on the frontal edges.

The addition of tails proved to significantly increase the base pressure of the vehicles and
decreasing the size of the wake. Adding an inward deflected tail increased the base pressure
and therefore reduced the drag until the drag contribution of the rear surface was almost zero
or even slightly negative for some cases, i.e. a thrust force. Adding a cross wind component
to the incoming flow results in an increase in drag and a resulting side force. Making the
geometries more streamlined by adding tails or by increasing the frontal edge radius made
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the drag less sensitive to yaw angles. The side force on the vehicles was slightly increased by
increasing the frontal edge radius, but the addition of tails decreased this side force signifi-
cantly. The vehicles in cross wind acted like airfoils and redirected the flow in the near wake
towards the windward side.

Effect of inter-vehicle distance

The inter-vehicle distance had a large influence on the drag of the individual vehicles. At a
very short distance, the lead vehicle experienced a very large drag reduction because the low
pressure in the wake of the lead vehicle was increased by the presence of the high pressure re-
gion in front of the middle vehicle. This lead to a large reduction in pressure drag origination
from the rear surface of the model. When the distance is increased, the drag goes asymptoti-
cally to the value in isolation. The trailing vehicle showed the opposite behaviour. When the
inter-vehicle was decreased, the drag of the trailing vehicle increased up to a certain distance
between 0.23 and 0.45, after which it decreased again. The up-going trend of the drag of the
trailing vehicle was explained by the fact that the streamlines were deflected inward after the
middle vehicle and they experienced a deceleration due to the concave trajectory of the flow
arriving at the frontal surfaces of the trailing vehicle. This lead to a decreased thrust force
on the frontal edges of the trailing vehicle. The decrease in thrust force was larger than the
decrease in drag due to the lower stagnation pressure on the frontal surface of the trailing
vehicle. This lead to the drag increase with decreasing inter-vehicle distance. For the lowest
inter-vehicle distance, the trailing vehicle was positioned inside the near-wake of the middle
vehicle and the drag decreased again. The decrease in stagnation pressure became more dom-
inant than the decrease in thrust force at the frontal edges. The middle vehicle experience
a combination of the effects on the lead and trailing vehicle, its drag remains fairly constant
except for the closest distance where the negative effect on the frontal part starts to decrease.
These trends are similar for all platoons, the amount of drag increase or decrease however
was determined by the geometric variables and the cross wind condition.

Effect of frontal edge radius

The drag reductions of the different vehicles in the platoon was mainly determined by the
frontal edge radius. The relative drag reductions on the leading vehicle were higher when the
frontal edge radius was larger, since then the pressure drag at the rear represents a larger
portion of the total drag. The drag decrease in drag counts however only slightly changed.
The effect of the frontal edges on the trailing vehicle was much more pronounced. Decreasing
the frontal edge radius decreased the importance of the thrust force on the edges on the total
front drag. For the large radii, the trailing vehicle experienced a drag that increased up to
a value above that in isolation when the inter-vehicle distance was decreased. For the lowest
inter-vehicle distance of 0.23 it was decreasing again. A trailing vehicle with the smallest
frontal edge radius, 0.135 m, experienced a drag reduction. The combined effects of the lead
and trailing vehicle caused the drag reductions of the middle vehicle to increase with a lower
frontal edge radius.
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Effect of tails

While adding a tail to the trailing vehicle did not change the drag behaviour of the vehicles
drastically, several interesting effects were noticed when tails were applied on the front and
middle vehicle with varying tail angle. A tail on a specific vehicle, mainly influences the
vehicle driving behind the tail. It was found that for an increasing tail angle, the stagnation
pressure on the frontal surface increases, which would lead to a drag increase. Besides this,
the loss in thrust force on the frontal edges is reduced, this would lead to a drag decrease.
Which of these two effects is larger depends on the inter-vehicle distance, the tail angle and
the frontal edge radius. Next to these effects on the front drag of a following vehicle, deflecting
a tail also reduced the drag reductions caused by the slower incoming flow field, i.e. the lower
dynamic pressure. Deflecting a tail on the lead vehicle inward has the same effect on the
middle vehicle as increasing the inter-vehicle distance, it decreases the influence of the lead
vehicle’s wake on the middle vehicle. When the frontal edge radius was 0.27 m, increasing
the tail angle of a vehicle in front always increased the drag reduction at the front part of
the following vehicles. The pressure decrease on the frontal edges due to the deflected tails
is thus dominant over the pressure increase on the stagnation surface. Combining this with
the effect of the lower dynamic pressure after a vehicle lead to the result that the total drag
reduction of a following vehicle was decreased when the tail was deflected from 0° to 6°,
but it was increased when deflection the tail from 6° to 12°. Decreasing the frontal edge
radius to 0.135 m gave different results. The total drag was increased when the tails were
deflected more inward, while the front drag was now only decreased when the combination of
the inter-vehicle distance tail deflection was small (0° to 6°).

