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In this paper, the aerodynamic characteristics of two vehicles and three vehicles in the platoon under different vehicle spacings
have been explored in detail. Firstly, the realizable k-¢ model was used to verify the numerical method based on a single 35° Ahmed
body. Then, the aerodynamic characteristics such as drag characteristics, surface pressure, wake structure, and turbulent kinetic
energy distribution were analyzed for the platoon of two and three 35° Ahmed bodies. Although the RANS (Reynolds-averaged
Navier—Stokes) model had got good results for simulating a single 35° Ahmed body, when simulating two 35° Ahmed bodies in the
platoon, it was found that there is still a big error compared with the experimental data. In the three 35° Ahmed body, the drag
coeflicient of the leading body is almost unchanged compared with that of the leading body in the two-vehicle platoon, while the
drag coefficients of the middle body and the trailing body are both reduced compared with those of the single body. For x/L = 0.25,
the middle body is about 56% of the single-body value, and the trailing car is about 88% of the single-body value. It can be seen that
the drag reduction effect of three 35° Ahmed bodies is larger than that of two 35° Ahmed bodies. It is shown that the aerodynamic
characteristics are very sensitive to the selected platoon vehicle model. Because model with different geometric shapes will produce

different wake structures, different aerodynamic phenomena will occur when they are arranged in the platoon.

1. Introduction

At present, people have realized that global warming will
bring serious environmental damage, and governments and
relevant institutions all over the world have formulated strict
laws and regulations to control this damage [1]. However,
for the automobile industry, there are still great challenges,
and the environmental pollution caused by automobile
exhaust is still very serious. Therefore, the research on ex-
haust emission treatment is becoming more and more
important [2]. With the development of economy, energy
saving and emission of motor vehicles have become issues of
concern to everyone [3]. Some people can better control
pollutant emissions by evaluating the emission character-
istics of nitrogen oxides from different aspects [4-9]. In
addition, automobile aerodynamics also plays a very im-
portant role in improving fuel economy and controlling

emissions. It uses aerodynamic characteristics to optimize
the shape of a single vehicle, thereby reducing vehicle drag
and achieving the goal of saving fuel consumption and
reducing exhaust emissions. However, the research on the
aerodynamics of multiple vehicles traveling close to each
other is becoming more and more popular, because the
aerodynamic characteristics between vehicles at a close
distance not only improve the transportation rate, but also
save fuel consumption and reduce exhaust emissions under
the advantage of reduced drag. This type of arrangement is
generally called platooning. “Platoon” is the term used by the
Federal Highway Administration (FHWA) Intelligent Ve-
hicle Highway System (IVHS) project. In this project, a
group of 10-20 vehicles traveled longitudinally at a small
distance at a speed of 65-70 miles per hour, which may not
only greatly improve the traffic capacity of expressways, but
also reduce fuel costs and exhaust emissions [10]. Therefore,
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this will also be an important part of the development of
intelligent transportation systems in the future. At present,
the research of reducing the average drag by one car fol-
lowing another car does not only appear in automobiles. For
example, in cycling [11], birds flying [12], and motor racing
[13], it is to reduce drag or energy consumption by means of
platooning.

When vehicles are traveling in a row for a short distance,
the leading vehicle is equivalent to a shield, blocking the
impact of the airflow for the following vehicles, and then the
drag coefficient of the following vehicle will be greatly re-
duced. In order to improve the rapid growth of traffic
congestion, air pollution, and energy consumption in Cal-
ifornia, the Partners for Advanced Transit and Highways
(PATH) proposed and studied an automated highway
system (AHS) [14]. In this system, the highway capacity can
be achieved by increasing the number of vehicles in the
platoon (from 2 to 6), and then these vehicles travel at the
same speed with a smaller distance [15]. Michael Zabat et al.
[10] used a 1/8 scale model of a standard American minivan
to conduct a wind tunnel test to study the effect of vehicle
spacing on the drag of each vehicle in 2, 3, and 4 vehicles in
the platoon. For distances less than one vehicle length, the
drag coefficients of all vehicles in the platoon were reduced,
although the reduction of internal vehicles was even greater.
When the distance was half the length of the vehicle, the
average drag coefficient of the four vehicles in the platoon
was reduced to 0.62 times that of the nonplatoon traveling.
Then, people conducted real-vehicle experiments on the
trucks or trucks in the platoon [16-19]. The research results
all showed that it could indeed bring about the effect of
saving fuel consumption when traveling at close distances.
Of course, there are also numerical simulations [20, 21] and
wind tunnel experimental studies [22, 23] using truck or
truck models. Prasad Vegendla et al. [24] used the truck
model through numerical simulation to not only study the
aerodynamic characteristics caused by the longitudinal
spacing, but also study the situation under the lateral
spacing. However, the main concern under lateral spacing
was the safety and handling stability of running vehicles.
Paolo Schito et al. [25] studied the influence of the shape of
the vehicles in the platoon and the relative distance between
the vehicles. The results showed that the drag of vehicles with
an estate back such as station wagons and sport utility ve-
hicles was reduced by more than 50% when traveling in a
platoon. While a fastback vehicle like a sedan had better
aerodynamic performance than other vehicles when trav-
eling alone, the advantage of drag reduction when traveling
in a platoon is not as good as that of the estate back vehicles.
When a truck was traveling in a platoon with other vehicles,
the drag reduction trend of the truck was almost small, while
the drag reduction of the vehicles behind the truck was very
high. However, David Uystepruyst et al. [26] studied the
large eddy simulation of the flow around a four-car platoon
when a member of the vehicle platoon was forced to oscillate
in a straight line. Based on steady-state research, the
aerodynamic characteristics changes of the third model of
the four cuboid models at different spacings before and after
are analyzed. Kim et al. [27] used the SolidWorks Flow
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Simulation tool to study the variation and causes of drag
coeflicients caused by four different vehicle models traveling
in a platoon with different intervehicle distances. Bounds
et al. [28] studied an extension of the method for numerical
simulation of vehicle platooning. First, the ability of the
turbulence model in the CFD simulation of vehicle pla-
tooning to predict aerodynamics is explored, and then the
method of vehicle platooning simulation is developed by
using cube model, which finally extends to the aerodynamic
characteristics produced in the platoon by the realistic ve-
hicle model DrivAer. Jaffer et al. [29] used a machine
learning algorithm to predict drag coeflicients on vehicle
platoon. The drag coefficients for each vehicle in a two-,
three-, and four-vehicle platoon were predicted from ex-
perimental study data provided at different inter-vehicle
distances in a platoon, and the predicted values were
compared with numerical simulation results. Finally, it is
concluded that the polynomial regression model in me-
chanical learning algorithm is the most consistent with the
aerodynamic prediction. From the research introduction of
the above report, it can be found that the research on the
shape of the vehicle in the platoon traveling is very im-
portant, whether in the case of the same shape of vehicles or
the combination of different shapes of vehicles. Because
different vehicle shapes will produce different flow struc-
tures, they will also have different effects when traveling in a
platoon. At present, most of the research is to use simplified
vehicle models [30-33], and only a few authors have studied
representative passenger car models [34].

