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Abstract: Vehicle platooning has been proposed as one of the potential technologies for intelligent
transport systems to improve transportation and energy efficiency in urban cities. Despite extensive
studies conducted on the platooning of heavy-duty trucks, literature on the analysis of urban vehicle
platoons has been limited. To analyse the impact of platooning in urban environments, this paper
studies the influence of intervehicle distance, platoon size and vehicle speed on the drag coefficient of
the vehicles in a platoon using computational fluid dynamics (CFD). Two vehicle models—a minibus
and a passenger car—are analysed to characterise the drag coefficients of the respective platoons.
An analysis of energy consumption is conducted to evaluate the energy savings with platooning using
a longitudinal dynamics simulation. The results showed a reduction in the average drag coefficient of
the platoon of up to 24% at an intervehicle distance of 1 m depending on the number of vehicles in the
platoon. With a larger intervehicle distance of 4 m, the reduction in the drag coefficient decreased to
4% of the drag coefficient of the isolated vehicle. Subsequently, energy savings with platooning were
calculated to be up to 10% depending on the driving cycle, intervehicle distance and platoon size.

Keywords: aerodynamic drag reduction; computational vehicle aerodynamics; urban vehicle platooning

1. Introduction

Advances in intelligent transport systems along with the automation of the vehicles have enabled
the development of vehicle platooning strategies in which a group of vehicles follow each other
in a close and coordinated way [1], primarily to increase road capacity [2] and reduce overall
energy consumption. With improvements in sensor and communication technologies, vehicles can
be electronically coupled and controlled to drive together at closer distances in a platoon, thereby
reducing the energy consumption due to the aerodynamic advantage of driving in close proximity [3].
Aerodynamic drag is one of the major contributors to the energy consumption of a vehicle and increases
quadratically with the increase in vehicle speed. The aerodynamic drag of a vehicle comprises of
skin friction drag and pressure drag [4]. The pressure drag, which is the major contributor to the
overall drag, arises due to the pressure difference between the high pressure region at the front of the
vehicle and the low pressure region at the rear of the vehicle. When a vehicle is driven in a platoon,
the pressure difference on the vehicle is reduced. Platooning therefore decreases the aerodynamic drag
and consequently improves the energy efficiency of the vehicle.

The aerodynamics of vehicle platooning have been extensively studied for heavy-duty truck
applications on highways. Humphreys et al. [5] computationally investigated the percentage drag
reduction in a generic two-truck platoon at various intervehicle distances (IVD) and showed a reduction
in the overall drag coefficient by up to 36%. Vegendla et al. [6] further computationally analysed
the effects of platoon configurations such as single lane platooning and side-by-side platooning on
multiple lanes, at various intervehicle distances. The single-lane platooning configuration was found
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to have the highest reduction in the platoon drag coefficient. Various projects such as the SARTRE [7],
PATH [8] and KONVOI [9] have demonstrated platooning of heavy-duty trucks and experimentally
investigated aspects such as fuel savings, inter-vehicle communication, platoon control and safety.
Experimental results from [10] found the fuel savings of heavy-duty truck platooning to be up to 15%
due to aerodynamic drag reduction.

The majority of studies on passenger cars has analysed generic bluff body platoons such as the
Ahmed body due to the high degree of variation in vehicle designs. Pagliarella [11,12] experimentally
evaluated the drag coefficient of a two-Ahmed body platoon using a wind tunnel. In comparison to
the vehicle in isolation, the results showed an increase in the drag coefficient of the lead vehicle and
a reduction in the rear vehicle’s drag coefficient for an intervehicle distance of less than one vehicle
length (VL). When the intervehicle distance increased beyond two VL, the drag coefficient of the lead
and rear vehicle converged to the isolated value of the drag coefficient. These results therefore show
that platooning does not confer an aerodynamic advantage at intervehicle distances beyond two VL
for the Ahmed body.

