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Executive Summary

Work package 4 has been defined as the validation phase of the project. This work
task will perform the end to end system evaluation. The present document contains
the results obtained from the work done in the Computational Fluid Dynamics (CFD)
aerodynamic simulation and the fuel consumption tests at the track. All of these
involved the fully functional platoon.

Computational Fluid Dynamics, or CFD, provides virtual aerodynamics simulations
through the application of mathematical equations that represent a flow. The main
advantage of CFD for simulating trains of vehicles is the feasibility of adding vehicles
with no limitation on the overall size of the convoy, although this did turn out to be
guite a unigue challenge. By means of scripting, a pre-processing methodology may
be applied in order to automatically prepare different combinations of train vehicles
so that the calculus could run through all the selected gaps automatically. Among the
major challenges of such CFD simulations are the robustness of the code and the
capability to automatize big sets of calculations. The generation of a script is
imperative in order to optimize a CFD methodology that can easily configure and
simulate many combinations of vehicles in road trains

OpenFoam is an open source CFD code that can be easily edited and modified. It is
based on a hierarchy of folders and subfolders in which different dictionaries and
libraries are strategically located. Every library and dictionary is a text file that defines
all computational and physical parameters. Many road train combinations are
possible as both; separation distances and combinations of vehicles can be altered.
All of the variables could be included in one complete algorithm that automatically
simulates ALL combinations of vehicles and distances. Due to OpenFoam’s open
source hature, scripts that combine many OpenFoam tools can be easily generated.

Once all variables have been introduced by the user via an input file or via the
interactive mode, the script then generates all dictionaries and libraries that are
needed to launch and OpenFoam case and organizes them in their specific
directories. Then, once the geometry has been generated and saved in its specific
folders. The next stage of pre-processing is mesh generation by definition, improving
the resolution of a mesh improves the accuracy of a calculation, since equations are
computed at more points which define the solution. However, the higher the
resolution, the higher the computational cost. An efficient resolution is that which
gives a good accuracy without compromising the computational cost. Different
resolutions have been tested for the mesh study and the need of having a VERY
FINE mesh was obvious, since one cannot ensure that coarser meshes will give
similar results. Then after a lot of testing the mesh designs were completed and
working at a high enough standard.

Once mesh resolution has been chosen and the final simulations of the train vehicles
have been run it is time to review the results. The following gaps between vehicles
have been tested; 3, 4, 6, 8, 10, and 15 meters, the second truck geometry keeps on
having unstable results, probably due to the nature of the large wake in front and to
its large size compared to the rest of cars behind it. Apart from the leading truck, as a
general rule, the further away from the large wake of the trucks, the more stable the
numerical solution is. In a general case a gap of 3 or 4 meters is not the best solution
since there is too much instability. A distance of 6 or 8 meters seems the most
optimized solution in terms of drag.
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CFD simulations have demonstrated that road trains reduce drag of each component,
even the leading car. The following truck may have drag benefits of around 40% and
50%, and for the rest of following cars Cx reductions rise up to 60%-75%. The gap
distance of the vehicles do have an effect in drag reduction; however, slight gap
differences do not involve large changes. All CFD simulations described involve the
supposition that all vehicles are perfectly aligned in the x-direction. Correlation
proved that this is not true for real-life tests; the following vehicle was displaced in the
y-direction for values of 0.2, 0.6, and 1 meter. Simulations have been run and the
leading vehicle showed very little effect on lateral offset. The second truck was
almost unaffected by the 0.2 meter offset, and instabilities even reduced drag slightly
(4%). The 0.6-meter offset generated an increase of Cx of almost 10%, while the 1-
meter offset increased drag by almost 23%. CFD results showed that if a road train
has lateral offset errors up to 0.2 meters, the drag is almost unaffected

The tests performed at the IDIADA High Speed Track consisted of stable speed
platooning at 85 km/h Different gaps were used during the tests, ranging from 5 to 15
meters between vehicles. A series of reference tests were also carried out along with
the platooning tests to have a value to compare with. All the data was collected
directly from the vehicles. In order to obtain the valuable data for the project, the
platooning tests were carried out following procedure and latterly compared.

It was necessary to measure the fuel consumption individually for each vehicle in
order to compare it with the fuel consumption while platooning. During the test trial
weeks, special procedures were adopted to prepare the vehicles, carry out the tests
and in the end obtain the required data for analysis. The distances tested for the full
platoon system were 5, 6, 7, 8, 9, 10, 12, and 15 meters a 2 truck platoon was also
tested at 20 and 25 meters gap. Measurements of the fuel consumption are not
available for cars at gap sizes of 7 m and below. The reason for this is that an
analysis of the results showed that an internal safety function in the cars triggered a
pre-charging of the brakes while driving at such close distances this pre-changing
affected the fuel consumption and hence the measurements are excluded from the
graphs. The results show that there is an important decrease in fuel consumption
when platooning at shorter distances. This behaviour follows a similar trend to what
has been previously researched and also similar to that of the simulation results

In conclusion this report set out to validate the developed end to end system and
comment on the fuel consumption of the vehicles in the system. It did this by carrying
out aerodynamic simulations of the entire platoon to create an estimated fuel
consumption. This was done using an Openfoam CFD simulation and the results
were quite promising. The gap in between the vehicles was altered and the
behaviour of the air between the cars was interesting to analyse as it showed that the
optimum distance was 6m — 8m and not 3m or 4m. Track tests were then made to
analyse the actual fuel consumption. At a gap of 8m all of the vehicles achieve fuel
savings from 7 to 15%. All of the results from this work package show that platooning
provides significant potential improvements for the efficient use of fuel.
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1 INTRODUCTION

Work package 4 has been defined as the validation phase of the project, where all
the systems developed during work package 3 will be assessed and validated
according to the function they were designed to perform individually and on an
integrated level. Additionally, the last activity of the work package will be to evaluate
the fuel consumption of an operating platoon at different gaps in order to analyse
whether the initial assumptions were correct. The platoon will be comprised of two
trucks and three cars.

