Fluid Dynamics & e oh Sci 5
Materials Processing «Tech Science Press

DOI: 10.32604/fdmp.2023.030158 .

ARTICLE (L rL%c; (f;;r

The Effect of Lateral Offset Distance on the Aerodynamics and Fuel Economy of
Vehicle Queues

Lili Lei’, Ze Li, Haichao Zhou, Jing Wang and Wei Lin

School of Automotive and Traffic Engineering, Jiangsu University, Zhenjiang, 212013, China
"Corresponding Author: Lili Lei. Email: 1110817@ujs.edu.cn
Received: 24 March 2023  Accepted: 27 June 2023  Published: 08 November 2023

ABSTRACT

The vehicle industry is always in search of breakthrough energy-saving and emission-reduction technologies. In
recent years, vehicle intelligence has progressed considerably, and researchers are currently trying to take advan-
tage of these developments. Here we consider the case of many vehicles forming a queue, i.e., vehicles traveling at
a predetermined speed and distance apart. While the majority of existing studies on this subject have focused on
the influence of the longitudinal vehicle spacing, vehicle speed, and the number of vehicles on aerodynamic drag
and fuel economy, this study considers the lateral offset distance of the vehicle queue. The group fuel consump-
tion savings rate is calculated and analyzed. As also demonstrated by experimental results, some aerodynamic
benefits exist. Moreover, the fuel consumption saving rate of the vehicle queue decreases as the lateral offset dis-
tance increases.
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1 Introduction

Automatic driving and artificial intelligence provide the technical foundation for vehicle formation
techniques designed to address a variety of traffic issues [1]. This technology has the advantages of
reducing energy consumption, improving driving safety, and relieving traffic congestion [2]. Using
technologies such as high-definition maps, sensors, and communication systems provides technical
support for vehicles to drive in formation, allowing the above advantages to be further exploited [3]. As
vehicle driving in formation can effectively reduce vehicle air resistance [4], the aerodynamic research on
vehicle driving in formation has received wide attention, and many results have been achieved.

Using computational fluid dynamics (CFD) techniques, Abdul-Rahman et al. [5] investigated the
aerodynamic characteristics of a vehicle queue consisting of the Ahmed model in terms of vehicle
spacing and vehicle position. Ebrahim et al. [6] examined the impact of varying vehicle spacing and
queue length on energy consumption. They discovered that the magnitude of the power savings was
mostly due to variations in the pressure fields of the leading and following vehicles. Using CFD
technologies and the European-style truck model, Tbmelll et al. [7] studied the change in air resistance
of the vehicle queue when the distance between the trucks varied in the range of 2.5 to 20 m. They found
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that the fleet’s average drag kept increasing with decreasing distance between the trucks. Kaluva et al. [§]
investigated the aecrodynamic characteristics of car (DrivAer model) and bus (DART model) queues under
urban road conditions. They performed energy consumption analysis for both car and bus queues under
BRT and WLTP cycle conditions. Siemon et al. [9] studied aerodynamic characteristics of a fleet
composed of different types of trucks, and combined the results with TruckSim software to further
investigate the fuel economy of the vehicle fleet. Good et al. [10] studied the dependence of drag
reduction on the geometry of specific queue components and designed a new Resnick model to replicate
large-scale body morphing by simulating significant variations in profile form. Cerutti et al. [11] looked
into the impact of vehicle configuration on the drag coefficient of the single vehicle and the fleet as a
whole using a 1/10 scale commercial vehicle model. They also evaluated the effect of model tilt angle on
fleet drag reduction. Ebrahim et al. [12] analyzed the aerodynamic drag variation of vehicle queues based
on three DrivAer model employing various vehicle configuration, and demonstrated that the vehicle
geometry considerably impacted aerodynamic drag. Robertson et al. [13] evaluated the forces on vehicles
in long queues comprised of eight 1/20th scale model lorries and the flow status around the queue.

