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Abstract

Braking distance, particularly the emergency braking distance at high speed, is essential to
ensuring safety. Aerodynamic drag and negative lift can be effectively increased by setting
up a plate at the rear of the car, thus improving the grip of the tires and reducing the brak-
ing distance. The Ahmed car model was selected for the numerical simulation. The aerody-
namic behavior of the car with different configurations of plates at different opening angles
was simulated using an improved delayed detached eddy simulation based on the shear
stress transfer k-o turbulence model, and the numerical method used in this study was veri-
fied using wind tunnel tests. Results showed that the upstream plate is optimal for increas-
ing the car aerodynamic braking performance and noticeably reduces the fluctuation in
aerodynamic forces. The aerodynamic drag is more sensitive to the installation position of
the plate than aerodynamic lift. The aerodynamic forces on the car body and plate increase
as the opening angle and size increase (except for the aerodynamic lift of a car body with
a downstream plate), and the greatest effect is on the car body. Aerodynamic braking
distance decreases as the opening angle and size of the plate increase, especially for the
upstream plate. The optimal opening angle of the downstream plate is approximately 70°,
and the braking effect is not significantly because of the small downstream plate.
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1 Introduction

Long downhill roads are characteristic of mountainous areas, requiring vehicles to be in a
braking state for extended durations. The working state of the brake disc can be severely
affected by thermal stress, which may cause braking failure and threaten safety while
driving. As the running speed of a car increases, the safety requirements of the car also
increase and the aforementioned phenomenon is exacerbated (Hucho and Sovran 1993). It
is important to minimize the braking distance in emergency braking situations that involve
high-speed operation to ensure the safety of the car and its riders (Kudarauskas 2007). To
strengthen the general braking ability, it is also necessary to incorporate modern braking
technology. Previous studies found that an aerodynamic plate—widely used in sports cars
and trains—can effectively change the vehicle aerodynamic performance (McKay and
Gopalarathnam 2002; Katz 2006; Niu et al. 2021a; Zuo et al. 2014). The effect of aero-
dynamic braking increases with increasing running speed (Devanuri 2018). Therefore, an
aerodynamic brake for car braking is proposed in this study.

Niu et al. (2020a) analyzed the effects of serially arranging small plates and those of a
single large plate (with the same windward area) on flow field and aerodynamic drag. They
found that small plates are series exhibited better aerodynamic braking performance. The
train-car connection is a major source of aerodynamic drag in trains (Niu et al. 2019). Niu
et al. (2021b) placed a plate in this region to analyze the effect of the installation position
(car-connecting part vs. uniform body) on the train aerodynamic performance. They found
that the plate installed on the train uniform body improved aerodynamic performance, but
significantly disturbed the surrounding flow field. A study on the effect of three types of
plates (upstream large plate, downstream large plate, and upstream and downstream small
plates) installed at the car-connection on aerodynamic braking performance in trains
showed that the large plate placed downstream of the car-connection part yielded optimal
braking. Further, the pantograph and air-conditioning unit should be arranged away from
the plate (Niu et al. 2020b). Niu et al. (2021c) analyzed the interaction between two adja-
cent plates, and observed that opening the downstream plate attenuated the braking effect
and emphasized the importance of the distance between adjacent plates. It was found that
rapidly opening the plate disrupts the flow field balance around the train, thus threatening
safety. Zhai et al. (2020) found that the aerodynamic force and pressure field downstream
of the plate forms a large aerodynamic pulse in the opening stage of the plate, and the
crosswind environment further increases the aforementioned aerodynamic pulse.

Scholars have recently studied the braking effect of plates and the effect of aerodynamic
plates on the car aerodynamic performance. Devanuri (2018) studied the effect of the posi-
tion, height, and angle of a plate on the aerodynamic drag of a car. The author determined
influential laws and used the Taguchi—-ANOVA technique to identify the set of parameters
with the largest aerodynamic drag. However, the location of the plate was limited to the car
roof and excluded the back bevel of the car. Broniszewski and Piechna (Devanuri 2018)
investigated the impact of unsteady aerodynamic loads on car dynamics with a tail plate
using ANSYS/Fluent software and MSC Adams Car software. They found that install-
ing the tail plate reduced the stopping distance by approximately 6% (at an initial braking
speed of 40 m/s). Kurec et al. (Broniszewski and Piechna 2019; Kurec et al. 2019a) stud-
ied the effect of both the position and angle of the plate and spoiler on the aerodynamic
behavior of a sports car, and found that the combination of plate and spoiler could effec-
tively improve aerodynamic drag, that small active aerodynamic elements (such as profile
vane and side plates) could indirectly increase braking force, and that the braking distance
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could be reduced by up to 31% (at an initial braking speed of 200 km/h). The evolution
of the flow field around a car with a plate at different angles, and its effect on car aerody-
namic behavior and braking distance has not been studied yet. Current research on vehicle
aerodynamic braking is focused on the rear wing of the racing car. Controlling the wake to
increase the vehicle aerodynamic drag and the contact force between the rear wheel and
ground can slow the vehicle and control its attitude.