However, it has been reported that there are some dif-
ferences in drag coeflicient changes when following a car at
close distances under certain conditions. At x/L < 0.35 (where
x and L appearing here and below are the inter-vehicle dis-
tance and vehicle length, respectively), Michael Zabat et al.
[35] found that the drag coefficient of the trailing vehicle was
higher than that of the leading one. For the Ahmed model, the
above situation is more intense. In the range of x/L = 0-1, the
drag of the following vehicle is always higher than that of the
leading vehicle and the single one [36-39], and then some
numerical simulation studies have shown the same results
[40-42]. Altinisik et al. [43] used the one-fifth scale model
FIAT Linea to conduct a numerical simulation study of a two-
vehicle platoon. They also found that the drag coefficient of
the leading vehicle increased significantly at the distance
between x/L=0 and 0.5, while the drag coeflicient of the
trailing vehicle was slightly higher than that of the single one.
In the platoon vehicle study, Hesham Ebrahim et al. [34] used
a quarter-scale model of the 2016 hatchback Nissan Leaf, and
it was found that in the two-vehicle platoon, when the dis-
tance x/L=0.25, the drag of the trailing vehicle suddenly
increased and was higher than that of the single one. How-
ever, it was found that the drag of all vehicles in the three-
vehicle platoon was lower than that of the single vehicle. At
the same time, Browand et al. [44] used two simplified
geometric shapes as truck models for experimental research.
Under different geometric combinations, it was found that
when the truck model with a sharp front edge was used as the
leading vehicle, the drag coeflicient of the trailing vehicle
would be higher than that of a single truck model.
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The research on automobile aerodynamics in the platoon
can be roughly divided into three aspects: vehicle spacing,
number of vehicles, and shape of vehicles. At present, the re-
search of vehicle platoon is mainly affected by the lack of ex-
perimental equipment, the actual vehicle experiment will be
restricted by the road, and the model experiment may be re-
stricted by the length of the wind tunnel test section. Therefore,
most of the existing experimental studies are aimed at the short
distance and the small number of vehicles. In recent years, with
the development of computer technology, numerical simulation
methods have made great progress and become a good sup-
plement to wind tunnel tests. Nevertheless, it is still not easy to
obtain an accurate simulation of the flow field outside the
ground vehicle. The flow structure of the vehicle external flow
field is very complex, and the flow characteristics of airflow are
irregular, so the accuracy of external flow field simulation is
affected by many factors. Although the current large eddy
simulation (LES) [45] and detached eddy simulation (DES) [46]
have obtained good results in numerical simulation, their huge
computational cost has to be considered. Therefore, Reynolds-
averaged Navier-Stokes (RANS) simulation is quite popular for
studying the change of average aerodynamic characteristics
caused by vehicle platoon at present. This paper is mainly based
on the steady-state realizable k-¢ model for numerical simulation
research, Ahmed body as the research model of this article. For
the Ahmed body platoon, many scholars have already conducted
this kind of research. However, their research contents are all
carried out on two Ahmed bodies. The rounded head and
slanted tail of the Ahmed body result in a different aerodynamic
phenomenon in the platoon than that of the conventional ve-
hicle model platoon. Therefore, this paper extends the platoon
study of three Ahmed bodies to investigate the effect of aero-
dynamics when increasing the number of vehicles in the Ahmed
body platoon. Then, analyze the differences in aerodynamic
characteristics with the two Ahmed body platoons and the
conventional vehicle model platoons with increasing number of
vehicles.