According to the above literature review, numerous scholars have studied vehicular queues’
aerodynamic characteristics and fuel economy based on numerical simulations or wind tunnel tests. Most
of them have taken a fleet of vehicles with linear topology as the research object to investigate the
influence of configuration parameters such as vehicle distance, vehicle speed, vehicle shape and fleet size
on the aerodynamic characteristics and fuel economy. The common conclusion is that fleet acrodynamic
drag and fuel consumption are reduced when vehicles travel in formation. However, the lateral offset
distance between vehicles traveling in formation on the road, particularly the lateral offset distance set in
the queue, is rarely considered in the preceding research to eliminate or reduce the detrimental impact of
the linear offset distance. Therefore, this paper incorporates the consideration of lateral offset distance to
investigate the combined effects of multiple parameters on vehicle air resistance and fuel economy while
providing theoretical support for vehicle platooning strategies.

The paper’s remaining sections are arranged as follows: In Section 2, the geometric and numerical
models for the simulations are described; in Section 3, the simulation results and analysis are displayed;
and in Section 4, the major conclusions are outlined.

2 CFD Simulation

When vehicles form a train and keep a close following distance, acrodynamic drag is minimized [14]. In
this research, CFD is used to examine the characteristics of the flow field outside the fleet. CFD is a technique
that uses numerical methods to solve the governing equations of fluid mechanics in a computer so that the
flow field can be predicted. Compared with wind tunnel tests, virtual simulation investigations are not limited
by wind tunnel dimensions and can save high experimental costs at the same time. Fig. 1 depicts the fleet’s
topology.
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Figure 1: The fleet’s topology



FDMP, 2024, vol.20, no.1 149

Prior to doing CFD simulations of the fleet, a simulation of a single vehicle is conducted to determine the
optimum mesh size and describe the aerodynamic parameters of a single vehicle [15]. The same method is
then applied to a study of multiple vehicle queues.

2.1 Geometric Model

Since the 1980s, more than a dozen models with different characteristics have appeared internationally.
The most popular among them are the Ahemd, MIRA and DrivAer models. Compared with the Ahemd and
DrivAer models, the MIRA model can lower the computational workload and ensure the accuracy of the
simulations. The conventional Mira step-back vehicle model [16], one of the typical car aerodynamic
physical models, is utilized in this study. Compared with the square-back and fast-back models in the
MIRA model, the step-back model wake has three-dimensional separation, return flow, and high
turbulence, which are more closely related to the vehicle wake flow characteristics. The length, width and
height of the full-size model are 4165, 1625 and 1420 mm, respectively [17]. Fig. 2 depicts the
measurements and CAD model of the typical step-back MIRA model.
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Figure 2: Typical step-back MIRA model (unit: mm)

2.2 Computing Domain Setting and Grid Division

To accurately analyze the characteristics of the vehicle queue flow field, it is essential that the blockage
ratio of the virtual wind tunnel be less than 10%, preferably between 3% and 5%. In light of this, the height
and width of the virtual wind tunnel were designed to be 3 times and 11 times the height and length of the
vehicle, respectively. Meanwhile, in order to ensure the full development of the airflow, the distance between
the front of the leading vehicle and the wind tunnel entrance, and the distance between the trailing vehicle’s
rear end and the wind tunnel exit are set to 3 times and 7 times the vehicle length, respectively.

In ANSYS ICEM, the vehicle body and rectangular external flow field are meshed, with the vehicle
body surface mesh consisting of quadrilateral cells, the wind tunnel surface mesh being of triangular
cells, and the body mesh composed of a mixed mesh. A 30 by 70 mm density box is used to guarantee
the natural transition of the body mesh between the vehicle and the wind tunnel. In addition, three layers
are bonded to the body’s surface near the wall to better collect the surface gas flow. Approximately
2.56 million meshes are generated in the computational simulation area. Fig. 3 depicts the size and mesh
model of the external flow field.