This work package is divided into 4 tasks. The first 2 tasks refer to the evaluation at a
subsystem level, having two major groups: the on-vehicle systems to be analysed
during WT4.1 and the remote systems that will be evaluated during WT4.2. The work
task 4.3 will perform the end to end system evaluation, meaning that all the
subsystems will be assessed working in an integrated manner to achieve the proper
platoon function. Work task 4.4 is the evaluation of the fuel consumption, comprised
of an aerodynamic simulation and track testing.

The present document contains the results obtained from the work done in the
Computational Fluid Dynamics (CFD) aerodynamic simulation and the fuel
consumption tests at the track. All of these are framed within the work task 4.4 and
involved the fully functional platoon. The same order of the vehicles was kept
between the CFD simulation and the tests at the track.

The CFD simulation was a unique challenge. A special script was designed, so that
the calculus could run through all the selected gaps automatically. Also, the flow of
air had to be maintained for much longer distance and the wind tunnel had to be
longer than usual CFD wind tunnels, considering that at maximum gap up to 100
metres had to be simulated. The gaps tested were 3, 4, 6, 8, 10 and 15 meters, all of
them considering steady environmental conditions and 90 km/h.

Also, this document includes the results of the fuel consumption tests that were
carried out during the SARTRE project at Applus+ IDIADA’s facilities in L’Albornar,
Spain. The objectives are:

To describe the configuration of the road train
To describe the methodology that was followed
To show the results obtained during the trials
To offer conclusions on the results

The tests were performed at the IDIADA High Speed Track (HST) during May 2012,
and consisted of stable speed platooning at 85 km/h (the recommended maximum
speed for the trucks) in the two straight sections of the HST, both, uphill and downhill
or, respectively, South Straight and North Straight. Different gaps were used during
the tests, ranging from 5 to 15 meters between vehicles.

A series of reference tests were carried out along with the platooning tests to have a
value to compare with. The reference trials were made in between platooning runs to
ensure that the environmental conditions were as close as possible to validate the
data. Also, the reference tests were made with extra-large gaps (200+ m) to avoid
any platooning aerodynamic effects, yet following the exact same trajectory.
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All the data was collected directly from the vehicles. Special inputs such as triggers
and high beam flashes were used in the defined way points to match the beginning
and end of the segment for each vehicle. This made the information directly
comparable for all the vehicles.
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2 SARTRE AERODYNAMIC SIMULATION
METHODOLOGY

2.1 Concept of CFD simulations

Computational Fluid Dynamics, or CFD, provides virtual aerodynamics simulations
through the application of mathematical equations that represent a flow. The 3D
solution of the flow is easily observed and therefore the insight of an aerodynamic
solution may be carefully studied as to understand the behaviour of a certain flow.

2.1.1 Advantages of CFD Simulations

Part of the overall aerodynamic correlation involves carrying CFD simulations. The
main advantage of CFD for simulating trains of vehicles is the feasibility of adding up
vehicles with no limitation in the overall size of the convoy, as compared to the strict
limitations in dimensions that are present in experimental (e.g. wind tunnel) testing.

Thus, different vehicles can be easily combined generating as many simulations as
needed with a minimum effort from the user. By means of scripting, a pre-processing
methodology may be applied in order to automatically prepare different combinations
of train vehicles.

2.1.2 Challenges

Among the major challenges of such CFD simulations are the robustness of the code
and the capability to automatize big sets of calculations. Robustness is necessary in
order to ensure that once the computational algorithm is working, no time will be lost
debugging or solving problems of the code. Secondly, such a project involves
launching large amounts of calculations. If done manually, the user would have to
repeat common operations of meshing, defining initial conditions and launching
calculations one at a time, thus losing a lot of time. By automatizing the calculation
algorithms, large numbers of simulations may be launched and the process will
become time-efficient.

2.1.3 OpenFoam Overview

Since there are many combinations of road vehicles, a lot of CPU hours will be
needed. It is thus important to reduce license prices to have reasonable simulation
Ccosts.

Many road train combinations are possible:
- Separation distances
- Many combinations of vehicles

All variables could be included in one complete algorithm that automatically simulates
ALL combinations of vehicles and distances. Due to OpenFoam’s open source
nature, scripts that combine many OpenFoam tools can be easily generated.

Project: 233683 SARTRE 9 of 39 <Enter Issue Date>3
Dissemination Level: Public



Filename: SARTRE_4 003_PU_FINAL_revised
Revision: 0.0 DRAFT Doc Id: SARTRE_W_XXX_CCPU

2.1.4 OpenFoam Simulations

OpenFoam is an open source CFD code that can be easily edited and modified. It is
based on a hierarchy of folders and subfolders in which different dictionaries and
libraries are strategically located an example is shown below in Figure 1: An example
of an OpenFoam code.Figure 1.

— Ij system

- controlDict
- fvSchemes
L fvSolution

= Ij constant

- ... Properties

L Ij polyMesh

points
cells

faces
boundary

= Ij time directories

Figure 1. An example of an OpenFoam code.

Pre-processing is also possible with an OpenFoam solver, and this mesh process
can be automatized by means of scripts as well as the actual CFD calculation
process. Every library and dictionary is a text file that defines all computational and
physical parameters, as well as information about the geometry of the case study.