2. Governing Equations

In the simulation calculation of automobile external flow
field, air can be considered as an incompressible flow [47].
Because the airflow speed of 90 Km/h selected in this study is
far lower than the sound speed, its Mach number (ratio of
airflow speed to local sound speed) is less than 1, and the
influence of temperature on the flow field is not considered.
Therefore, the governing equations to be solved include
continuity equation, momentum equation, turbulent kinetic
energy k equation, and turbulent dissipation rate ¢ equation.
Combined with the boundary conditions of the flow field,
the unknown velocity, pressure, turbulent kinetic energy,
and turbulence dissipation rate in the equations can be
solved, so as to obtain the solution of the entire flow field.
The specific control equation is as follows:
Mass conservation equation (continuity equation):

ou;

o (1)

Momentum conservation equation (Reynolds-averaged
Navier-Stokes equation):
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where u; and ; are the velocity components of coordinates x,
¥, and z, respectively, m/s; and x;, x; are the coordinates x, y,
and z, where i and j=1, 2, and 3. p are the density of the fluid
medium, kg/m’; P are the pressure of the fluid medium Pa; y
is the dynamic viscosity, Pa-s; g, is turbulent viscosity co-
efficient; » is kinematic viscosity, m*/s; E is strain rate, s~ '; Gy
is the generation term of turbulent kinetic energy k caused
by average velocity gradient; oy and o, are Prandtl numbers
corresponding to turbulent kinetic energy k and dissipation
rate ¢, respectively; and C; and C, are the model coefficients.

3. Selection and Verification of Numerical
Simulation Method

3.1. Simulation Model and Computational Domain. The
surface modeling of the real automobile model is compli-
cated, and the bottom structure is irregular, so it is often
simplified in the numerical simulation. Ahmed model was a
kind of car-like model proposed by SR Ahmed et al. [48] in
1984. Ahmed model is composed of a round front, a variable
slant at the rear of the car body, and a cuboid connecting the
front and rear slant. The variable slant at the rear is mainly
used to study the drag coefficient and wake separation
phenomenon of the car body at different slanted angles.
Although the model is simple, it retains the basic charac-
teristics of automobiles and can accurately reflect the flow
field around automobiles. In the numerical simulation in
this paper, the Ahmed model with a rear slanted angle of 35
is selected. The solid modeling shape is shown in Figure 1,
and the main structure size is shown in Figure 2.

In the simulation calculation, the cuboid computational
domain is used. The entrance distance is twice as long as the
Ahmed model, the exit distance is six times as long as
Ahmed model, the distance from top to bottom is six times
as high as Ahmed model, the distance from left to right is
seven times as wide as Ahmed model, and the ground
clearance is 50 mm, as shown in Figure 3. At this time, the
blocking ratio is 2%, which is less than 4% in the literature
[49], so the blocking effect of the wind tunnel can be ignored.
In addition, the calculation domain sizes of the front, rear,
left, and right, and up and down of the car body are the same,
regardless of the single-vehicle traveling condition or the
platoon condition.
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FiGUure 1: Ahmed body.

1044

389
/(p :
i Z
z z
A S £
X Y

Figure 3: Computational domain and coordinate system.

3.2. Grid Division and Mesh Independence Verification.
Grid division is extremely important for simulation calcu-
lation, and the type and accuracy of mesh directly affect the
calculation time and accuracy. The geometric shape of
Ahmed body is relatively regular and simple. Therefore,
using a better quality hexahedral structured mesh, but the
curvature of its body head is large and blunt, so it is difficult
to capture the structure. Therefore, after creating an O-block
structure around the whole body, it is necessary to create a
C-block structure on its head separately, which can better
capture the Ahmed body head structure. Finally, in order to
better refine the mesh around the body, after the O-block
structure is generated around the car body, then a layer of
C-block structure is generated. Finally, the generated mesh
looks at Mesh 1 in Figure 4.

Generally speaking, the more the total number of mesh
cells, the higher the accuracy will be, and it is easier to
capture the detailed features of the object surface. However,
the more mesh number there are, the more computing time
and memory are needed, and the higher the computing
configuration will be, and computing time and computer
hardware resources are limited. Therefore, in practical ap-
plications, it is necessary to strike a balance between cal-
culation time and calculation accuracy. The following five
sets of mesh types are used for mesh independence

verification, and all five sets of meshes adopt the same to-
pology structure, as shown in Figure 4.

Table 1 compares the drag coeflicients of the five sets of
grids with the results of the literature [39]. It can be seen
from the table that there is a certain relationship between the
simulation results and the total number of mesh cells, and
there is a big difference between the calculated values of drag
coefficient with less meshes and those with more meshes.
The calculation results of Mesh 4 and Mesh 5 are very
similar, and the error with the experimental data is the
smallest. Since this study is a three-vehicle platoon, the
calculation mesh number will increase with the increase of
the vehicle spacing. Considering the configuration limit of
this computer, Mesh 3 is adopted as the mesh scheme of this
study.

3.3. Boundary Layer Analysis. Studies have shown that the
flow in the boundary layer can be divided into three sub-
layers: viscous bottom layer, transition layer, and loga-
rithmic law layer [50]. In order to better simulate the viscous
flow in the boundary layer, the wall function method is used
for approximate solution; that is, the physical quantities in
the near-wall region are directly related to those in the
turbulent core region by using semiempirical formula. The
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FIGURE 4: Schematic diagram of five sets of grids on the xz symmetry plane.

TaBLE 1: Mesh independence verification.