In this study, an Ahmed car with a plate mounted on a slanted back was set up, and
the unsteady aerodynamic behaviors of the car for different installation positions, as well
as plate dimensions and opening angles were analyzed. This study aims (i) to explain the
braking effect of a plate installed on the slanted back of a car (ii) to understand the unsteady
evolution of the flow field around the car in the presence of the plate, and (iii) to investigate
the effects of installation position, opening angle, and plate dimensions on flow field and
braking performance, which can assist engineers in designing a braking plate. An introduc-
tion on model geometry of car and plate is presented in Sect. 2. The setups for computa-
tional fluid dynamics are introduced in Sect. 3 and include a turbulence model, and data
postprocessing. The validation of the simulation approach, including the grid resolution
analysis and comparison with a wind tunnel test, is presented in Sect. 4. The results and
discussions are presented in Sect. 5. Finally, the key conclusions are presented in Sect. 6.

2 Description of Models

The Ahmed car model, which represents the geometry of a generic car, has been widely
tested in previous studies (Kurec et al. 2019b; Ahmed et al. 1984; Lienhart and Becker
2003), and it was selected as the numerical model for this study. The flow features around
this simplified resemble those of a real car (Thacker et al. 2013, 2012; Fares 2006; Guilm-
ineau 2008; Minguez et al. 2008). The back is slanted at 25° because the counter-rotat-
ing vortices are strong enough to introduce momentum into the separation region to reat-
tach the flow halfway down the slanted back, which has been widely used in wind tunnel
tests (Serre et al. 2013; Ashton and Revell 2015; Rao et al. 2018). As shown in Fig. 1,
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Fig. 1 Dimensions of the Ahmed car model with and without an aerodynamic braking plate (unit: mm)
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dimensions of the Ahmed car model—a 1/5th full-scale car model—are detailed: the
length, width and height of the car model are 1044 mm, 389 mm, and 338 mm, respec-
tively. To enhance car braking performance, an aerodynamic braking plate was installed on
the slanted side edge of the car. As shown on the lower right of Fig. 1, there are two ways
of installing the plate: one on the upper edge of the slanted back and the other on the lower
edge of the slanted back. The opening angles (between the plate and slanted back of the
car, 0) of the plate were 0°, 30°, 60°, and 90°. To study the effect of plate dimensions, the
lengths of the plate (L,,,) were considered to be variables: 55.5 mm, 111 mm, 166.5 mm,
and 222 mm, the corresponding plate area (Splate) is 0.022 m?%, 0.043 m?, 0.065 m?, and
0.086 m?, respectively. Further, the width of the plate was similar to that of the Ahmed
car model, and the thickness of the plate was 7 mm. The running speed of the car is the
speed of incoming airflow U, which is 40 m/s. To reduce grid cells to meet our comput-
ing performance, the full model and symmetrical model are both adopted in this study:
The full model with supports is used in Sect. 4, which are mainly for comparison with
the experimental data to verify the reliability of the numerical settings. Considering that
results in Sect. 5 are obtained based on the symmetric model, the symmetrical model is
used in Sect. 4 to ensure the reliability of the selected grid resolution.

3 Numerical Setups
3.1 Numerical Method

The numerical simulation of the flow field around the car with the braking plate was based
on the inertial Cartesian coordinate system, and the unsteady N-S equations in integral
form can be expressed as follows:

a [ - .
a—t//de+//F-n-ds=//F-n.ds 0
Q S S

where V is the control volume, S is the boundary of the control volume, and n is the exter-
nal normal unit vector of microelement. The above equation is discretized by the finite vol-
ume method. The flow field analysis was based on the full turbulence assumption, the k-@
SST two equation turbulence model was used for turbulence numerical simulation, and the
double time iterative method was used for time advance.