To overcome the simplifications used in the generic bluff body analysis, a few studies have
analysed realistic vehicle geometries in a platoon. Altinsik et al. [13] conducted experimental and
numerical analyses on a two-vehicle FIAT Linea platoon at 0, 0.5 and 1 VL. The results showed a
significant reduction in the drag coefficient for the lead vehicle at intervehicle distances less than
0.5 VL, while the drag coefficient of the rear vehicle remained slightly above the vehicle in isolation.
As the intervehicle distance increased to 1 VL, the drag coefficient of both the front and rear vehicles
approached the drag coefficient of the isolated value. Rajasekar [14] numerically analysed a two-vehicle
DrivAer platoon using detached eddy simulations, and showed that the drag coefficient of the rear
vehicle did not return to the isolated value at an intervehicle distance of two VL as seen with the
Ahmed body platoon. This was attributed to the longer wake behind the trailing vehicle because
of the vehicle shape, along with an increase in turbulence associated with the detailed geometry in
comparison to the Ahmed body. These existing studies therefore show that vehicle geometry has a
strong influence on the aerodynamic behaviour of a platoon.

Yang, et al. [15] analysed a three-vehicle DrivAer platoon and further calculated the corresponding
fuel savings. The results showed potential fuel savings of 4%—8% depending on intervehicle distance.
However, the fuel consumption analysis only considers seven discrete vehicle speed values between
16-32 m/s which is not representative of realistic driving behavior, with acceleration, cruising, coasting
and braking phases. Furthermore, the results cannot be extended to the performance and savings of
electric vehicle platoons.

The majority of the studies on urban vehicle platooning have limited their scope to analyse
platoon sizes of two or three vehicles. Moreover, the results show inconsistencies for different vehicle
geometries of the Ahmed body and DrivAer models at different intervehicle distances. In addition,
the corresponding savings in energy due to platooning have not been evaluated in detail for urban
environments. This paper, therefore, evaluates the platoons of two different vehicle geometries:
a passenger car and a minibus. Using a computational model, the drag coefficient of the vehicles in
the platoons was analysed for different intervehicle distances, number of vehicles and vehicle speeds.
Furthermore, the energy saving potential of the platoons was calculated using a longitudinal dynamics
model considering that the platoons were driving on dedicated lanes with traffic signal prioritisation.

2. Methodology

The aerodynamic performance of platooning with two different vehicle geometries was analysed
in this paper. Figure 1 shows the overall approach of this study. Firstly, a computational fluid dynamics
(CFD) model was developed in ANSYS FLUENT to simulate the aerodynamic flow around the vehicles
in a platoon. Preliminary evaluations were then conducted on two-Ahmed body platoons to validate
the computational setup. Next, single-vehicle simulations were conducted on the selected geometries
of a passenger car and minibus to find an appropriate mesh size and to characterise the aerodynamic
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performance of the vehicles. The simulations were then extended to multi-vehicle platoons to analyse
the influence of the number of vehicles, intervehicle distance and vehicle speed on the aerodynamic
drag coefficients of the platoons. Lastly, using the drag coefficients obtained from CFD, the energy
consumption of the vehicles in the platoons was calculated in a longitudinal dynamics simulation to
evaluate the energy savings of the platoons.

Computational Setup

J

Preliminary Evaluations

J

Multi-Vehicle Platoon Simulations

J

Energy Consumption Analysis

Figure 1. Overall methodology for the analysis.

In this study, two full-scale urban vehicle geometries were analysed to understand the effect of
platooning. As displayed in Figure 2, the vehicle geometries evaluated were a minibus known as the DART
(Dynamic Autonomous Road Transit) model of dimensions 6.0 x 2.7 x 3.1 m developed by TUMCREATE,
and a generic passenger car known as the DrivAer model of dimensions 4.6 X 1.7 X 1.4 m [16] developed
by TUM.

(a) (b)

Figure 2. Geometries used for the analysis (a) Dynamic Autonomous Road Transit Vehicle (DART)
model (b) DrivAer model with notchback configuration.

2.1. Computational Setup

The computational setup consisted of pre-processing the vehicle geometries, meshing, defining
the fluid domain and finally assigning the appropriate boundary conditions to the model. Vehicle
geometries were first simplified and defeatured in ANSYS SpaceClaim to remove small vehicle features
that do not affect aerodynamic performance. Meshing and modelling the vehicles with these small
features would otherwise result in a poor-quality mesh and a higher number of elements, resulting in
computationally intensive simulations.

The vehicle geometries were then meshed in ANSYS Fluent meshing. Multiple refinement regions
both at the front and the rear of each vehicle geometry, as shown in Figure 3a,b, were defined to
improve the accuracy of the incoming flow and wake regions at the front and rear regions, respectively.
In addition, a parametric background mesh was created for the wind tunnel to allow for an increase in
the domain length with the addition of vehicles in the platoon, as shown in Figure 3c.
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(a) (b)

Vehicle Body

(c)

Figure 3. (a—c) Individual meshing of the DART, DrivAer models and Fluid Boundaries of the
computational domain, respectively.