Mesh type Cell size of body surface (mm) The total number of mesh cells CFD Cp Exp Cp
Mesh 1 8 1.65 million 0.2837
Mesh 2 7 2.54 million 0.2789
Mesh 3 6 3.96 million 0.2728 0.2700
Mesh 4 5 6.00 million 0.2690
Mesh 5 4 10.11 million 0.2694

mesh of the wall only needs to be distributed in the region
where the wall function takes effect, that is, the logarithmic
law layer. In the process of CFD preprocessing, people often
divide the boundary layer mesh to fully analyze the viscous
sublayer. At this time, the mesh of the wall only needs to be
distributed in the area where the wall function takes effect,
that is, the logarithmic law layer. Therefore, it is crucial to
determine the thickness of the first layer mesh. In the study
of Li [51] et al,, it is mentioned that the height of wall-
adjacent cells is determined by estimating the thickness of
viscous sublayer, and the thickness of the viscous sublayer
depended on the simulation of the laminar boundary layer
on the flat plate. Its formula is

DI, 5.00
Suoom = 351 va ~ \/Tze‘x = 0-00264 D, (5)
&) 1,

where I, is the characteristic length of the boundary layer,
generally taken as 0.5D, where D is taken as the model
length.

There are certain standards established for common
practice in the engineering field, namely, y*, which is a
dimensionless wall distance. Through the value range of y", it
can be judged whether the thickness of the first layer mesh is
arranged in the region where the wall function takes effect.
Moreover, no matter the standard k-¢ model, RNG k-¢
model, or realizable k-¢ model, they are all aimed at fully
developed turbulent flow. Therefore, when using the above
turbulence model, in order to arrange the first layer mesh in

logarithmic law layer, it is best to require the value range of
y" to be 30-300. Depending on the formula (5), this paper
sets 7 layers of boundary layer mesh with a grading ratio of
1.01 and estimates the thickness of the first layer mesh. Then,
we can check whether the y* distribution is within this range
through the calculation results. If not, we need to readjust
the grids and calculate again. Finally, the thickness of the
first layer mesh selected in this paper is 0.5 mm, and the y*
distribution is between 22 and 78, which meets the calcu-
lation requirements.

3.4. Numerical Simulation Parameter Setup. The solver is
configured as pressure-based, and the calculation is per-
formed for steady state. The Reynolds number
Re=1.8x10° based on the model length, and the turbu-
lence intensity I=1.8%. It can be seen from Table 2 that the
results of the RNG k-e model and the realizable k-&¢ model
are very close to the experimental values, and the simu-
lation error of the realizable k-¢ model is the smallest.
However, the standard k-e model assumes that the viscosity
coeflicient is an isotropic scalar, while turbulence is an-
isotropic, and the viscosity coeflicient should be an an-
isotropic tensor, so the calculated aerodynamic drag is too
large. The RNG k-¢ and realizable k- models both consider
the rotating flow and bending flow. However, the penul-
timate term of ¢ equation in realizable k-¢ model does not
have any singularity. Compared with RNG k-& model, the
convergence is greatly improved, and the calculation



TaBLE 2: Comparison of drag coefficients simulated by three
turbulence models with experimental values.

Turbulence model Cp (CFD) Cp (EXP) Relative error (%)
Standard k-¢ 0.3481 28.93
RNG k-¢ 0.2663 0.27 1.37
Realizable k-¢ 0.2728 1.03

results are more accurate. Therefore, this paper chooses
realizable k-¢ turbulence model to calculate.

The wall function uses the nonequilibrium wall function.
Because the nonequilibrium wall function takes the pressure
gradient into account in the calculation, it adopts the
double-layer concept to calculate the turbulence Kkinetic
energy of the near-wall element, which has high solution
accuracy for the problems of the flow field involving sep-
aration, reattachment, and other average velocities and rapid
changes of pressure gradient. In this simulation calculation,
the model length is selected as the characteristic length of
turbulence, that is, L = 1.044 m. Turbulence intensity I and
turbulence length scale I are selected as turbulence pa-
rameters at the inlet and outlet of the computational area,
namely, I=1.8%, [=0.07 L=0.07308. The SIMPLEC pres-
sure-velocity coupling algorithm is adopted. The pressure
interpolation is second order, and the convection term and
viscosity term of the governing equation adopt the second-
order discrete schemes. Solution is initialized from inlet
region with set initial values. When all monitoring variables
(drag force, pressure) do not change with the number of
iterations of the calculation, the calculation is considered to
be converged and the iteration is terminated. The boundary
conditions are set as shown in Table 3.

Finally, observe the streamline diagram in Figure 5 and
compare it with the experimental data in [52]. It can be seen
that the realizable k-¢ model has obtained good results for
the wake prediction of the 35° Ahmed model, and two
asymmetric vortices with different sizes in the wake formed
by the upper and lower shear laminar flow are consistent
with the experimental results. Although the positions of the
focus point 1 (F;) and focus point 2 (F,) in the two vortices
are deviated, the accuracy and reliability of the numerical
simulation can also be verified.

4. Platoon Vehicle

4.1. Two-Vehicle Platoon. The mesh generation, turbulence
model, boundary conditions, and solution parameters of the
two Ahmed bodies are consistent with the calculation
method settings of single body. The inter-vehicle distance of
the two-vehicle platoon simulation is x/L =0.125-2.