To describe the multiscale and unsteady characteristics of turbulence without incur-
ring the cost associated with large-scale computing methods, such as direct numerical
simulation, the large eddy simulation (LES) method was considered. However, this
method is expensive and time consuming. Reynolds-averaged Navier—Stokes equations
(RANS) are also effective for solving the engineering problem. However, RANS only
provides the average turbulence value, which is insufficient for predicting unsteady flow.
Therefore, a RANS/LES hybrid model was proposed to improve the accuracy and effi-
ciency (Liang et al. 2020; Spalart 1997; Spalart et al. 2006; Menter and Kuntz 2004).
Further, improved delayed detached eddy simulation (IDDES) was incorporated, which
has been widely used in vehicle aerodynamics. IDDES, a type of the RANS/LES hybrid
method, method adopts different calculation methods for different regions of the flow
field. In the region dominated by vortex motion in the flow field, the (delayed detached
eddy simulation) DDES method is used, whereas the wall function model of the LES
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(WMLES) method is used in the boundary layer near the model surface, to better simu-
late the velocity distribution of the boundary layer. This eliminates the “log layer mis-
match” problem caused by the using the DDES method in the boundary layer. IDDES
method combines the advantages of the DDES and WMLES methods. Compared with
other DES methods (Menter and Kuntz 2004; Travin et al. 2002), IDDES exhibits strong
simulation ability for small separation flow. IDDES differs from DDES with respect to
two main modifications (Xiao and Fu 2009): in redefining the grid scale and construct-
ing a new hybrid function of RANS and LES methods. These two aspects are introduced
below.
As defined in IDDES, the grid scale (A) considers the size of the grid and introduces
the effect of model surface distance. The expression is as follows:
A=min {max [C,d,,, C,./1,, hy |, Bia | 2)

wrw? w 'w? “'wn

where d,, is the model surface distance, h,,,, is the maximum scale of the grid element in
the three directions, A, is the local grid scale in the normal direction of the model surface,
and C,, is the constant, which is considered to be 0.15.

In IDDES method, a new turbulence length scale [;ppgg is reconstructed, which is

expressed as follows:

LippEs=F b (1 + frestore ) Ipans + (1 =1, hyb ) Cpesh 3

IDDES hybrid model was formed by replacing the turbulence length scale /jppgg
defined in the above formula with the one in k-w SST Turbulence model.

In formula (3), the mixed function fhyb includes both DDES and WMLES branches,
and it is constructed as follows:

Jayp = max { (1 _fd)’fstep} 4
where f; is the delay function in DDES method, and expressed as follows:
fo=1—tanh | (8r,)’|

— 1 vt
Tq = K242 ’

05
max lz (aui/axj)zl ,10-10

i

Here, fStep only works when the WMLES model is called; thus, RANS is quickly
replaced with LES in the boundary layer, and it is expressed as follows:

Jsep = min { 2exp (—9a2), 1.0} 5)

where a is expressed as 0.25-d,, /hy,,,, and f,, can make the RANS method quickly con-
vert to LES in the region of 0.5275 <d,, /h,, <1.0.

f;estore = max { (fhill - 1)’ O}famp (6)

where f;;; is expressed as follows:
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2exp (—11.09a2),a >0
Jhin = 2 >
exp (—9.0a ),a <0

In formula (6), the form of function f,, is expressed as follows:
famp = 1.0 = max {£,.f;} (7
where f; and f; are expressed as follows:
Ji =tanh [(ctzrdf]
J; = tanh [(clzrdl)lo]

— 1 vl
Tar = K2d2 :

0.5
max lz (()ui/éxj)zl ,10-10

i

where k and ¢ are constant: k=0.41 and ¢, =1.87.

A pressure-based solver in commercial software FLUENT was used for all calculations.
A bounded second-order implicit scheme format was applied to address the dual time step.
Both convection and diffusion terms were discretized using the bounded central differenc-
ing scheme and second-order upwind scheme, respectively. The pressure—velocity coupling
was resolved using the semi-implicit pressure-linked equation-consistent algorithm. The
physical time step and iteration for each time step were 0.5x 107 s and 30, respectively,
and the residuals for each equation were less than 10~ for each time step. For all calcula-
tions, the calculation time was approximately 2.0 s, which is approximately 80 times the
time taken for airflow to pass through the car model.