2.1.5 OpenFoam Test Cases

OpenFoam has been used for carrying out CFD simulations of trains of vehicles.
Initially, example geometries have been tested to configure the OpenFoam cases
correctly. Dictionaries and libraries have been written manually in some example
cases to analyse optimum mesh sizes and solver parameters. With the help of
OpenFoam tutorial files, full case directories have been generated.

The first series of test simulations have been launched to understand and optimize
an automatic meshing algorithm. Thus, mesh size, growth, and refinement
parameters have been the variables of example cases with two reference vehicle
geometries of an SUV and a car.

Some results of these initial simulations are presented in the figures below. Initially,
simulations crashed due to problematic meshes. Different mesh parameters were
modified in OpenFoam dictionaries until robust and good quality meshes were found.
This process has included thin prim meshes near walls, the study of which areas
should be refined, and finally recommended sizes for the big volume of air that
represents a wind tunnel; this can be seen in Error! Reference source not found.
and Figure 3.
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Figure 2: An example of a coarse mesh used to simulate a small platoon

Figure 3: Yet unconverged example of a platoon with a coarse mesh

A total of 15 example cases have been launched to test convergence and robustness
of OpenFoam simulations. Meshing has been the most sensitive issue. Base sizes of
2m, 1m, and 0.5m have been tested. Three different mesh refinements (6x, 7x, 8x) in
the surface of the cars have been tested. Furthermore, the addition of 4, 5, and 10
thin layers of prisms normal to the surface of the example geometries has been
tested. Finally, refinement volumes have been fitted in zones where further resolution
is desired, that is immediately behind the cars in order to capture the turbulence of
the wake.
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2.1.6 Script Design

The generation of a script is imperative in order to optimize a CFD methodology that
can easily configure and simulate many combinations of vehicles in road trains. After
some versions, an input file of the script includes the following information:

caso = "examplel” Name of the case folder that the script will create

aero=0 Choose between an automotive case with/out a moving ground
n_autos ='3' Number of vehicles in the road train
distancia = 1.0 Distance between vehicles in meters

stl = ‘carl.stl car2.stl Name of the geometry files of every vehicle

tamano = ‘big’ Size of the wind tunnel. Users can choose between 3 sizes
espaciado = 1.0 Base size of the mesh of the wind tunnel

ref_min=3 Minimum mesh refinement level on the surface of the vehicles
ref max=5 Maximum mesh refinement level on the surface of the vehicles
nlayers = 4 Number of mesh prism layers on the surface of the vehicles
nprocs = 4 Number of processors that will calculate in parallel

U = 60.000 Speed of the road train in m/s

p = 0.000 Pressure inside the wind tunnel in Pa

tipo_turbulencia CFD solver. The user can choose between RAS and LES.

modelo_turbulento  Turbulence model. Users can choose k-w or Spalart Almaras.
k=0.10 Turbulent kinetic energy (only for k-e and k-o models)
epsilon/omega = 10 Turbulent variable (only for k-e and k-o models)

dt=1.000 Time step

write_dt = 100.0 Writing frequency

endTime =1000.0  Total number of time steps

The information above includes all variables that the user is allowed to define. The
rest of the variables of the problem are defined with default values in the libraries and
dictionaries that this script generates. Thus, if for instance a user wants to change a
relaxation factor, add a different turbulence model, or change some other
computational parameter, this will have to be written manually. However, all

parameters that have been considered significant for defining a CFD case have been
included in the user defined input file described above.
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A general structure of the generated script is described below. Generally, the user
will include an already defined input text file that includes all of the variables
described above. If not, the script will ask for every variable in an interactive mode.

The interactive mode of the script allows the user to choose the calculation mode:

Pre-process
Calculation
Post-Process
Exit

SN S

However, if an input file has already been defined, the user can directly execute the
script and define the input file. There are several options to execute the script:

-a --all Execute pre-process and calculation

-p --pre Only pre-process (meshing algorithm)

-C --calculo Only calculation in case that the mesh is already generated
-i --interactivo  Define variables in an interactive mode

-y --yes-to-all Executes without asking interactive confirmation

-h --help Launches troubleshooting documents

Once all variables have been introduced by the user via an input file or via the
interactive mode, the script then generates all dictionaries and libraries that are
needed to launch an OpenFoam case and organizes them in their specific “/constant”,
“Isystem”, or “/0” directories.

In the pre-process stage, the script has a function that detects the length of the car,
the lowest point of the car (the wheelbase) in order to adapt the dimensions and the
position of the wind tunnel to the car geometry. The ground is automatically fitted just
below the wheels, with an overlap of 20 mm. If the user desires to simulate a road
train formed by more than one vehicle, this function automatically copies and moves
a second vehicle behind the rear of the first. When doing so, the defined distance
between cars is respected, and the function will keep on adding vehicles
subsequently until reaching the desired number of vehicles in the road train.

Once the geometry has been generated and saved in its specific folders, the next
stage of pre-processing is mesh generation. The script executes a meshing utility in
OpenFoam called “SnappyHexMesh”, which generates a trimmed mesh around the
vehicles geometries. The input parameters that involve mesh refinement, prismatic
layers and refinement volumes are copied to the snappyHexMesh dictionary so that
they will be taken into account in the meshing process.

The calculation stage makes the user choose between a steady state RAS or a
transient LES solvers. The input file also defines the turbulence model applied to
each. The script will write the necessary dictionaries and libraries for each case and
will then execute the corresponding OpenFoam solver with a previously defined
parallelization. Once the calculation is launched, the script generates a log file that
prints several coefficients and residuals as the calculation moves on every time step.