2.3 Boundary Conditions

For the simulation calculation, the standard k-¢ turbulence model is employed. The intake and the outlet
of the flow field are designated as the velocity inlet and the pressure outlet, respectively. The top surface and
left and right sides of the calculation domain are designated as the slip wall. As depicted in Fig. 4, the ground,
vehicle body surface, and wheels serve as the nonslip wall. In addition, the pace of the moving slip wall is
regulated to match the wind speed.
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Figure 3: Dimensions and mesh model of virtual wind tunnel

Figure 4: Boundary condition setting

2.4 Mathematical Model
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In simulations of fluid dynamics, it is assumed that the fluid obeys the three conservation rules of mass,
energy, and momentum in the flow process [18]. The flow outside the vehicle is often considered as
incompressible, isothermal, and adiabatic turbulent flow. Since heat transmission is not concerning, the
solution equations include only mass conservation and momentum conservation equations, which are

stated as follows.
Law of mass conservation:
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where p is the fluid density; ¢ is time; u, v and w are the components of the velocity vector in x, y and z
directions, respectively; 7T is the temperature; p is the pressure on the fluid micro-element; 7., 7,, and .,
are the viscous stress in the x-direction; 1, 7,, and 1., are the viscous stress in the y-direction; 1., T,.
and 1., are the viscous stress in the z-direction.

The steady-state RANS k-¢ turbulence model with standard wall functions is employed for CFD
simulations in this paper. When the flow is incompressible, the exact formulas can be stated as follows:

k equation:
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where Gy, is the turbulent kinetic energy generation term; p is the dynamic viscosity; g, is the turbulent
viscosity; C;, and C,, are empirical constants taking values of 1.44 and 1.92, respectively; o} and g, are
turbulent prandtl values for the k and ¢ equations, taking values of 1.0 and 1.3, respectively.

The numerical computation method used in this paper is the FVM (Finite Volume Method). The pressure
variable is discretized using the second-order scheme, and the momentum, turbulent kinetic energy, and
turbulent dissipation rate variables are discretized using the second-order upwind scheme, as in literature
[19]. The SIMPLE algorithm is employed to solve the pressure-velocity coupling problem; the same
algorithm are used in literature [20,21].

The vehicle fuel saving rate [22] shall be calculated by developing a mathematical model of the vehicle
aerodynamics. In this paper, assuming the car is driving at a constant speed on a flat road, the ramp and
acceleration resistance can be neglected. According to automobile theory, the calculation derivation
process is as follows:

F,=Fy+F, = mgf + C4dpv}/2 (7)

where F;, Fy and F, are the vehicle driving force, rolling resistance and the air resistance, respectively; m is
the quality of the vehicle; g is gravity acceleration; f is the rolling resistance coefficient; C; is the
aerodynamic resistance coefficient; 4 is the windward area of the vehicle; p is the air density, usually
taken as 1.2258 kg/m?; v, is the driving speed.

The expression for vehicle air resistance can be further rewritten as follows:

CyAV?
W= e ®)
21.15
The following is the formula for calculating engine power:
F
Py = 9
yr

where F, is the vehicle driving force, which can be obtained from the vehicle driving equation; v, is the
driving speed; #, is the mechanical efficiency of the transmission system.

The fuel consumption per hundred kilometers of an automobile moving at a steady speed is described as
follows:
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where my is the fuel consumption; p, is the fuel density; g is gravity acceleration.

The following two equations define the air drag coefficient decrease rate (Eq. (11)) and the fuel savings
rate (Eq. (12)).
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where Cy and C; are the single-vehicle drag coefficient and the mean drag coefficient of the queue,
respectively; Oy and Q, are the 100 km fuel consumption of the single-vehicle and the average 100 km
fuel consumption of the fleet, correspondingly.

Eq. (13) defines the relationship between the rate of fuel savings and the rate of drag coefficient
reduction. Here w indicates the factors affecting fuel consumption at a constant speed on a horizontal road.