3.2 Grid Generation

OpenFOAM, an open source software for computational fluid dynamics (CFD), was used
in grid generation, and snappyHexMeshDict was selected to generate hexahedral mesh
around the car model. To determine the appropriate grid resolution, three grid densities
were generated, and the grids on the surface of car model with plate for the three grid
resolutions is shown in Fig. 2. The tangential dimension of grid on surface of the scaled car
body generated by the coarse, medium and fine grid are 3.13 mm, 1.56 mm and 0.78 mm,
respectively, and grids on the surface of plate are one level higher than the grids on the
surface of car body. Figure 3a and b show that there are four refinement boxes around the
car model; their dimensions are 10 mx0.8 mx0.7 m (Region-1), 10 mx0.6 mx0.6 m
(Region-2), 1.0 mx0.5 mx0.5 m (Region-3) and 1.6 mx0.5 mx0.1 m (Region-4),
and the size of corresponding cells are 6.25 mm (Region-1), 12.5 mm (Region-2), and
3.125 mm (Region-3 and Region-4), respectively. The three grids only differed in the grid
dimensions on the model surface; other parameters (e.g., the position and dimensions of
refinement boxes) were the same. A shown in Fig. 2c, ten layers grids were added to the
boundary layer to simulate the flow field close to the surface of the car body, and the first
layer was set as approximately 1.56x 1072 mm to ensure that y+was less than 1 for all
near-wall cells around the car model.

@ Springer



Flow, Turbulence and Combustion (2023) 110:301-323 307

Fig.2 Surface grids of car model with plate for grid resolutions

Fig.3 Top a, side b and local ¢ views of hexahedral mesh around the Ahmed car model
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3.3 Computational Domain

A schematic of the computational domain for the scaled car model is presented in Fig. 4;
the length, width, and height of the domain are 29.6 H, 12.0 H, and 7.5 H, respectively,
where H is the height of the car model. To compare with the experimental data shown
in Sect. 4, the full computational domain for the car model without plate is adopted; To
reduce the costs of calculations, the symmetrical computational domain is used in the
study on effect of plate presented in Sect. 5, the symmetrical model has been widely used
in Ahmed car (Corallo et al. 2015; Mohammadikalakoo et al. 2020), and the flow field
around the Ahmed car with plate is almost symmetrical based on our previous calcula-
tion. As previously defined (Ahmed et al. 1984; Gritskevich et al. 2016; Ashton et al.
2016), the upstream (red line) and downstream (blue line) surfaces are the velocity inlet
(U,s=40 m/s, with a turbulent viscosity ratio of 20 and a turbulent intensity of 1%) and the
pressure outlet with a reference pressure of 0 Pa. The Reynolds number for the flow field is
approximately Re=8.22 x 10° based on the height of the car model. The two sides and the
upper surfaces are defined as slip walls with a slip speed of 40 m/s, and the lower surface
is defined as a no-slip wall to match the experiment with non-slip ground. The car model
is located at 8 H downstream of the inlet boundary condition (red line), and the length of
the region behind the car model is more than 18 H, which is long enough to allow the full
development of a wake.

3.4 Description of the Data Postprocessing

For convenient comparison and analysis, the aerodynamic drag (F,), aerodynamic lift force
(F,), and pressure (p) were nondimensionalized as follows:

F
Co=—>—
" 05pU2 Son ®
_ P —Do
T 0.5p02, ©)

u, v, and w are velocity in three directions of x, y and z, respectively. v, and v are molec-
ular and turbulent viscosity, respectively. k is the von Karman constant of 0.4. d is the
distance to the wall.
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Fig. 4 Dimensions and boundary conditions of the computational domain
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where p is the air density of 1.225 kg/m?; S_,,, the cross-sectional area of the full-scale
uniform car body, 0.389x0.288 m? here; Dy 1s the reference pressure (0 Pa in this study);
and C,, C,, and Cp are the aerodynamic drag coefficient, aerodynamic lift force coefficient,
and pressure coefficient, respectively. Considering the effect of periodic vortex shedding
in the flow field on aerodynamic characteristics of the car, the results used in the following
analysis are the average values after the full development of the flow field around the car.
For the unsteady calculation, the sampling time starts from 0.5 s and lasts for about 1.5 s.