Figure 6 shows the standardized drag coefficients of two
bodies at different inter-vehicle distances, and some nu-
merical results are compared with the corresponding ex-
perimental data obtained from literature [37]. Reynolds
number Re=1.85x10° in the experiment (based on the
model length). The drag coefficients of the leading body and
the trailing body are, respectively, normalized with the drag
coeflicients of a single body, and this can better analyze the
effect of drag coefficient vehicles in the platoon. It can be
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seen from Figure 6 that the simulated data and the exper-
imental data have very similar trends, but there are large
differences in the drag coefficients in individual spacing, and
the maximum error of 16%. The simulation results in lit-
erature [42, 53] also have the same phenomenon. Because
most RANS models cannot simulate the flow separation at
the rear part, or when they predict the start of separation,
they fail in a large number of separated flow regions con-
taining many coherent structures, mainly due to insufficient
prediction of turbulent stress levels [54]. Although it has
obtained good results for a single 35" Ahmed body simu-
lation prediction, for the situation in the platoon, the flow
interaction between the two bodies is very strong and the
flow structure is more complicated under the close inter-
vehicle distances. For the three-dimensionality and insta-
bility of this turbulence, the RANS model is difficult to
predict, and this phenomenon was also shown in their re-
search [55-58].

In the range of x/L =0.125-2, the drag coeflicient of the
trailing body is higher than that of the leading body, es-
pecially in the range of x/L =0.125-1; this phenomenon is
more obvious. This is because the presence of the trailing
body increases the base pressure of the leading body, and the
pressure difference between the front and rear of the leading
body becomes smaller, resulting in a smaller drag coefficient.

For the leading body, it can be seen that the simulation
results are in good agreement with the experimental data. At the
spacing x/L = 0.125, the drag coefficient decreases to about 42%
of a single body value, and with the increase of the distance, the
drag coefficient begins to increase. In the range of x/L = 0.125-2,
due to the long distance, the flow interaction between the two
bodies weakened, and the drag coefficient began to become
stable and approached a single body value. For a trailing car, the
error between the simulated value and the experimental value is
slightly larger, but the trend is consistent. In the range of x/
L=0.125-0.75, the drag coefficient begins to increase and is
higher than a single body value. When the spacing x/L = 0.75,
the drag coefficient reaches the peak value, which increases to
about 36% higher than a single body value (while the drag
coefficient in the experiment reaches the peak value at x/L = 0.5),
and then as the distance increases, the drag coefficient began to
decrease and slowly approached a single body value.

In the following flow field, pressure field, and turbulent
kinetic energy distribution, only six spacings x/L =0.25, 0.5,
0.75, 1, 1.25, and 1.5 are analyzed. Because in this spacing
range, it just covers the process that the drag coefficient starts
to increase or decrease and reaches a stable level. For the
analysis method of wake phenomenology, it can include a
wide array of insightful techniques such as DMD [51,59,60],
SPOD [61,62], and POD [63], and other technologies like
Koopman-LTI [64] and resolvent analysis [65]. This paper
analyzes this wake phenomenon through the visualization of
raw data. The flow velocity (U) is normalized with the inlet
flow velocity (U,). The pressure distribution is expressed by
the pressure coefficient Cp, and its expression is as follows:

pP-p,
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TaBLE 3: Setup of boundary conditions.

Boundary type

Boundary name

Corresponding values

Inlet (ABCD)

Outlet (EFGH)

Ground (DHGC)

Ahmed body surface

Top (AEFB) and side walls (BFGC and AEHD)

Velocity inlet
Pressure outlet
Moving wall
Nonslip wall

Symmetry —

25m/s
0 Pa (equivalent to atmospheric pressure)
Slip speed 25 m/s

FiGure 5: Comparison of tail flow field distribution on 35° Ahmed model xz symmetry plane. (a) experiment and (b) simulation.

1'6 T T T T T T T T T T

14 -
12 |

1.0

Cp/Cpyo

08 -

0.6 - :

04

[0 T Y S RN SN N SR B
0 02 04 06 08 10 12 14 16 18 20 22

Spacing (x/L)

—a— CFD Leading body
—e— EXP Leading body

—o— CFD Trailing body
—o— EXP Trailing body

F1GURE 6: Normalized drag coeflicient Cp/Cpy (Cpg drag value of a
single body) of two Ahmed bodies under different inter-vehicle
distances.

where P is pressure; Py is the reference pressure of free flow,
which is equivalent to atmospheric pressure; p is the density
of free flow, which is equivalent to the density of air; and U,
is the inlet free flow velocity.

Figures 7 and 8 show the x-direction velocity contour
and streamline distribution between the two bodies and
behind the trailing body on the xz symmetry plane. In the
figures, a, b, ¢, d, e, and {, respectively, represent six different
longitudinal vehicle spacing: (a) x/L = 0.25; (b) x/L = 0.5; (c)
x/L= 0.75; (d) x/L= =1; (e) x/L= = 1.25; (f) x/L= 1.5. The
figure clearly shows the upper and lower vortices in the

separated flow regions, one rotating clockwise and the other
rotating counterclockwise. It can be seen from Figure 7 that
for x/L=0.25 and 0.5, the upper vortex between the two
bodies is attached to the fore-body of the trailing body, and
the impingement point of the flow is on the upper rounded
edge of the trailing body’s fore-body. It can also be seen that
due to the close distance, the wake of the leading body has not
fully developed under these two distances. Therefore, the drag
coefficient of the leading body is lower than that of a single
body, while the trailing body is in the wake region of the leading
body, resulting in an increase in the drag coefficient of the
trailing body compared with that of a single body. At x/L=0.75,
the vortex between the two bodies is not attached to the trailing
body’s fore-body, and the flow impingement point begins to
move to the center of the trailing body’s fore-body. The trailing
body is still in the wake region of the leading body, but this
region becomes extremely small, which leads to the peak of the
drag coefficient of the trailing body. In the research of Azim
and Gawad [66], it was shown that this spacing region may be
related to a flow pattern called “vortex (or wake) impinge-
ment.” That is, the high-energy vortex from the leading body
impinges on the fore-body of the trailing body, resulting in an
increase in local dynamic pressure at the fore-body of the
trailing body. For x/L =1, 1.25, and 1.5, due to the increase of
spacing, the trailing body is completely outside the wake region
of the leading body, the flow impingement point is moved to
the center of the trailing body’s fore-body, and there is almost
no flow interaction between the two bodies. Therefore, the drag
coefficient becomes stable and closer to a single body value. As
for the wake region of the trailing body (Figure 8), it can be
observed that the vortex region becomes smaller and smaller
with the increase of inter-vehicle distances. When the spacing
increases to x/L=1.25 and 1.5, because the flow interaction
becomes weak, the size of the vortex region no longer changes.
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FIGURE 7: The x-direction velocity contour and streamline distribution between two bodies on the xz symmetry plane. (a) x/L=0.25