Finally, the post-process stage reconstructs the case to one CPU so that the user
can easily post-process it. The script automatically launches ParaFoam post-process
solver and opens the solution files so that the user can start post-processing as soon
as the calculation has finished.
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2.1.7 Script Testing

As usual, once the first version of the script has been tested, debugging has detected
a series of weak points that have been modified in following versions. At the moment
three different versions have been written, that is v1.1, v1.2 and v1.3.

Version 1.1 has worked without any bug being detected in the interactive mode and it
generated a correct input file called CASE file. However, as soon as the script was
launched again with the same CASE file instead of through the interactive mode, the
script crashed. This bug was found to be a missing variable that was not written in
the CASE file and was finally solved. Furthermore, the yes-to-all option did not
execute the whole script automatically; there were some points that needed a
confirmation of the user. This bug, was fixed so that this -y option executes the whole
script without asking any more inputs to the user. Another problem was that log files
would be constantly overwritten as soon as different cases were executed. This was
modified by configuring an append-to-file option to the log generation.

Script version 1.2 included the previously solved problems and it has undergone
further debugging. The origin of every geometry might be slightly different, solve a
small function has been added to the script to compensate any difference in
geometry origins. This way, different geometries are automatically aligned on the
same floor, at the same height, and centre equally in the wind tunnel. Finally, defining
mesh resolution boxes had to be done manually, therefore a solution was found to be
able to define desired mesh refinement areas before launching the script. As shown
in Figure 4 below, both vehicle geometries (in STL or NAS format) and resolution
boxes (same formats as before) are the inputs of the v1.2 script, and the firsts are
detected as geometry and the latter are included in the meshing dictionary under as
refinement regions. This modification has proven to be very useful since sensible
areas where strong turbulence is likely to be present are refined so that such effects
are captured in the calculation.

U

inf —»

—/— VR1.stl geometry2.stl

geometryl.stl

~ () ()
N\ L / N\

VR2.stl

Figure 4: An example of the vehicle geometries for STL and NAS formats

Latest version 1.3 has included all previous modifications and has solved some other
issues. Most importantly, the script crashed when launched in a remote server with
parallel computation at CESCA. A modification of the script decomposition method as
well as detecting the number of CPUs has solved this problem and it has been also
included in this version. Therefore, script version 1.3 runs both locally and at CESCA.
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Figure 5: Development of a tool for detecting surfaces

Version 1.3, however, does not include some functions that may be useful for
OpenFoam users and that could be implemented as well. On one side, for transient
LES calculations, an option for automatically calculating time step with a given
Courant number is being included. This option optimizes convergence and
calculation time. Finally, a tool for detecting different surfaces is being studied. As
observed in Figure 5 above, geometries could have different physical properties
other than being a wall. Inlets, outlets, or other special boundary conditions will be
applied to different regions, thus increasing the number of applications of this in-
house script.

2.2 CFD Simulations of Road Trains
2.2.1 Mesh Study

By definition, improving resolution of a mesh improves the accuracy of a calculation,
since equations are computed at more points which define the solution. However, the
higher the resolution, the higher the computational cost. An efficient resolution is that
which gives a good accuracy without compromising computational cost to limits in
which a possible increase in accuracy becomes negligible. A mesh study has
therefore been realized to find an optimum resolution of the volume mesh of the train
of vehicles.

Three different resolutions have been tested for the mesh study; from now on
COARSE, FINE, and VERY FINE. The aim is to find the smallest mesh resolution at
which the results become stationary and unaffected by an increase in resolution.

i}

i}

| e | e [ e e | e | e | e | o e S | e | S | o | e | S| e | e | e | S| e S|

i

]
i}
]

==
=
Figure 6: Example of a FINE mesh resolution.
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Figure 7. Detail of mesh refinement

The first case that has been tested is the XC60 geometry results are shown in Figure
8. Three different resolutions have been tested, generating the FINE case seen in
Figure 6 above a diverged solution due to unknown computational parameters. The
VERY FINE and COARSE meshes have generated a similar result, being the VERY
FINE mesh a bit more stable in terms of oscillations.

The V60 geometry has two meshes with similar results, that is the FINE and VERY
FINE with prim layers in the surface for capturing the boundary layer. The FINE mesh
shows a bit of an offset above the other meshes as can be seen in Figure 9.

The S60 geometry shows an approximately constant offset between each of the
tested meshes, having the VERY FINE as the lowest value as seen in Figure 10.
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Figure 8: Mesh study for the XC60
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Figure 9: Mesh study for the V60
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The mesh study has proven the need of having a VERY FINE mesh, since one

cannot ensure that coarser meshes will give similar results. Furthermore, VERY FINE
meshes have numerically stable solutions.

2.2.2 Final calculations

Once mesh resolution has been chosen, the final simulations of the train vehicles
have been run. The quality of the geometries has been improved in order to have
high-quality details of their components.

Velocity Magnitude
H | 10 | 12|0| [
0 ' 30

Figure 11: Example of velocity results for an 8-meter gap

The following gaps between vehicles have been tested; 3, 4, 6, 8, 10, and 15 meters,
and the results of the aerodynamic coefficient Cx of each train of vehicles are
presented in the figures below.

Gap 3 m Full Platoon

0,7
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0,05 \/ -/ ——— —

o b [
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Figure 12: Cx values for the 5 vehicles with a gap of 3m
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Figure 13: Cx values for the 5 vehicles with a gap of 4m.