In ANSYS FLUENT, each vehicle and the background mesh were connected using the overset
mesh interfaces. To minimise the pre-processing time for meshing, the overset meshing technique
was adopted to be able to increase the number of vehicles and change the intervehicle distance in the
fluid domain without needing to re-mesh the entire fluid domain repeatedly. Furthermore, only half
the fluid domain was modelled, as the geometries of the vehicles were symmetric, and it was further
assumed that the vehicles platoon exactly behind each other without any lateral offsets.

The steady state mass continuity and Reynolds-averaged Navier-Stokes (RANS) shown in
Equations (1) and (2), respectively, were used to calculate the flow field. Where u; represents the mean
u; and fluctuating u;/ components of the velocity in the three spatial directions (i =1, 2, 3). P is the
pressure variable, p is the density of the fluid, j is the dynamic viscosity and the — pTu’j term represents
the Reynolds stresses that are solved with a turbulence model using the Boussinesq hypothesis.

The realizable K-¢ turbulence equations were used to model the turbulence in the fluid domain
along with non-equilibrium wall functions to model the near-wall flow. The variables of the momentum
(velocity), turbulence kinetic energy and turbulence dissipation rate were discretised using the
second-order upwind scheme; the pressure variable was discretised using the second-order scheme;
and the Least Squared Cell Based scheme was used to compute the gradient. A pressure-based coupled
algorithm was used for the pressure—velocity coupling to iteratively solve the governing equations.
All the simulations were conducted until the change in the drag coefficient of the platoon reduced
below a value of 0.001.

J
a—xi(Puz‘) =0 1
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where u; = u; + u;’

The boundary conditions of the fluid domain are summarised in Table 1. The inlet of the
wind-tunnel zone was specified with a uniform velocity boundary equal to the vehicle speed.
A pressure outlet condition was specified with zero-gauge pressure at the outlet surface of the
wind tunnel. A stationary wall with a no-slip boundary condition was used for the vehicle body
surfaces and the road surface. A symmetry boundary condition was used for the symmetrical plane of
the vehicle body and wind tunnel. At the inlet, the turbulence intensity was specified to be 1% with a
turbulence viscosity ratio of 10.

Table 1. Boundary conditions of the fluid domain.

Zone Boundary Condition
Velocity Inlet = Vehicle Speed,
Wind tunnel Inlet Turbulence Intensity: 1%
Turbulence Viscosity Ratio: 10
Wind tunnel Outlet Pressure Outlet with Zero Gauge Pressure
Vehicle Body and Road Surface Stationary Wall with No-Slip Condition
Symmetry Plane Symmetry

2.2. Preliminary Evaluations

Using the developed computational model, two-Ahmed body platoon simulations were first
conducted to validate the computational setup and understand the aerodynamic behaviour of the
platoon. Simulations were conducted for intervehicle distances between 0.25 and 3.0 m at a vehicle
speed of 40 m/s. The results were then validated against the experimental studies from the literature [11].

A mesh independence study was then conducted on the DART and DrivAer models to find an
appropriate mesh size, taking both the accuracy and computational time into consideration. Figure Al
in the appendix shows the results of the mesh independence study. The drag coefficient values reduced
with the increase in mesh size until a mesh size of 4.8 million and 4.0 million cells for the DART and
DrivAer vehicles, respectively; after which, there was no significant change to the drag coefficient
value with a further increase in mesh size. The individual vehicles of the DART and DrivAer models
were then simulated to obtain the isolated drag coefficient values of the respective vehicles. These
values were then used as a baseline to evaluate the reduction in drag achieved through platooning.

2.3. Multi Vehicle Platoon Simulations

After the single-vehicle simulations, multi-vehicle platoons were analysed by increasing the
number of vehicles in the fluid domain to 2, 3, 4, 5 and 7 as shown in Table 2. The maximum number
of vehicles in a platoon was limited to seven due to the operational constraints in urban environments.
In addition to the number of vehicles in a platoon, different intervehicle distances and vehicle speeds
were simulated. The intervehicle distances were varied with an interval of 1.0 m until the average
platoon drag coefficient reached 95% of the isolated vehicle drag coefficient. Two vehicle speeds, 10 m/s
(~36 km/h) and 30 m/s (108 km/h), were simulated, as the former represents the average speed of a
vehicle and latter is the maximum speed limit in urban environments [17]. In total, 70 different platoon
combinations were analysed using the parameters shown in Table 2.
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Table 2. Experimental setup for multi-vehicle platoon simulations.