(b) x/L=0.5. (c) x/L=0.75. (d) x/L=1. (e) x/L=1.25. (f) x/L=1.5.

Figure 9 shows the pressure contour and streamline
distribution of a single body and two bodies in the platoon at
different inter-vehicle distances on the z/L=0.08 plane.
When a single body runs alone, a large positive pressure area
appears at the head of the body, and a large negative pressure
area appears at the rear; therefore, the body is subject to
greater aerodynamic drag. At x/L=0.25 and 0.5, due to the
close spacing, it can be seen from the flow trajectory of the
airflow that the two bodies seem to form a whole. As the
spacing increases, the flow gradually penetrates into the gap
between the bodies, and there is a clear streamline passing
between the gaps. According to the pressure contour, as the
spacing increases, the pressure distribution at the head and
tail of the two bodies becomes more like that of a single body.

The change of wake structure will inevitably lead to the
change of pressure. Figure 10 shows the static pressure and
three-dimensional streamlines on the surfaces of two bodies
at six different inter-vehicle distances, while the streamlines

are colored by the x-direction velocity. Different streamline
colors indicate different speeds. It clearly shows how the
increase of inter-vehicle distances extends beyond the vortex
region behind the leading body, and the flow impingement
on the front surface of the trailing body can also be clearly
seen from this figure. For x/L=0.25 and 0.5, the spacing is
relatively close, and then the wake of the leading body
cannot fully develop. Because the upper vortex in the wake
region is relatively large, most of the flow impinges the upper
rounded edge of the fore-body of the trailing body (see
Figures 7 and 8). This increases the base pressure of the
leading body and, on the other hand, reduces the pressure in
front of the trailing body. With the increase of inter-vehicle
distances, the pressure in front of the trailing body will
eventually increase, and the flow impingement extending
from the wake of the leading body will move more and more
to the center of the front surface of the trailing body. Until x/
L=1-1.5, the wake of the leading body can be fully



Shock and Vibration

UUy 02 0 02 04 06 08 1 12 14

“\\M

h

UUy 02 0 02 04 06 08 1 12 14
_\ﬂ

i

UlUy 02 0 02 04 06 08 12 14

(e)

UlUy 02 0 02 04 06 08 1 12 14
——

\\

i

UUy 02 0 02 04 06 08 1 12
M—*

i

Ul -02 02 04 06 08 12

\\’_M

®

F1GURE 8: X-direction velocity contour and streamline distribution behind trailing body in two bodies on xz symmetry plane. (a) x/L =0.25

(b) x/L=0.5. (c) x/L=0.75. (d) x/L=1. (e) x/L=1.25. (f) x/L=1.5.

developed, the trailing body is completely outside the wake
region of the leading body, and the two bodies become more
independent and do not interfere with each other, so their
drag coefficients began to become more stable.

Turbulent kinetic energy (TKE) is the kinetic energy of
pulsation in the flow field, which reflects the intensity of
turbulence and the energy loss of turbulent flow. That is, the
energy in the mean-field is transferring out into turbulence
production. The stability of the airflow can be derived from the
magnitude of the TKE. The greater the TKE, the more energy is
lost, so the pressure there is lower; that is, the pressure acting on
the body surface by the rear of the car decreases, which

eventually leads to the increase of pressure drag. Figure 11 plots
the TKE distribution between the two bodies on the xz
symmetry plane. It can be seen from this figure that the dis-
tribution shape of TKE between two bodies is very similar to
the structural shape of wake between two bodies (Figure 7), and
the peak of TKE is mostly distributed in the lower vortex region
of the body wake. At x/L=0.25, 0.5, and 0.75, the distribution
of TKE (the value range is about 20-40) all covers the upper
rounded edge of the trailing body’s fore-body. With the in-
crease of inter-vehicle distances, the flow interaction between
the two bodies decreases, so its distribution on the fore-body of
the trailing body becomes less.
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FIGURE 9: The pressure contour and streamline distribution of a single body and two bodies in the platoon on the z/(L)=0.08 plane.
(a) x/L=0.25 (b) x/L=0.5. (c) x/L=0.75. (d) x/L=1. (e) x/L=1.25. (f) x/L=1.5.
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FIGURE 10: The static pressure and three-dimensional streamlines on the surfaces of two bodies under different inter-vehicle distances, where the
three-dimensional streamlines are colored by the x-direction velocity. (a) /L = 0.25 (b) x/L = 0.5. (¢) x/L=0.75. (d) x/L=1. (¢) x/L=1.25. (f) x/L=1.5.
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F1Gure 11: The distribution of TKE between two bodies at different inter-vehicle distances on the xz symmetry plane. (a) x/L=0.25

(b) x/L=0.5. (c) x/L=0.75. (d) x/L=1. (e) x/L=1.25. (f) x/L=1.5.