AG
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AQ (13)
3 Results and Analysis

3.1 Simulation Results for Single-Vehicle

Using a virtual wind tunnel simulation, the aerodynamic drag coefficients of a single vehicle were
computed and compared with test data from the HD-2 wind tunnel [23], the TJ-2 wind tunnel [24], and
the IVK wind tunnel [25], as shown in Fig. 5.
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Figure 5: Validation study comparing air resistance coefficients between simulation and wind tunnel
experiments

Fig. 5 presents a validation exercise for the numerical simulation using the MIRA model and the same
test conditions as the wind tunnel experiments. The aim was to assess the accuracy of the simulation method
by comparing the simulated coefficient of air drag (Cd) with the corresponding experimental measurements.
The simulation results yielded a coefficient of air drag (Cd) of 0.3282. When comparing these results to the
HD-2, TJ-2, and IVK wind tunnel experimental measurements, the relative errors were found to be 1.8%,
8.8%, and 2.4%, respectively. These low relative errors indicate a close agreement between the simulation
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and experimental results. The high level of agreement between the simulation and experimental data supports
the reliability and accuracy of the numerical simulation method employed in this research. This finding has
significant implications as it allows for further investigation and exploration of different scenarios in a cost-
effective and efficient manner.

The outflow field characteristics of a single vehicle are investigated here for comparison with the
simulation findings of a vehicle queue. Figs. 6 and 7 represent the pressure cloud and velocity vector
diagrams for a single vehicle, respectively. They illustrate the causes of the generation of differential
pressure resistance of the vehicle. From Fig. 6, it can be seen that the vehicle body has the highest
windward pressure at the air intake grille, followed by the windshield, which are immediately subjected
to the airflow and are the primary cause of the vehicle’s drag. The rear of the vehicle body produces a
negative pressure zone due to airflow separation and vortex flow, as shown in the Fig. 7. It is visible that
the air flowing to the rear of the vehicle breaks away from the body and forms a vortex flow at the rear
of the vehicle, resulting in a negative pressure zone. The pressure difference between this negative
pressure and the positive pressure at the front of the car creates a force in the opposite direction of travel,
which is the differential pressure resistance.

Pressure [Pa]

Figure 6: Single-vehicle’s pressure cloud map

Figure 7: Single-vehicle’s velocity vector chart

3.2 Effect of Longitudinal Spacing and Lateral Offset Distance

The effects of longitudinal vehicle spacing and lateral offset distance on the fleet’s drag coefficient are
explored for a three-vehicle queue. The vehicle speed is assumed to be 50 kilometers per hour. The
longitudinal inter-vehicle distances are varied in the range of 0.1 to 3L, and the lateral offset distances are
0, 1/6, 1/3, 1/2, and 1W, where L is a vehicle length and W is a vehicle width. Fig. 8 illustrates the fleet’s
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average air drag coefficients for various longitudinal vehicle and lateral offset distances. It also shows
how the inter-vehicle distance and lateral offset distance affect the air drag coefficient of each car in the
queue.
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Figure 8: Drag coefficient for the queue and each vehicle in the queue

Fig. 8a reveals that the average coefficient of drag while cars travel in formation is lower than the
coefficient of drag for a single car due to the queue fleet, as presented by Gao et al. [26]. The fleet
average air drag coefficient achieves a maximum value of 0.296 when the inter-vehicle distance is 2L and
the lateral offset distance is 1W. The shielding effect of the front car on the rear car decreases gradually
as longitudinal spacing increases, and the fleet’s drag coefficient increases gradually under the fixed
lateral offset distance. And when the longitudinal distance exceeds 2L, its effect on the fleet drag
coefficient is minimal. When the longitudinal distance is a fixed value, the fleet drag coefficient increases
with the lateral offset distance, and the change in queue air drag coefficient is especially pronounced
between 0 and 1.5L.