Parameters Vehicle Type
DART DrivAer
Number of vehicles in a platoon 2,3,4,5,7 2,3,4,5,7
Intervehicle distance (m) 1.0,2.0,3.0,4.0 1.0,2.0,3.0
Vehicle speed (m/s) 10, 30 10, 30

2.4. Energy Consumption Analysis

The two driving cycles shown in Figure 4 were used to simulate energy consumption. The BRT
cycle (Bus rapid transit) [18] which represents the speed profile for buses driving on dedicated lanes
with signal priority is shown in Figure 4a. The WLTP cycle (Worldwide harmonised light vehicles
test procedure) [19] which is the standard test cycle for light-duty vehicles is shown in Figure 4b.
To simulate the effect of platooning, it was assumed that the subsequent vehicles follow the driving
cycle profiles with a constant headway as per their intervehicle distance. This assumption would hold
for vehicles driving on dedicated lanes with traffic signal prioritisation.

' ‘ 1 40
15} ]

W w 30
E

E 10 = .
=]
5 3
g 2

& O 2T

0 . ] 0

0 500 1000 1500 0 500 1000 1500 2000
Time in seconds Time in seconds
(a) (b)

Figure 4. (a) BRT Driving Cycle and (b) WLTP Driving Cycle.

Using the backwards simulation approach, the speed at each time step of the driving cycle was
used to calculate the total driving resistance force in Equation (3). The total driving resistance force
consists of the rolling resistance, acceleration, climbing and aerodynamic forces. The aerodynamic drag
force was calculated using the drag coefficient, frontal area and vehicle speed, as shown in Equation
(4). The values of the drag coefficient for the considered vehicles were obtained from the results of
the computational analysis and interpolated based on speed, intervehicle distance and the vehicle’s
position in the platoon i.e., lead vehicle, rear vehicle, etc.

F Total — FROH + 1:Aero + FACC + 1::Grad (3)
pAVZCq4
FAero = T (4)

where,
p = Air density (kg / m3)
A = Frontal area of the vehicle (mz)

v = Vehicle speed (m/s)
Cq = Drag coefficient of the vehicle
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The total power consumption in Equation (5) was subsequently calculated based on the total
driving resistance force, vehicle speed and the component efficiencies of the motor, inverter and
transmission. The power consumption was then integrated over the duration of the driving cycle
to obtain the energy consumption. The vehicle parameters of the two urban vehicles used in the
longitudinal model are presented in Table 3.

Protal = Pron + 1—)Drag + Pacc + Pac ®)
where,

Protal = Total power consumption (kW)

Pronl = Power consumption due to rolling (kW)
Pprag = Power consumption due to drag (kW)

Pacc = Power consumption due to acceleration (kW)
Pac = Auxiliary Power consumption (kW)

Table 3. Input parameters for the energy consumption model.

Parameters Vehicle Type
DART DrivAer
Mass of the Vehicle (kg) 5000 1000
Length of the Vehicle (m) 6.0 4.6
Battery Capacity (kWh) 120 75
Number of Passengers 18 4
Reference Area (mz) 3.6 2.1
Motor Efficiency nyotor 0.908 0.908
Inverter Efficiency 1y, 0.945 0.945
Transmission Efficiency My, 0.97 0.97
Rolling Resistance 0.008 0.008
Air Density (kg/m?) 1.225 1.225
Mass of each Passenger (kg) 57.7 57.7

For both the DrivAer and the DART vehicle platoons, the longitudinal simulations were repeated
to obtain the energy consumption of each individual vehicle in the platoon based on the intervehicle
distance and its position in the platoon. The mean energy consumption of the platoon was subsequently
calculated and compared to the energy consumed by the isolated vehicle to obtain the energy savings
due to platooning.