4.2. Three-Vehicle Platoon. The mesh generation, turbulence
model, boundary conditions, and solution parameters of the
three Ahmed bodies are consistent with the calculation
method settings of single body. The inter-vehicle distance of
the three-vehicle platoon simulation is x/L =0.25-2.

Figure 12 shows the change of the drag coefficient of each
body with x/L =0.25 for 3, 4, 5, and 6 bodies in the platoon. It
can be seen that increasing the number of vehicles in the
platoon will not affect the change trend of vehicle drag coef-
ficient in the platoon. For the last body in the platoon, with the
increase of the number of bodies, the drag coefficient begins to
decrease, because the flow field experienced by the following
bodies has lower dynamic pressure and total pressure. With the
increase of the number of bodies, the flow dissipation will be
more and more, and the flow speed will be lower and lower.
Taking into account the configuration of the computer this
time, only the three-vehicle platoon is simulated here.

The effect of different inter-vehicle distances on the drag
coefficient of the three bodies in the platoon is shown in
Figure 13. At x/L=0.25-1, the change trend of the drag
coefficient of the leading body and the middle body in the
platoon is very similar to that of the two bodies. This is the
same as the result given in [34], which shows that increasing

1.0
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FIGURE 12: Atx/(L) = 0.25, the comparison of the standardized drag
coeflicient Cp/Cpy of each body in the different numbers of vehicles
in the platoon.
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FIGURE 13: Normalized drag coeflicient Cp/Cp, of three Ahmed bodies under different inter-vehicle distances.
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FIGURE 14: The x-direction velocity contour and streamline distribution between three bodies on the xz symmetry plane. (a) x/L=0.25
(b) x/L=0.5. (c) x/L=0.75. (d) x/L=1. (e) x/L=1.25. (f) x/L=1.5.
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FIGURe 15: x-direction velocity contour and streamline distribution behind trailing body in three bodies on xz symmetry plane.
(a) x/L=0.25 (b) x/L=0.5. (c) x/L=0.75. (d) x/L=1. (e) x/L=1.25. (f) x/L=1.5.

the number of bodies in the platoon will not affect the wake
between the leading body and the middle body.
According to observations, for the leading body, whether
it is in the case of three bodies or two bodies, the error of the
drag coeflicient between them is very small, almost the same.
This is very consistent with the results observed in the lit-
erature [40]. In the range of the distance studied, the leading
body always benefits from the platoon, and the drag coef-
ficient is always lower than the value of a single body. When
the spacing increases, the drag coeflicient of the leading body

starts to increase and approaches a single body value slowly
until it is no longer affected by the following bodies.

It can also be seen from Figure 13 that for the middle
body, the effects of both leading and trailing bodies are
combined. When x/L = 0.25, the drag coefficient is very low,
and this value is about 56% of the value of a single body.
Then, when x/L=0.5, the drag coefficient suddenly in-
creases, and at this time it is still lower than the value of a
single body. At the distance x/L = 0.75, the drag coefficient of
the middle body reaches the highest value and is higher than
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FIGURE 16: The pressure contour and streamline distribution of a single body and three bodies in the platoon on the z/(L) =0.08 plane.
(a) x/L=0.25 (b) x/L=0.5. (c) x/L=0.75. (d) x/L=1. (e) x/L=1.25. (f) x/L=1.5.

that of a single body. This should be related to the size of the
wake between vehicles, which will be explained in the fol-
lowing wake structure analysis. Finally, as the spacing in-
creases, the drag coefficient begins to slowly increase again;
until x/L =2, the drag coefficient of the trailing body and the
middle body almost coincides. And after that, the drag
coefficient of the trailing body will no longer be higher than
that of the middle body (this can be seen from the following
analysis of the change trend of the trailing body). Due to the
limitation of the computer configuration, there is no sim-
ulation of the next inter-vehicle distances here.

For the trailing body, the drag coefficient keeps in-
creasing in the range of x/L=0.5-1 and is higher than the
value of a single body. When the spacing increases to x/L =2,
the drag coefficient begins to decrease and approaches to the
value of a single body.

In order to be consistent with the layout of the two-
vehicle platoon analysis, the flow field, pressure field, and
turbulent kinetic energy distribution are also given at six
different inter-vehicle distances of x/L=0.25, 0.5, 0.75, 1,
1.25, and 1.5.

At six different inter-vehicle distances, the x-direction
velocity contours and streamline distributions of the xz
symmetry plane between the three bodies (Figure 14) and
behind the trailing body (Figure 15) are shown. It can be

clearly seen from the figure that the overall change of the
wake structure between bodies is very similar to the sit-
uation of two bodies. Especially when the distance x/
L=0.25-0.75, the drag coefficient of the middle body in-
creases sharply and reaches the peak value. At x/L=0.75, it
can be seen from Figure 15 that the vortex structure and
size in wake 1 (leading body and middle body) and wake 2
(middle body and trailing body) are different, and the
region of wake 2 is larger than that of wake 1, so the drag
coefficient of the middle body varies greatly. For x/L=1,
there is no difference in vortex structure between wake 3
(leading body and middle body) and wake 4 (middle body
and trailing body), but it can also be seen that the region of
wake 4 is slightly larger than that of wake 3. Therefore, the
drag coeflicient of the trailing body does not decrease but
increases at this spacing. With the increase of spacing, the
next change is the same as the situation of the two bodies.
For the three bodies in the platoon, in each spacing, the
upper and lower vortex cores between the trailing body and
the middle body are always smaller than those between the
middle body and the leading body, and this should be
caused by flow dissipation and momentum loss. The var-
iation trend of Figure 15 is the same as that of Figure 8 and
will not be repeated here. Figure 16 shows the pressure
contour and streamline distribution of a single body and
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FiGURE 17: The static pressure and three-dimensional streamlines on the surfaces of three bodies under different inter-vehicle distances,
where the three-dimensional streamlines are colored by the x-direction velocity. (a) x/L=0.25 (b) x/L=0.5. (c) x/L=0.75. (d) x/L=1.