Effect of cross wind conditions

The effect of cross wind on the drag reduction in the platoon depended on the frontal edge
radius. For a small frontal edge radius, the drag reductions due to platooning increased,
while they decreased for a larger frontal edge radius. This was due to the fact that the drag
reductions at the rear part became more effective with a non-zero yaw angle and those at
the front became less effective. For vehicles with a large frontal edge radius, the change in
drag at the front were dominant, while for the other vehicles this was reversed. Overall,
the drag reductions obtained in a platoon were not much affected by the applied cross wind
conditions. It is shown that the lead vehicle of a platoon redirects the flow such that the
middle and trailing vehicle experience a significantly lower side force. The side force of the
lead vehicle itself is not changed significantly. When inward deflected tails are applied to the
lead and middle vehicle, the side force reduction on the following vehicles is diminished but
still significant.

The final results showed that the platoon with the worst performing vehicles in isolation, the
‘nnn’ configuration with R = 0.135 m, experienced the largest drag reduction, namely 29%,
corresponding to 1223 drag counts. If this is extrapolated to a vehicle with an initial drag
coefficient as high as a real heavy-duty vehicle, this could lead to a fuel saving of 2.48 m.

Considering the absolute drag coefficients, the platoon with the best performing vehicles was
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still the optimal platoon with the lowest drag coefficient, namely the ‘t12t12t12’ platoon with
the largest frontal edge radius. This aerodynamic analysis investigated the effect of the drag
reduction devices in a platoon of bluff bodies subjected to cross wind conditions. It was
shown that the frontal edge radius can determine whether the following vehicles experience
a drag reduction or a drag increase. Tails reduced the drag of the individual vehicles but
did also decrease the drag reductions experienced in the platoon. The drag reductions were
still present under cross wind conditions. The small research gap that was present due to the
discrepancies between studies was filled by explaining why trailing vehicles in some platoons
experienced a drag increase, while other platoons, they experienced a drag decrease.

6.2 Recommendations

Although this conclusion concludes this study, the research on platoon aerodynamics is far
from finished. Based on the performed work and on the obtained results, recommendations
can be stated.

Simulation set-up

The accuracy of the used solver is of course limited. Especially the unsteadiness in the wake
of the vehicle and its influence on the other vehicles is not simulated. Therefore, the decision
can be made for further investigations to increase the computational time by using DES or
LES. Then, the turbulent structures can be (partially) solved and the unsteadiness of the flow
can be taken into account. This study used wind tunnel experiments on a single GETS model
to validate the CFD simulations. Although the obtained results were similar to results of
platoons with other vehicle models. The results of the different platoons should be validated
with wind tunnel experiments on a platoon of GETS models.

Vehicle model and platoon configurations

The truck model that is used had several disadvantages. The main disadvantage is the fact
that the drag of the model is a lot smaller than for real heavy-duty vehicles. This influences
the absolute drag reductions and thus the predicted fuel savings. The drag coefficient decrease
in percentages on the other hand is less influenced by the total drag of the vehicle but more
by the drag contribution of the different vehicle parts. It can thus be recommended to use a
more detailed model of a heavy-duty vehicle or to perform one simulation on a highly detailed
geometry and then use this result to build a simplified model that has the same relative drag
contributions of the different parts of the vehicle. For this study, this could lead to a certain
frontal edge radius that is more representative for the currently operating heavy-duty vehicles.
The simplified GETS model can be extended with a gap between the tractor and trailer, since
this gap largely influences the drag and the relative drag contributions.
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In the used platoon configurations, the tails on the vehicles were different for the different
platoon positions. The frontal edge radius is kept the same for all vehicles. The variation of
this radius with the platoon position would be very interesting to investigate. It was shown
in this study that the lead vehicle drag reductions were increased when its frontal edge radius
was increased. But if both vehicles have different tails and different frontal edge radii, it is
still unclear which vehicle should be best placed in front. This study could be combined with
an optimisation algorithm that defines the best platoon for a given set of different vehicles.
Besides changing the frontal edge radius, the entire shape of the forebody can be altered.
In the near future, regulations will be adapted in order to allow trucks to have an increased
forebody length. This could lead to trucks with a certain nose shape, similar to the American
heavy-duty vehicles.