Body 1 FH12 Body 2 FH12 Body 3 S60 Body 4 V60 Body 5 XCGO‘

The three-meter gap simulation presents stables Cx values for both leading trucks
and for the XC60. The other two cars in between present numerical oscillations which
could indicate a physical parallelism with the oscillating nature of wake turbulence as
a function of time. Similarly, the four-meter gap generates a bit more instabilities in all
but the first truck geometry. These numerical instabilities explain perhaps the
possibility or physical instabilities in the wake, so special attention must be paid to
this issue while regarding the rest of results.
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Figure 14: Cx values for the 5 vehicles with a gap of 6m.
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Figure 15: Cx values for the 5 vehicles with a gap of 8m.
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Figure 16: Cx values for the 5 vehicles with a gap of 10m.
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Figure 17: Cx values for the 5 vehicles with a gap of 15m.
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The rest of the gaps, from 6 meters up to 15, present a similar pattern. The second
truck geometry keeps on having unstable results, probably due to the nature of the
large wake in front and to its large size compared to the rest of cars behind it. The
other three following cars present much stable solutions, perhaps meaning that the
wake in that area is more stable and therefore ensuring more comfortable and
energy-efficient conditions.

In all cases, the leading truck has the highest Cx, followed by the second truck and
the XC60. This last result of the XC60 might not only be due to the fact that this
model has a higher drag than the other two cars, but the fact that it is the last one in
the road train could add some extra drag as well. Finally, the two cars in between,
the S60 and V60 models, present very similar — and lowest- drag values throughout
the whole battery of simulations.

The following results present the Cx values of each car as a function of the gap of the
road train. It is interesting to compare the value of a geometry to easily observe
which gap value reduces drag the most.
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Figure 18: How the gap size affects the Cx of the LV
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Figure 19: How the gap size affects the Cx of the FV1
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Figure 20: How the gap size affects the Cx of the FV2
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Figure 21: How the gap size affects the Cx of the FV3
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Figure 22: How the gap size affects the Cx of the FV4

Apart from the leading truck, as a general rule, the farthest away from the large wake
of the trucks, the more stable the numerical solution is (in terms of oscillations).
These tendencies are expected to be almost parallel, but in many cases they are not.
However, the effect of the gap on drag is clearly observed and summarized in the

graphs below.

The following graph compares Cx, or the non-dimensional value of drag. Larger
vehicles can be compared to the smaller ones, and the effects of drag are
independent on surface area. The leading truck presents the highest Cx, having the
second truck an important reduction from about 0.58 to values around 0.3.
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Figure 23: Cx comparisons for all 5 vehicles at different gap size’s

The difference in Cx, however, demonstrates that the vehicles that reduce their Cx
the most are all but the leading vehicle which of course does not have the benefit of a
wake in front of it.
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Figure 24: Delta Cx for all 5 vehicles at different gap size’s

The figure below presents the percentage reduction in Cx for each vehicle. The
three cars behind present the most proportional benefits since the wake of the trucks
in front is a lot larger. Secondly, one would expect an escalated tendency of the Cx to
increase with increasing gap distances; however that is only the case for the last two
cars. The first three are inside large turbulent wakes that alter this tendency. In fact,
the figure demonstrates that in a general case a gap of 3 or 4 meters is not the best
solution since there is too much instability. A distance of 6 or 8 meters seems the
most optimized solution in terms of drag.
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Figure 25: The percentage Cx reduction for each vehicle at each gap size.
2.2.3 Renders of the simulation

A more visual representation of the aero dynamical effects is presented next, via a
series of renders from the solver. These are instantaneous moments from the
simulation, chosen as good examples because at that point in time, the simulation
was already stable.

Air velocity
Platoon @ 90 kph and 3 m gap.

4N amEm

Air velocity
Platoon @ 90 kph and 6 m gap.

Air velocity
Platoon @ 90 kph and 15 m gap.

Figure 26: Aero dynamic representation of the vehicles at 3, 6 & 15m gaps
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The figures show the air velocity as the air moves over the platoon. Three different
gaps were used for the screen shots: 3, 6 and 15 meters. All of them are at 90 km/h
and with the same platoon running order. In these three images, air velocity was
chosen to depict the movement of the air around a platoon. The wake turbulence is
more visible than with other values. It is clearly visible that the wake turbulence
behind the heavy trucks is quite large. As the gap increases, the wake is able to
stabilize and create a smooth area for the following vehicles.

Finally, the following image shows a very clear example of how the pressure and air
moves around a platoon. The lead vehicle must break an enormous amount of air in
front of it to circulate, while the rest of the vehicles face much less air pressure. This
is visible via the red coloured contours. Notice that the following truck, of the same
make and model of the lead vehicle, has a very low pressure percentage compared
to the leader.

Figure 27: An image showing the frontal pressure on each platoon vehicle

2.2.4 CFD Conclusions

CFD simulations have demonstrated that road trains reduce drag of each component,
even the leading car. The following truck may have drag benefits of around 40% and
50%, and for the rest of following cars Cx reductions rise up to 60%-75%.

The gap distance of the vehicles do have an effect in drag reduction; however, slight
gap differences do not involve large changes in drag reduction. There is a small
sensibility to gap separation, since the important concept observed is that what is
really reducing drag is the fact alone of being inside a road train. Any gap separation
will not involve a major difference.

These results demonstrate a large potential in vehicle platooning for CO, emissions
reduction. An in-depth correlation and validation of the whole system is the next step
for ensuring that road trains could be a reality awaiting just around the bend.
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2.3 CFD Simulations of Lateral Offset

2.3.1 Lateral Offset

All CFD simulations described above involve the supposition that all vehicles are
perfectly aligned in the x-direction. Correlation proved that this is not true for real-life
tests, so a simulation of lateral offset has been carried out to understand the
influence of lateral offset in the overall drag of the vehicles.

2.3.2 Results

Simulations have been run with a 6-meter gap between the 2 trucks, which have the
greatest aerodynamic influence. The geometry of the two trucks was simulated, and
the following vehicle was displaced in the y-direction for values of 0.2, 0.6, and 1
meters.