Figs. 8b~8&d illustrate the trend of variation in drag coefficient for each car in the cohort. From Fig. 8b, it
can be seen that the air drag coefficient of the leading car changes a lot between 0 and 1.5L, as well as that the
coefficient gradually goes up as the lateral offset distance goes up. After the inter-vehicle distance surpasses
1.5L, the resistance coefficient of the leading car remains steady and the lateral offset distance has little effect
on it. Fig. 8c shows that the air resistance coefficient of the middle car gradually increases with the increase of
the distance between vehicles under the condition of small lateral offset distance. When the lateral offset
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distance exceeds 1/3W, the drag coefficient of the middle car is less affected by the longitudinal distance, but
is significantly affected by the change of the lateral offset distance, which increases continuously with the
growth of the lateral offset distance. According to Fig. 8d, the change in longitudinal spacing has a
negligible influence on the resistance coefficient of the rear car, however the change in lateral offset
distance has a significant effect.

Figs. 9 and 10 depict the vehicle pressure clouds and velocity vector plots for various lateral offset
distances at a constant inter-vehicle distance, respectively. As shown in Fig. 9, When compared to the
leading vehicle, all other vehicles show a noticeable decrease in pressure, which is consistent with the
results reported by He et al. [27]. As the lateral offset distance rises, the head pressure of the middle car
progressively increases, which was also reported by Mokhtar et al. [28]. The head pressure of the tail car
is somewhat less than that of the lead car and the middle car, and the position of the high-pressure area of
the tail car’s head pressure fluctuates continuously. In conjunction with the velocity vector plots in
Fig. 10, it is evident that when the lateral offset distance gradually increases, the shielding effect of the
lead car on the middle car gradually reduces, hence increasing the middle car’s head pressure. The results
show that the tail car will be affected by the middle and the head car at the same time, resulting in a
change in the location of its head’s high-pressure area.

Pressure [Pa]
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Figure 9: Vehicle pressure cloud maps at a constant inter-vehicle distance

Fig. 11 illustrates the fuel-saving rates of the vehicle queue and each vehicle in the fleet at various
longitudinal and lateral offset distances. As shown in Fig. 11a, the fuel-saving rate of the vehicle queue
drops steadily with the rising of the inter-vehicle distance and lateral offset distance. Under the current
configuration parameters, the fleet average fuel saving rate can reach up to 3.63%. From Fig. 11b, it can
be learned that when the distance between vehicles varies from 0 to 1.5L, the fuel saving rate of the lead
vehicle decreases significantly with the increase of the distance between vehicles. When the lateral offset
distance is ranged from 0 to 1/6W, the middle car’s fuel saving rate increases with the lateral offset
distance until it reaches its maximum at 1/6W, after which it decreases with the lateral offset distance, as
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shown in Fig. 11c. According to Fig. 11d, the tail vehicle’s fuel savings vary with the lateral offset distance.
The fuel-saving impact is evident for lateral offset distances ranging from 0 to 1/3W, which is primarily due
to the combined influence of airflow from the lead and middle cars on the rear car.
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Figure 10: Vehicle velocity vector plots at a constant inter-vehicle distance
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Figure 11: Fuel saving rate for the queue and each vehicle in the queue

3.3 Effect of Vehicle Velocity and Lateral Offset Distance

The change of resistance coefficient of three-car queue with vehicle speed and lateral offset distance is
investigated when the longitudinal inter-vehicle distance is held constant (1L in this article). It is assumed
that the variation range of vehicle speed is from 50 to 90 km/h, and the lateral offset distance is from 0 to
IW. In this study, the simulation findings for vehicle speeds of 60 km/h and lateral offset distances of 0,
1/6, and 1/2W serve as examples. The resistance coefficient of the vehicle queue decreases as the lateral

offset distance changed between 0 and 1/6 W. However, when the lateral offset exceeds 1/6W, the drag
coefficient increases.