Extra research topics

The influence of the wake size on the critical inter-vehicle distance where the drag of a
following vehicle starts to decrease again for smaller inter-vehicle distances is only touched
on slightly in this study. A follow-up study can focus on this phenomenon. Several platoons
with different sized vehicles could be tested in order to find the critical inter-vehicle distance
as a function of the vehicle size and wake size. The difference in inter-vehicle distance should
therefore be smaller than for this study.

The applied tails in this study had such a length that the horizontal extension of the vehicle
was always 1.5 m. However, when a certain tail would be deflected inward during the operation
of the vehicle, its horizontal length would be decreased and its influence on the flow would be
less. Other investigation can focus on the implementation of tails that are varied during the
operation of the vehicle.

A topic that is not studied in this thesis is the effect of the reduced mass flow through the
engine when driving in a platoon. If the mass flow through the engine is decreased significantly,
this could reduce the performance of the engine or increase the need for a cooling system to
be activated. This could potentially reduce the fuel savings.
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Appendix A

Absolute drag values of all vehicles

Table A.1 shows all the exact values of the total drag coefficients of the simulated models in

isolation.
Table A.1: Drag coefficients of all simulated vehicles in isolation.
Y =0° Y =3°
R=0135 R=02Tm R=054m | R=0135m R=02Tm R=054m
no tail 0.4208 0.3005 0.2881 0.4451 0.3055 0.2918
t=0° 0.4062 0.2852 0.2691 0.4245 0.2893 0.2721
t=6° 0.3590 0.2131 0.1949 0.3710 0.2167 0.1986
t=12° 0.3215 0.1756 0.1566 0.3251 0.1780 0.1582

Table A.2 and Table A.3 show all the resulting drag coefficients of the vehicles in the ‘nnn’
configuration. Per vehicle, the values are ranged from lowest inter-vehicle distance to highest.
It is clear that while, less streamlined vehicles have significantly more benefit from driving in
a platoon, the more streamlined vehicles still experience the least amount of drag.

Table A.2: Drag coefficients of all simulated vehicles in the ‘nnn’ configuration.

R=0.135m

Y =0°
R=027m

R=054m

Leading vehicle
Middle vehicle
Trailing vehicle

Platoon average

0.27-0.32-0.41-0.43
0.19-0.26 - 0.27 - 0.28
0.28 - 0.31 - 0.27 - 0.26
0.25-0.30-0.32-0.33

0.13-0.19 - 0.28 - 0.30
0.20 - 0.27 - 0.27 - 0.27
0.30 - 0.31 - 0.26 - 0.25
0.21-0.26 - 0.27 - 0.27

n/a- 0.18 - 0.27 - 0.29
n/a-0.26 - 0.26 - 0.25
n/a - 0.30 - 0.25 - 0.24

n/a - 0.25 - 0.26 - 0.26
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Absolute drag values of all vehicles

Table A.3: Drag coefficients of all simulated vehicles in the ‘nnn’ configuration.

R=0.135m

Y =3°
R=027m

R=054m

Leading vehicle
Middle vehicle
Trailing vehicle

Platoon average

0.27-0.34-043-0.45
0.20 - 0.28 - 0.28 - 0.29
0.34 - 0.33 - 0.28 - 0.27
0.27-0.32-0.33-0.34

0.12-0.20 - 0.29 - 0.30
0.23-0.28-0.29 - 0.28
0.36 - 0.33 - 0.28 - 0.26
0.24-0.27-0.28 - 0.28

n/a-0.19- 0.28 - 0.29
n/a - 0.27 - 0.27 - 0.27
n/a-0.32-0.26 - 0.25

n/a - 0.26 - 0.27 - 0.27

Table A.4 shows all the resulting drag coefficients of the vehicles in the ‘nnt12’ configuration.