3. Results

To validate the computational setup, a two-Ahmed body platoon was first analysed. Figure 5
shows a comparison of the simulated drag coefficient (body_CFD) of the front and rear Ahmed bodies
to the experimental results (body_EXP) in [11]. The simulated results show good agreement with the
literature results for both the front and rear bodies. At intervehicle distances below 1 m, the drag
coefficient of the front body reduced in comparison to the isolated value (isolated body), while that
of the rear body increased. However, for intervehicle distances beyond 1 m, the values of the drag
coefficient started to asymptotically converge to the isolated value for both the front and rear vehicles.
The aerodynamic advantage of Ahmed body platooning was therefore only observed at intervehicle
distances below 1 m.
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Figure 5. Comparison of two-Ahmed body platoon computational fluid dynamics (CFD) results with
experimental results.

After validating the computational setup, simulations were conducted for the isolated vehicles and
subsequently for platoons of different sizes to obtain the drag coefficients of the vehicles. The simulation
for the isolated vehicles resulted in a drag coefficient of 0.342 and 0.251 for the DART and DrivAer
vehicles, respectively. Figures 6 and 7 show the drag coefficient matrices of the DART and DrivAer
platoons, respectively, at an intervehicle distance of 1 m and vehicle speed of 10 m/s. The drag
coefficient values of the individual vehicles are represented with three different colours in the matrices.
The vehicles that have a drag coefficient lower than the respective isolated value are denoted in green.
The vehicles with a drag coefficient close to and higher than their isolated vehicle drag coefficients are
denoted in yellow and orange, respectively.

[ Platoonsize || cat | ca2 | ca3 | caa | cas | cae | car || Averagecd |

Single | 0.342 0.342

Two 0.153

Three | 0213 0.345 0313

0.229

0.205 0.348

Sk B G 2k .
Five | 0.221 0.207 0.334

Seven 0.197 0.341 0.322 0.341

Lower than Isolated Cd Close to Isolated Cd (in the
range of 0.01)

0.262

0.277

Four 0.296

0.317

0.370

Figure 6. DART vehicle platoon matrix at intervehicle distances (IVD) = 1.0 m, V = 10 m/s.
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Figure 7. DrivAer vehicle platoon matrix at IVD = 1.0 m, V = 10 m/s.

From Figure 6, it can be seen that the average drag coefficient of the two-vehicle DART platoon
decreased by 23.4% in comparison to the isolated value. However, with an increase in platoon size to
seven vehicles, the drag coefficient increased by 41.2% compared to the two-vehicle platoon. Moreover,
the lead vehicles generally experienced a lower drag coefficient compared to the rear vehicles in the
platoon. In some instances, however, the drag coefficient of the rear vehicles exceeded the isolated
value. A similar trend was observed for intervehicle distances of 2, 3 and 4 m, as the lead and rear
vehicles always resulted in the lowest and highest drag coefficients, respectively. This is shown in
Figures A2—-A4 in the appendix.

For the DrivAer platoon, however, the average drag coefficient of the platoon reduced with the
increase in platoon size, as shown in Figure 7. The average drag coefficient for a seven-vehicle platoon
reduced by 17% compared to the two-vehicle platoon at an intervehicle distance of 1 m. The trend in
the drag coefficient of the individual vehicles in the platoon was, however, similar to the observations
in the DART vehicle platoon. The lead vehicle had the lowest drag coefficient, while the rearmost
vehicle had the highest drag coefficient. This trend can further be seen at intervehicle distances of 2
and 3 m, as shown in Figures A5 and A6, respectively.

In addition to platoon size, the shape of the vehicle had a significant influence on flow characteristics
and the resulting drag forces. As the DART vehicle design does not have a rear slant, the flow separation
and vortex size are larger at the back surfaces of the vehicles leading to an increase in turbulence.
Figure 8 shows the Turbulence Kinetic Energy (TKE) contours of the DART vehicle platoon. With the
addition of a vehicle in the flow field, the overall TKE increased at the back surfaces of the vehicles
in comparison to the wake behind the first vehicle. This led to an increase in the turbulence of
subsequent vehicles, thereby increasing the average drag coefficient of larger platoons of the DART
vehicle. In addition, in comparison to Figure 8 (top), Figure 8 (bottom) shows an increase in the TKE
region from the fifth vehicle as the turbulence extends to the top surfaces of the vehicles in the platoon.