Offset Cx, Gap 6m
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0,5 ¢—m——m

0,4 7‘—;.;
x 0,3
o ==LV Truck

0,2 == FV Truck

0,1

0 T T T T T ]
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Figure 28: Y-direction displacements of FV1 with a 6m gap
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Figure 29: Cx reduction for varying y-direction offsets of FV1 with a 6m gap
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The leading vehicle showed very little effect on lateral offset. The second truck was
almost unaffected by the 0.2 meter offset, and instabilities even reduced drag slightly
(4%). The 0.6-meter offset generated an increase of Cx of almost 10%, while the 1-
meter offset increased drag by almost 23%.

2.3.3 Conclusions

CFD results showed that if the vehicles within a road train have lateral offset errors
up to 0.2 meters, the drag is almost unaffected. It would be safe to keep the offset
below that value. Above that, and over 0.6 m and 1 meter, drag would increase
considerably and the overall energetic efficiency of a road train would decrease.
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3 TEST TRIALS

3.1 Road Train Configuration

The platoon or convoy consisted of five vehicles (two trucks and three cars), in the
following order:

1.
2.
3.
4.
5.

Volvo FH12 Rigid Truck as LV
Volvo FH12 Rigid Truck as FV1
Volvo S60 as FV2

Volvo V60 as FV3

Volvo XC60 as FV4

Fig'ure 30: An image of the platoon vehicles
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VEHICLE [Volvo FH12 Rigid Truck]  Volvo S60, T6 Volvo V60, T4 Volvo XC60, D5
DIMENSIONS

Length (mm) 9500 4628 4628 4628
Width (mm) 2540 1899 1899 1891
Height (mm) 4300 1484 1484 1672
Number axles 3 2 2 2
Number wheels 8 4 4 4
Wheelbase axle 1-2 (mm) 4800 2776 2776 2774
Wheelbase axle 2-3 (mm) 1370|- - -

ENGINE

13L Diesel, Euro5, Ad-

In-line 6 cyl, turbo,

In-line 4 cyl, turbo,

In-line 5 cyl, turbo,

Type Blue petrol petrol Diesel
Max Output 353 kw (480 hp) 224 kW (304 hp) 132 kW (180 hp) 136 kW (185 hp)
Max Torque N/A 440 Nm 240 Nm 400Nm

12-gear, I-shift robotic |6-gear, automatic, 6-gear, automatic, 6-gear, automatic,
Transmission automatic Geartronic Powershift Geartronic
TYRES
Dimension 315/70R22,5 235/40R18 235/40R18 235/60 R18 103V
Front axle pressure 850 kPa 240 kPa 240 kPa 240 kPa
Rear axles pressure 900 kPa 240 kPa 240 kPa 240 kPa

Table 1: Vehicle characteristics

3.2 Vehicle Instrumentation

A MCD-hub (Measurement Calibration Diagnostic-hub) was used for logging fuel
consumption data in the cars. The hub was connected to the vehicle CAN bus and
equipped with a manual trigger button to indicate start and end of each test case.
The logged signals are presented below and were selected together with VCC Fuel
Economy Analysis group.

Signal logged by MCD hub

Reason for logging the signal

To not make any measurements where the gears are

Gear changed
To check if variations of the parameter could have any
Lock-up influence of the amount of injected fuel

Diesel Particle Filter regeneration

To not make any measurements where the a DPF
regeneration is on (applicable for diesel engine only)

Alternator generator current

To check if variations of the parameter could have any
influence of the amount of injected fuel

Charge Mode

To check if variations of the parameter could have any
influence of the amount of injected fuel

Steering wheel angle

To see where the vehicles are on the track and to trace
its influence

Injection of fuel

To see how the consumption differs when driving with or

without platoon and with different gap sizes.

Vehicle speed

To see if the vehicles are having a constant speed and
not to measure fuel consumption with incorrect speed

Engine Speed

To check if variations of the parameter could have any
influence of the amount of injected fuel

Acceleration pedal position (%)

To check if variations of the parameter could have any
influence of the amount of injected fuel

Brake Pressure

To check if variations of the parameter could have any
influence of the amount of injected fuel, since it could
put a pressure on the brakes

Button pressed

Used to indicate where a straight begin and ends

Table 2: Table of vehicle signals logged and reasons why
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After every test day the data was downloaded to a laptop pc by IDIADA. The data
was logged in .dat format and was converted by IDIADA to preferred format to be
able to analyse the material. Throughout the tests all drivers were taking notes about
deviations that occurred, start of test and start of each lap. The notes were also
handed over to IDIADA after each test day.

3.2.1 Vehicle instrumentation in the trucks

During the evaluation of fuel consumption and the road test at IDIADA, both trucks
were equipped with dedicated logger equipment developed within the EuroFOT
project (http://www.eurofot-ip.eu/). The fuel consumption was measured using
existing vehicle data signals from the trucks powertrain. SARTRE CAN data was
recording as a separate CAN bus in the logger. GPS position data was also recorded
to support the analysis. The analysis of fuel consumption was analysed using Matlab
tools

Figure 31: Installation of the EuroFOT logger in one truck, shown with and without lid.

3.3 Track specification

The selected test track for the fuel consumption tests was the High Speed Track.
This is a 4 lane, oval type track with an 80% bank (30.66°) on each curve. The total
length on the most outward lane is 7579 m and 7493 m for the most inner lane. The
track has 2 straights of length 2000 m each. Circulation is clockwise.