Fig. 12 depicts the variation of air resistance coefficients of the fleet and each vehicle in queue at various
speeds and lateral offset distances. The vehicle queue’s average resistance coefficient is substantially lower
than that of a single car (0.3282), as displayed in Fig. 12a. The queue’s resistance coefficient increases from
50 to 60 km/h when the lateral offset distance remains constant. After 60 km/h, the effect of speed on the
queue’s air drag coefficient becomes negligible. At constant speed, the vehicle queue’s coefficient
decreases when the lateral offset distance is ranging from 0 and 1/6W and rises when it exceeds 1/6W.
When the vehicle speed is 50 km/h and the lateral offset distance is 1/6W, the fleet average aerodynamic
drag coefficient achieves a minimum value of 0.262. According to Figs. 12b and 12c, when the lateral
offset distance is changed from 0 to 1W, the front and middle cars’ resistance coefficients decrease and
then increase, with the minimum value being attained at 1/6W. The drag coefficients of the lead and the
middle cars rise with the increase of speed. Fig. 12d demonstrates that the variation in the air resistance
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coefficient of the tail car is more complex. When the lateral offset distance varies from 0 to 1W, the air drag
coefficient of the tail car first increases, then reduces, and then raises once again. This is mainly because the
tail car is most affected by the wakes of both the middle and front cars.
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Figure 12: Drag coefficient for the queue and each vehicle in the queue

Figs. 13 and 14 depict the pressure and velocity distribution of each car in a three-car queue at varying
lateral offset distances for a fixed car speed. Combining Figs. 13 and 14, it is clear that the lead car’s head
pressure distribution does not change significantly with lateral offset distance, as concluded by Tomell et al.
[29]; the middle car’s head impact area is constantly changing, resulting in more noticeable changes in the
pressure distribution; and when the lateral offset distance reaches 1/2W, the middle car’s head pressure
distribution is comparable to that of the lead car. The pressure on the head of the tail car is lower when
compared to the head and middle cars; however, as the lateral offset distance increases, the pressure on
the head of the tail car gradually increases. The location of the tail car’s high-pressure area is constantly
shifting due to the combined action of the head and middle cars’ wake.

Fig. 15 illustrates the impacts of vehicle speed and lateral offset distance on the fleet’s and individual
vehicle’s fuel savings rate, from which the following can be deduced. When the lateral offset distance is
fixed, the vehicle queue’s fuel-saving rate rises progressively with increasing speed. Under the same
speed, the fleet’s fuel-saving rate decreases as the lateral offset distance increases. The rate of fuel savings
for the leading, middle, and trailing vehicles changed correspondingly. Under identical conditions of
speed and lateral offset distance, the fuel efficiency of each vehicle varies.
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Figure 13: Vehicle pressure cloud maps at a constant vehicle velocity
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4 Conclusions

Vehicle queues have been the subject of much aerodynamic research, which has yielded numerous
findings. This article examines the aerodynamic qualities and fuel efficiency of a three-vehicle formation
using the conventional Mira model with varying inter-vehicle distances, vehicle speeds, and lateral offset
distances, and draws the following conclusions:

(1) The fleet has a lower average air drag coefficient than a single vehicle.

(2) Under the same speed class, as inter-vehicle distance and lateral offset distance rise, the average air
drag coefficient of the fleet grows while the rate of fuel savings changes in the opposite direction.

(3) Under the same inter-vehicle spacing, assuming the vehicle speed remains constant, the average air
drag coefficient of the fleet drops and subsequently increases as the lateral offset distance grows, with a
minimum value of 1/6W. The change of the fuel-saving rate is inversely proportional to the coefficient of
air drag, and the fuel-saving rate increases with increasing speed for varying lateral offset distances.

This work studied vehicle formation’s aerodynamic features and fuel efficiency under the different
configuration parameters. The results of the study showed that the aerodynamic advantage of the vehicle
queue can be better utilized when the inter-vehicle distance is less than 2L and the lateral offset distance
is less than 1/6W. The conclusion provides a theoretical foundation for constructing a vehicle formation
driving strategy. In the article, the vehicle speed is constant. But in reality, a vehicle’s working conditions
change constantly during the driving process, which causes the speed also to change. Therefore, the
research on the vehicle fleet under variable speed conditions will be studied in the future.
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