On the other hand, the multi-vehicle DrivAer platoons did not exhibit any increase in turbulence
in the wake of the downstream vehicle when compared with the wake of the upstream vehicles,
as shown in Figure 9. This difference in wake behaviour is due to the shape of the vehicle, as the
DrivAer vehicle’s rear surface has a slant angle that prevents large separations of the flow resulting in
a smaller wake. In contrast, the concave shape of the rear surface of the DART vehicle resulted in large
flow separations and created a high degree of turbulence in the wake region.
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Figure 8. Turbulent kinetic energy contours of four and seven DART platoons at IVD = 3.0 m.
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Figure 9. Turbulent kinetic energy contours of seven DrivAer platoon at IVD = 3.0 m.

For both the DART and DrivAer vehicles, the lead vehicle always resulted in the lowest drag
coefficient and the last vehicle in the platoon generally had the highest drag coefficient. This is due
to the separated flow from the lead vehicle which impinged on the front surface of the rear vehicle.
The front surface of the rear vehicle therefore had a higher pressure coefficient, as shown in Figure 10,
for both the DART and DrivAer vehicles. The flow impingement on the rear vehicle enhanced the local
pressure between the vehicles significantly and subsequently on the aft surfaces of the lead vehicle.
As a result, the drag coefficient of the lead vehicle was reduced due to the decrease in the pressure
difference between its front and aft surfaces.

Lead Rear Lead Rear

contours
Pressure Coefficient
Two DART platoon 1.1202
5496
00209
05915
Two DrivAer platoon ‘ ! a i

-1.1621
Front Surfaces Aft Surfaces

o

7327
23032
28738
34444
-4.0150
45855

[

Figure 10. Pressure coefficient distribution around the front and aft surfaces of two vehicles in a platoon.

The rear vehicle in the platoons, however, experienced the highest drag coefficient due to flow
impingement which increased the frontal surface pressure and reduced the pressure on the aft surface
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due to the separation of the flow. The large pressure difference between the front and aft surfaces of
the vehicle consequently increased the drag coefficient.

Subsequently, the influence of intervehicle distance on the average drag coefficient of the platoon
was analysed for both vehicle geometries. Figure 11a,b show how the normalised drag coefficient
(as a percentage of the isolated vehicle drag coefficient) changed with intervehicle distance and platoon
size for the DART and DrivAer platoons, respectively. Moreover, the error bars show the uncertainty
in the simulation results (of + 2.5%) due to grid discretisation and truncation errors.

120.0 100.0
110.0 A 95.0 4
g = g =
T £ c 90.0
5 i 1000 - 2=
23 85 850 1
© .© 900 © ©
g aé E & 80.0 A
o O
o 4
z © 800 Z ° 750
70.0 T T r T T T r 70.0 T T r T T
1.0 2.0 3.0 4.0 1.0 2.0 3.0
Intervehicle distance (m) Intervehicle distance (m)
=@ Two Vehicles ==fll==Three Vehicles ==#== Four Vehicles —=@— Two Vehicles ==fll==Three Vehicles ==#==Four Vehicles
e Five Vehicles === Seven Vehicles = Five Vehicles === Seven Vehicles
@) (b)

Figure 11. Normalised average drag coefficient as a percent of isolated vehicle drag coefficient for (a)
multi DART platoons at V = 10 m/s and (b) multi DrivAer platoons at V = 10 m/s

Figure 11a shows that the normalised drag coefficient of the platoon increases with intervehicle
distance. The drag coefficient of the two-vehicle DART platoon reduced by 23.4% at an intervehicle
distance of 1 m but reduced by only 4% at an intervehicle distance of 4 m. This was because the
average drag coefficient of the platoon seemed to approach the isolated value with the increase in the
intervehicle distance. For larger platoon sizes, the aerodynamic advantage of platooning also reduced
with the increase in intervehicle distance. The change in the drag coefficient value was, however,
less prominent after an intervehicle distance of 2 m. Furthermore, the drag coefficient of the platoon
exceeded that of the isolated vehicle for platoon sizes beyond four vehicles and intervehicle distances
above 2 m.

For the DrivAer platoon, the normalised drag coefficient also increased with intervehicle distance
and seemed to approach the isolated value, as shown in Figure 11b. The normalised drag coefficient
increased from 91% to 96% with the change in the intervehicle distance from 1 to 3 m, respectively.
However, for larger platoon sizes, the magnitude of the change in the drag coefficient with the
intervehicle distance was higher, as the normalised drag coefficient for a seven-vehicle platoon
increased from 76% to 94% with the change in intervehicle distance from 1 to 3 m, respectively.