Table A.4: Drag coefficients of all simulated vehicles in the ‘nnt12’ configuration.

Y =0°

Y =3°

R =0.27 [m]

R =0.54 [m]

R =0.27 [m]

R = 0.54 [m]

Leading vehicle
Middle vehicle
Trailing vehicle

Platoon average

0.19 - 0.28 - 0.30
0.27 - 0.27 - 0.27
0.21 - 0.16 - 0.15

0.23-0.24-0.24

0.18 - 0.27 - 0.28
0.26 - 0.26 - 0.25
0.21 - 0.15-0.14
0.22-0.23 - 0.23

0.20 - 0.29 - 0.30
0.28 - 0.28 - 0.29
0.23 - 0.17 - 0.16

0.24-0.25-0.25

0.19 - 0.28 - 0.29
0.27 - 0.27 - 0.27
0.22 - 0.16 - 0.14

0.22-0.23 - 0.23
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All the results for the ‘ttt’ configurations can be seen in Tables A.5—A.8. Per vehicle, the values
are ranged from lowest inter-vehicle distance to highest. It is clear that while, less stream-
lined vehicles have significantly more benefit from driving in a platoon, the more streamlined
vehicles still experience the least amount of drag.

Table A.5: Drag coefficients of all simulated vehicles in the ‘t0t0t12' configuration. The frontal
edge radius is 0.27 m.

Y =0°

Y =3°

Leading vehicle
Middle vehicle
Trailing vehicle

Platoon average

0.19 - 0.26 - 0.28
0.26 - 0.26 - 0.25
0.22 - 0.16 - 0.15

0.22 - 0.23 - 0.23

0.19 - 0.27 - 0.31
0.27 - 0.27 - 0.26
0.23-0.17-0.16

0.23-0.23-0.24

Table A.6: Drag coefficients of all simulated vehicles in the 't6t6t12" configuration.

Y =0°

R=0.135m

R=027m

Y =3°

R=0.135m

R=027m

Leading vehicle
Middle vehicle
Trailing vehicle

Platoon average

0.27 - 0.34 - 0.35
0.22-0.22 - 0.24
0.24 - 0.19 - 0.23
0.25 - 0.25 - 0.27

0.14 - 0.20 - 0.21
0.21-0.20 - 0.19
0.23 - 0.18 - 0.17

0.19 - 0.19 - 0.19

0.29 - 0.36 - 0.36
0.22 - 0.24 - 0.26
0.24 - 0.21 - 0.23

0.25 - 0.27 - 0.28

0.14 - 0.20 - 0.21
0.21-0.21 - 0.20
0.24 - 0.18 - 0.17

0.20 - 0.19 - 0.19

Table A.7: Drag coefficients of all simulated vehicles in the 't12t12t12" configuration for Y = 0°.

R=0.135m

Y =0°
R=027m

R=054m

Leading vehicle
Middle vehicle
Trailing vehicle

Platoon average

0.25-0.30 - 0.32
0.20 - 0.23 - 0.24
0.24 - 0.23 - 0.25
0.23 - 0.25 - 0.27

0.12-0.16 - 0.17
0.17-0.16 - 0.16
0.21-0.17 - 0.16
0.17-0.17 - 0.17

0.10- 0.15 - 0.16
0.15-0.15-0.15
0.20 - 0.16 - 0.15

0.15-0.15-0.15

Table A.8: Drag coefficients of all simulated vehicles in the ‘t2t12t12’

configuration for Y = 3°.

R=0.135m

Y =3°
R=027m

R=054m

Leading vehicle
Middle vehicle
Trailing vehicle

Platoon average

0.26 - 0.31 - 0.32
0.21 - 0.23 - 0.25
0.26 - 0.26 - 0.27

0.24 - 0.27 - 0.28

0.12-0.17 - 0.18
0.17-0.16 - 0.17
0.22-0.18 - 0.17
0.17-0.17 - 0.17

n/a-0.15- 0.16
n/a-0.15-0.15
n/a- 0.16 - 0.15
n/a-0.15- 0.15
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