(e) x/L=1.25. (f) x/L=1.5.
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Figure 18: The distribution of TKE between three bodies at different inter-vehicle distances on the xz symmetry plane. (a) x/L=0.25

(b) x/L=0.5. (¢) x/L=0.75. (d) x/L=1. (e) x/L=1.25. (f) x/L=1.5.

three bodies in the platoon on z/L=0.08 plane, and the
overall change is no different from the situation of two
bodies. However, at x/L=0.75, only the vortex appears in
the wake of the middle body, which causes the drag co-
efficient of the middle body to increase sharply and is
higher than a single body value.

The distribution of static pressure and turbulent ki-
netic energy acting on the surface of three bodies reported
in Figure 17 and 18 is very similar to that observed in the
platoon of two bodies. As shown in Figure 10, the three-
dimensional wake structure observed in these areas hardly
changes. In Figure 17, when the distance x/L =0.75, the
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FiGure 19: Comparison of the average drag coefficients of two
bodies and three bodies.

flow impingement does not completely cover the center of
the front surface of the middle body and the trailing body,
which is somewhat different from the situation of the two
bodies. However, at all distances, the static pressure
distribution at the front of the middle body shows dif-
ferent changes from that of the trailing body, which is
mainly due to flow dissipation and momentum loss. In
Figure 18, at x/L=1, the TKE (the value range is about
20-40) distributed on the fore-body of the trailing body is
obviously more than that on the fore-body of the middle
body, which also leads to the drag coefficient of the trailing
body to be still high at this distance. At x/L =1.25 and 1.5,
it can be seen that there is no turbulent kinetic energy
distribution on the fore-body of the middle body and the
trailing body, and the three bodies become more like a
single body.

In order to better show the drag reduction effect of the
platoon vehicle, the averaged drag coeflicient of the platoon
is used to express, and the average value is defined as follows.

CDaverge — (1) z(ﬁ)’ (7)
Cno n Cno
where i represents the ith vehicle in the platoon.

Figure 19 shows the comparison of the average drag
coefficients of two bodies and three bodies. It is obvious from
the figure that as the inter-vehicle distance decreases, the
average drag coefficients of the two and three bodies are
decreasing. The average drag coefficients of three bodies are
lower than that of two bodies, although the distance x/L =2
is opposite, because in the intelligent transportation system,
the distance of 2 times the length of the vehicle is too far,
which will not be considered in practical application.
Therefore, the drag reduction effect of the three bodies is
better than that of the two bodies, which can save fuel
consumption better.

Shock and Vibration

5. Conclusions

In this paper, the effect of aerodynamic characteristics of two
bodies and three bodies under different inter-vehicle dis-
tances is described in detail by the steady-state numerical
simulation method. First, the numerical simulation method
of a single body is verified according to the existing ex-
perimental data, and then the drag coefficient, wake to-
pology, surface pressure, and turbulent kinetic energy
distribution of two and three bodies in the platoon are
discussed. The main findings of this study are as follows:

(1) Using the RANS model to simulate a single 35°
Ahmed body has obtained good results, but when
simulating two 35° Ahmed bodies in the platoon, it is
found that there is still a big error compared with the
experimental data. This is because the steady-state
RANS model is difficult to predict the three-di-
mensionality and unsteadiness of turbulence. Most
people believe that although the instantaneous
Navier-Stokes equation can be used to describe
turbulence, the nonlinearity of the Navier-Stokes
equation makes it extremely difficult to accurately
describe all the details related to three-dimensional
time with an analytical method.

(2) The increase from two bodies to three bodies will not
affect the wake of the leading body. However, the drag of
the middle body and trailing body is reduced compared
to the single body in the platoon. The drag coefficient of
the middle car is reduced by approximately 56% of the
single car value at x/L=0.25. With the increase in the
number of vehicles, airflow impingement applied to the
following vehicle is reduced, and the total drag is de-
creased. At x/L =0.75, the drag coeflicient of the middle
body among the three bodies suddenly increases and
reaches the highest value, which should be related to the
size and structure of its wake, resulting in the decrease of
the base pressure of the middle body. The research of
various flow characteristics shows that the fundamental
reason of the increase in the drag coefficient with x/
L =0.25-1 is the significant change of the flow structure
between vehicles.

(3) From the comparison of the average drag coeflicients
of two bodies and three bodies in the platoon, in-
creasing the number of vehicles in the platoon can
indeed achieve the effect of drag reduction, thus
saving fuel consumption. When the distance x/
L=0.25, the maximum averaged drag coefficient
decreases by about 19%. Therefore, the vehicle model
studied in this paper provides a theoretical reference
for the aerodynamic characteristics of the increase in
the number of vehicles in the platoon of the intel-
ligent transportation system.
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