The influence of vehicle speed on the drag coefficient of the vehicles and platoon was analysed
for speeds of 10 and 30 m/s for both the DrivAer and DART vehicles. The change in vehicle speed
influenced flow characteristics such as the size of the wake at the rear of the vehicles, the flow
impingement at the front surfaces and the turbulence intensity of the flow, thereby affecting the
drag coefficient of the vehicles in the platoon. However, the results show that vehicle speed did not
significantly influence the drag coefficient of the vehicles in the platoon. Table 4 summarises the results
from the simulation. As the speed changed from 10 to 30 m/s, the percentage change in the drag
coefficient varied between —1.28% and 3.94%. No correlation was found between the vehicle speed
and the drag coefficient at different intervehicle distances and platoon sizes.
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Table 4. Percentage change in the average drag coefficient of the platoon with an increase in vehicle
speed from 10 to 30 (m/s) at different intervehicle distances (m).

DART Platoon DrivAer Platoon
1.0m 20m 3.0 m 4.0m 1.0m 2.0m 3.0m

0.83% 0.00% 0.45% 0.72% 1.31% 3.94% 2.95%
2.98% 1.36% 0.89% 0.19% 1.19% 1.30% 1.92%
2.55%  -1.28% -0.87% 049% -0.41%  0.00% 1.41%
1.19% 1.44% 3.37% 0.88% 0.80%  —017%  0.94%
2.37% 0.88% 3.14% 0.85% 1.28%  -0.19%  0.84%

Number of Vehicles in Platoon

N Ok WD

Lastly, the energy consumption and subsequent energy savings due to platooning were analysed
for different intervehicle distances and numbers of vehicles. Figure 12a,b show the overall energy
savings of the DART vehicle platoon for the BRT and WLTP driving cycles, respectively, in comparison
to the energy consumption of the isolated vehicle. The results show that an increase in intervehicle
distance or platoon size reduced the overall energy savings for the DART vehicle platoons. This trend
was more visible for the platoons with a smaller number of vehicles, i.e., less than five vehicles.
For platoon sizes larger than five vehicles, the average energy consumed by the vehicles in the platoon
exceeded that of the isolated vehicle.
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Figure 12. Overall energy savings achieved due to platooning of DART vehicles using (a) BRT driving
cycle and (b) WLTP driving cycle.

Although both the driving cycles exhibited a similar trend in energy savings with changes in
platoon size and intervehicle distance, the WLTP cycle resulted in higher energy savings of 10%,
in comparison to 2.5% for the BRT cycle for a two-vehicle platoon at 1 m. The energy savings, however,
reduced to 0.4% and 1.7% for the BRT and WLTP cycles, respectively, when the intervehicle distance
was increased to 4 m. Furthermore, as the platoon size increased to seven vehicles, the average energy
consumed by the platoon exceeded the isolated value by 0.9% in the BRT cycle and 3.6% with the
WLTP cycle at an intervehicle distance of 4 m.

The WLTP cycle had higher energy savings due to the higher average speed of 54 km/h (13 m/s) in
comparison to the BRT cycle with an average speed of 22 km/h (6 m/s). This is because the reduction in
the drag forces with platooning was more pronounced at higher vehicle speeds due to the quadratic
increase in aerodynamic drag forces.

On the contrary, as shown in Figure 13a,b, increasing the number of vehicles to seven in the
DrivAer platoon resulted in higher energy savings of 2.7% for the BRT cycle and 10.3% for the WLTP
cycle at an intervehicle distance of 1 m. However, at an intervehicle distance of 3 m, the energy savings
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of the platoon decreased to 0.6% and 2.4% for the BRT and WLTP cycles, respectively. For the DrivAer
vehicles, platooning is therefore more beneficial for platoon sizes greater than two vehicles and at
intervehicle distances less than 3 m.
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Figure 13. Overall energy savings achieved due to platooning of DrivAer vehicles using (a) BRT driving
cycle and (b) WLTP driving cycle.

4. Conclusions

In this paper, we computationally analysed two vehicle concepts to understand the aerodynamic
drag behaviour and subsequent changes in energy consumption of autonomous electric vehicle platoons
in urban environments. A CFD analysis was conducted on two vehicle geometries: a minibus-DART
and a passenger car model-DrivAer. The influence of intervehicle distance, platoon size and vehicle
speed on the drag coefficient of the platoons was investigated. Finally, a longitudinal dynamics
simulation was conducted to assess the resulting effect of changes in the drag coefficient on the average
energy consumption of the platoons.