There are four controlled points for measuring fuel consumption:
1. Om south straight
2. 2 000m south straight
3. 0m north straight
4. 2 000m north straight

The checkpoints are shown in the following picture:
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Figure 32: Track layout

Used track information:

3.4

State of track surface: Dry

- 0.3 % in North Straight (NS)
+ 0.3 % in South Straight (SS)

Max longitudinal gradient

Track altitude 125 m
Straight length: 2000 m
Track length: 7493 m (Lane 1)

Table 3: Track information

Test procedures

During the test trial weeks, special procedures were adopted to prepare the vehicles
to, carry out the tests and in the end obtain the required data for analysis. This is a
description of the activities:

3.4.1 Pre-test procedures

Every test day, the first activity was to follow a pre-test procedure to ensure that the
vehicles were ready and in good conditions for the fuel consumption tests.

The most important points of the pre-test procedure were:

Perform a walk-around the vehicles, looking for any visual damage that could
be appreciated.

¢ Verify that the antennas were properly installed on the outside of the vehicle.
o Verify that all the SARTRE hardware and cabling was in place and connected.
o Verify that each vehicle had two radios: one for tower control and one for
team communication.
¢ Unplug all the charging systems for the batteries.
e Measure tyre pressure while cold.
e Start the vehicles according to the starting sequence checklist.
o Verify the fuel tank is full. Fill if required.
e Drive to the HSC main parking.
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3.4.2 External conditions

A number of environmental factors needed to be verified prior to the testing:

o Atmospheric pressure greater than or equal to 82.5 kPa.

e Wind speed must be below 3 m/s. Short wind gusts of up to 8 m/s are
acceptable.
External temperature between 0 and 30°C.

¢ The humidity level must be below 95%.

If one of these conditions is not met, the fuel consumption measurement could be
compromised.

3.4.3 Track conditions

Track conditions to be met and ensured before testing:

e The track must be free (at least one exclusive lane), clean and dry.

e The track must have straight sections of at least 2 km, in order to measure
the fuel consumption along the complete length of the track.

o The track must be horizontal with a maximum gradient of £1.0%. Tests must
be carried out in both directions (uphill and downhill). The results in both
directions must be presented as an average.

e Measurements are only considered when the road train is stable on the
selected straight segments of the track.

3.4.4 Testing procedures

There were two necessary types of test that were performed for the fuel
consumption analysis: a reference test as base for comparison and the
platooning test.

3.4.4.1 Reference test procedure

It was necessary to measure the fuel consumption individually for each vehicle in
order to compare it with the fuel consumption while platooning. The fuel consumption
for the reference test has been measured following this procedure:
a) Perform the vehicle warm up
e Cars: 20 minutes of cruise driving at 120 km/h
e Trucks: 20 minutes of cruise driving at 90 km/h
e Avoid braking.
e It is necessary to warm up all the vehicles at the same time, right
before the beginning of the test to ensure consistent measurement
data.

b) Perform the pre-test checklist (Annex 1).
o AC off.
Heater off.
Fan off.
Seat warmers off.
Windows up.
Internal light selected for duration of test or off. Cannot be modified.
Dipped headlights on.
Data logger on.

Project: 233683 SARTRE 33 of 39 <Enter Issue Date>3
Dissemination Level: Public



Filename: SARTRE_4 003_PU_FINAL_revised
Revision: 0.0 DRAFT Doc Id: SARTRE_W_XXX_CCPU

c) Distance setting

¢ All the vehicles driven manually must maintain at least 200 m between
them.

d) Speed stabilization
¢ Once the minimum distance is achieved, each vehicle sets speed to
85 km/h and activates cruise control.
e When the speed is stabilized, each driver clicks 5 times on data log
trigger or high beams for trucks, to recognize new test in data log.

e) Fuel consumption measurement.

o With stabilized speed for more than 200 metres, after the curves, each
vehicle starts logging while crossing point zero (0 km mark on the first
straight).

e After 2000 m, on the 2 km mark, each vehicle stops logging.

e After exiting the second curve, each vehicle begins logging at point
zero (0 km mark) of the second straight.

e After 2000 m, on the 2 km mark of the second straight, each vehicle
stops logging.

e This procedure is repeated for at least 5 laps to the HSC.

A minimum of one reference test per day was performed.

3.4.4.2 Platooning test procedure

In order to obtain the valuable data for the project, the platooning tests were carried
out following this procedure and latterly compared to the reference tests:
a) Perform the vehicle warm up
e Cars: 20 minutes of cruise driving at 120 km/h
e Trucks: 20 minutes of cruise driving at 90 km/h
e Avoid braking.
e It is necessary to warm up all the vehicles at the same time, right
before the beginning of the test to ensure consistent measurement
data.

b) Perform the pre-test checklist (Annex 1).
e AC off.
Heater off.
Fan off.
Seat warmers off.
Windows up.
Internal light selected for duration of test or off. Cannot be modified.
Dipped headlights on.
Data logger on.

c) Perform create platoon manoeuvre.
e Lead vehicle starts platooning system, 70 km/h.
e One by one, the FT and the FVs start joining the platoon.

d) Speed stabilization
e Once the full platoon is created, the LV speeds up to 85 km/h.
e When the speed is stabilized, all vehicles click 5 times on data log
trigger or high beams for trucks, to recognize new test in data.
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e) Fuel consumption measurement.

e With stabilized speed and platoon for more than 200 metres, after the

curves, LV starts data logging while crossing point zero (0 km mark on

the first straight).

Each following vehicle starts their data log when crossing point zero.

After 2000 m, on the 2 km mark, LV stops logging.

Every following vehicle stops logging at the 2 km mark.

After exiting the second curve, LV begins logging at point zero (0 km

mark) of the second straight.