The results for the DART vehicle platoons showed a reduction in the average drag coefficient by
up to 23% and subsequent energy savings of 2.5% and 10% for the BRT and WLTP cycles, respectively.
However, with the increase in intervehicle distance, the aerodynamic advantage of platooning reduced.
It was further found that the increase in platoon size adversely affected the aerodynamic performance
of the platoon, as the average drag coefficient exceeded that of a single DART vehicle in isolation for
a platoon size of seven vehicles. Platooning is therefore less aerodynamically beneficial for DART
vehicles when the platoon size is greater than three vehicles or at large intervehicle distances exceeding
4m.

For the DrivAer vehicle, the results showed that an increase in the platoon size reduced the
average drag coefficient of the platoon. For a seven-vehicle platoon at 1 m, the drag coefficient of the
platoon decreased to 24% with corresponding energy savings of 2.7% and 10.3% for the BRT and WLTP
cycles, respectively. However, as the intervehicle distance increased to 3 m, the average drag coefficient
reduced by only 6% of the isolated value with energy savings of 0.6% and 2.4% for the BRT and WLTP
cycles, respectively. Platooning for the DrivAer vehicle was therefore found to be more advantageous
for platoon sizes greater than two vehicles or at intervehicle distances below 3 m. For intervehicle
distances exceeding 3 m, the average drag coefficient of the platoon approached the isolated value
thereby not resulting in significant energy savings.

Furthermore, it was found that the shape of the vehicle had a large influence on the drag coefficient
of the vehicles. The drag coefficient of the DART vehicle platoons increased with the number of vehicles
in the platoon, while that of the DrivAer vehicle platoons decreased. This was largely due to the wake
structure and the separation of the flow at the rear and top surfaces of the vehicles, which adversely
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affected the flow ahead of subsequent vehicles. The shape of the vehicle should therefore be optimised
to take advantage of platooning.

Vehicle speed did not strongly influence the drag coefficient but largely affected the energy
consumption of the vehicles due to the quadratic increase in the aerodynamic forces at higher speeds.
The WLTP cycle was therefore found to benefit more from platooning than the BRT cycle due to its
higher average speed.

This study did not consider the safety aspects of platooning. In practice, it may be very challenging
for vehicles to platoon at intervehicle distances below 4 m at higher vehicle speeds. The energy savings
would therefore be lower if vehicles cannot platoon at smaller intervehicle distances. Furthermore,
this study assumed a constant headway between the vehicles in a platoon when calculating the energy
consumption. In practice, the intervehicle distances between the vehicles would change while driving
and during different phases of acceleration and deceleration. This would also influence the energy
consumption of the vehicles in a platoon and would need to be considered in detail. The results of the
drag coefficient obtained from the CFD analysis can be further used in speed trajectory optimisations
and control of autonomous platoons to determine and optimise the total energy consumption of
the platoons.
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[ Platoon size || cat | ca2 Ccd3 Cd4 cds Ccd6 cd7 || Average cd |

Single | 0.342 | 0.342

0.301

0.320

0.332

0.356

0.375

Close to Isolated Cd (in the
range of 0.01)

Figure A2. DART vehicle platoon matrix at IVD = 2.0 m; V = 10 m/s.

[ Platoonsize [ cat | ca2 | ca3 Cd4 cds5 cde | cd7 || Averagecd |

| Single | 0.342 0.342

0.317

0.338

0.346

0.356

0.369

Close to Isolated Cd (in the
range of 0.01)

Figure A3. DART vehicle platoon matrix at IVD = 3.0 m; V = 10 m/s.
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| Platoonsize || cat | ca2 | cw Cd4 cds cdé cd7 || Average cd |

Single | 0.342 | 0.342

0.328

345

0.357

0.364

0.371

Close to Isolated Cd (in the
range of 0.01)

Figure A4. DART vehicle platoon matrix at IVD = 4.0 m; V = 10 m/s.
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Figure A5. DrivAer vehicle platoon matrix at IVD =2.0 m; V = 10 m/s.
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| Platoonsize || cat | ca2 | cas Cd4 cds cd6 cd7 || Average cd |
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Figure A6. DrivAer vehicle platoon matrix at IVD = 3.0 m; V = 10 m/s.
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