All following vehicles start logging at point zero of the second straight.

o After 2000 m, on the 2 km mark of the second straight, LV stops
logging.

e Every following vehicle stops logging at the 2 km mark of the second
straight.

e This procedure is repeated for at least 5 laps to the HSC.

v' Every gap selected for analysis was tested with the precedent procedure.

Due to weather conditions or other factors the repetition of some laps was
necessary.

If there was a difference of less than 3% in at least three repetitions of each
straight, the fuel consumption results were considered acceptable.

The final fuel consumption is given as the average of the final values of each
direction.

Final fuel consumption = [average(Al,B1)+average (A2,B2)+average(Al,B2)]/3

v" The speed testing tolerance was +/- 0.5 %.

3.4.4.3 Post-test procedure

After finishing all the reference and platooning tests, the team would gather back in
the HSC main parking. An evaluation on the performed tests was made in order to
decide whether to repeat any test or to retrieve the data from the vehicles.

The tests were considered valid if the weather conditions were constant or
had a variation of +/- 3%.

The tests were considered valid if the platoon worked correctly and there
were no control losses, leave or dissolve during the straight sections.

If manual driving or driver input was required sometime during the straights,
an additional lap was driven.

If, by time or track constraints, the tests would not achieve the minimum of 3
valid laps and there was no opportunity to repeat laps, that test was
considered invalid.

o After leaving the HSC, the vehicles were refuelled.
¢ The data was recovered in the base parking.
¢ The vehicles were shut-off following the specified procedure, if any.
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4 TESTS PERFORMED

The distances tested for the full platoon system were 5, 6, 7, 8, 9, 10, 12, and 15
meters. 2 truck platoon was also tested at 20 and 25 meters gap. The measured fuel
consumption for each gap was compared to a reference test, which was performed
either immediately before or immediately after the test. This was in order to have the
most similar weather conditions between tests for the analysis, due to the fact that
the tests carried on for several days.

Measurements of the fuel consumption are not available for cars at gap sizes of 7 m
and below. The reason for this is that an analysis of the results showed that an
internal safety function in the cars triggered a pre-charging of the brakes while driving
at such close distances to prepare for immediate braking if so should be needed. The
pre-changing affected the fuel consumption and hence the measurements are
excluded from the graphs.

This is a summary schedule of the performed tests:

Day 1: Thursday, May 17": 12 meters gap

— Day 2: Friday, May 18™: 6, 8, 10 and 15 meters gap
— Day 3: Saturday, May 19™: 9 meters gap

— Day 4: Wednesday, May 23" 7 and 8 meters gap

— Day 5: Tuesday, May 29™: 5 meters gap

4.1 Test results

The test results are shown in this chapter as the percentage of fuel saved while
platooning at different gaps compared to the reference test. Results are presented
both for platooning where only two trucks used and with a full platoon comprised of
two trucks and three vehicles.

4.1.1 Full platoon fuel consumption

This chart shows the fuel consumption results for the full platoon with the selected
gaps. There are several behaviours that can be noticed throughout the chart.
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Figure 33: Graph of percentage of fuel saved for each vehicle relative to gap size
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Previous studies show that the fuel consumption decreases with shortening gaps. In
the case of the SARTRE project there is no exception, the trend is that the fuel
consumption decreases with decreasing gap size for all vehicles in the road train. As
previously mentioned, between 5 and 7 meters there is no fuel consumption
information available for the cars, but there is for the trucks.
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Figure 34: Graph of percentage of fuel saved for each vehicle for gap sizes between 8
and 15 metres
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4.1.2 Truck fuel consumption

This chart shows the fuel consumption results for the two trucks at different gaps with

a road train consisting of two trucks only and no cars.
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Figure 35: Graph of the percentage of fuel saved for the two trucks relative to gap size

between 5 and 25 metres

This behaviour follows a similar trend to what has been previously researched and
akin to that of the simulation results. Note that that the results for truck only
platooning are very similar to those of full platooning, giving a hint that the effects of
the following vehicles could be not that significant for larger vehicles up front.
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5 CONCLUSIONS

One of the objectives of the project is to reduce greenhouse gas emissions by
making a more efficient use of vehicle fuel through the benefits of the reduced
aerodynamic drag that platooning generates. The work in this deliverable explains
the results of the fuel consumption tests that were carried out.

The initial activity was a CFD simulation of the platoon in several gaps. This was
made to have an idea of the approximate fuel consumption that could be expected on
the track and to analyse if there was any specific behaviour at different spacing. The
simulation was programmed in OpenFOAM software, with a project specific script.
The results showed that the platoon, ranging from 3 to 15 meters in the simulation,
could achieve a reduction in the aerodynamic drag coefficient of up to 80% in some
cases. Note this is only aerodynamic drag reduction.

As for the behaviour of the platoon at different gaps, it was noticed that the wake
turbulence generated behind the trucks was unsteady and at very close following
provided less saving that at greater spacing. As the gap increases, the air flow
becomes steadier and the aerodynamic drag is reduced. Nevertheless, there is
aerodynamic drag reduction at all stages. Even offset was checked, reaching the
result that only a very large offset would produce a different result.

The track testing that was carried out provided very good results on fuel consumption.
The fuel consumption behaviour of the platoon followed an always decreasing trend
as the gap size was reduced. It is important to mention that the tests of 5 through 7
meters for the car rendered no information, yet the trucks do have that data. The
reduction in fuel consumption ranges from 7% to 16%.

The results confirm that platooning provides a great benefit in various aspects of
mobility. In the case of reducing emissions and achieving a better fuel consumption,
the result is very satisfactory and the system has a mid-term incursion potential. With
this results, the project aims at encouraging the necessary legislative changes to
allow platooning on public roads.
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