To realize the visualization of flow field, some parameters are defined as follows:
fy=1—tanh ([8r,])’ (10)

v, +v

Vu? +v2 + w2k2d? (1D

ry =

. Q-
Swirl = — (12)
pU

u, v, and w are velocity in three directions of x, y and z, respectively. v, and v are
molecular and turbulent viscosity respectively, they can be export from Fluent.  is the von
Karman constant of 0.4. d is the distance to the wall. Q is vorticity, which can be export
from Fluent. U is the mean velocity of flow field.

4 Approximation and Comparison

To verify the accuracy and reliability of the numerical settings introduced in Sect. 3.1, the
aerodynamic forces and flow around the Ahmed car without a plate generated by three set
of grid resolutions were compared with experimental results sourced from previous stud-
ies (Kurec et al. 2019b; Guilmineau 2018; Conan et al. 2011; Joseph et al. 2012; Krajnovié
and Davidson 2005a, 2005b; Rossitto et al. 2016). It should be noted that the calculation
model in this section is not symmetrical, and the bottom of the model is equipped with four
supports to be consistent with the experiment. The grid generation used in this section is
basically same as the one presented in Sect. 3.2. As shown in Table 1, the numerically sim-
ulated C, of the car model without plate was within the range of the experimental values
obtained from several tests, and the difference between the medium C, and fine grid resolu-
tions for the car without plate was less than 0.8%. Generally, it was difficult to accurately
simulate the aerodynamic lift force; the difference between the C, value of the medium and
fine simulations for the car without plate was approximately 8% and higher than the test
values, with differences exceeding 10%. This was mainly because the flow field at the bot-
tom of the car is complex caused by the four supports under the car, and the space under
the car and ground conditions in the experiment was not necessarily the same as that in the
simulation.

The mean streamwise velocity profiles obtained from numerical simulations and wind
tunnel test are shown in Fig. 5 to intuitively compare the differences among the three grid
resolutions. Differences among the mean streamwise velocity distributions in the three grid
resolutions can be observed. The medium grid resolution is very close to the fine grid reso-
lution, and their distributions are consistent with the test data; however, the coarse grid
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Fig.5 Comparison of the mean streamwise velocity profiles above the slanted back a and behind b Ahmed
car body corresponding to the wind tunnel test (Ashton and Revell 2015) and numerical simulation with
different grid resolutions on a symmetrical plane

resolution is distinctive, especially near the rear. As shown in Fig. 5, for the numerical
results there is a significant difference from the coarse to medium and fine grids, for most
areas of the slant back of car, the mean velocity profiles for the coarse grid are particularly
far from the experimental values. The level of turbulence over the rear slant back of the
car is initially under-predicted such that there is very little modelled or resolved turbulence
in this region. The consequence of this under-prediction of the turbulence level is to have
almost no turbulent mixing, and as a result the flow stays completely separated over the
rear slant. Around the separated flow over the rear slant, the modelled turbulence would
be expected to be low and the resolved turbulence level high. If the grid is too coarse, the
separated shear layer does not generate resolved content, but as it is in LES mode the tur-
bulence viscosity ratio is computed to be very low. For the coarse grid this is very clearly
observed from plots of mean turbulence kinetic energy (TKE) (modelled +resolved com-
ponents) are plotted in Fig. 6, which shows that the three grid resolutions fail to correctly
predict the level of turbulence at the point of separation. Significantly, it can be seen from
Fig. 6 that there is a large under-prediction of TKE at the centreline versus the experiment,
especially the middle of the car slant back. The grid resolution also has great effect on the
distribution of TKE, but the regularity is obvious. With the increase of the grid density on
the car body, the maximum value of TKE appears close to the car body, which is consist-
ent with the situation in the study of Ashton and Revell (Ashton and Revell 2015). The
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Fig.6 Comparison of the mean turbulent kinetic energy (TKE) profiles above the slanted back of Ahmed
car body corresponding to the wind tunnel test (Ashton and Revell 2015) and numerical simulation with
different grid resolutions on a symmetrical plane

above analysis suggests that the data obtained using the medium grid resolution is accurate
enough, validating the reliability of the conclusions.

5 Results and Discussion

The effects of the installation positions of the plate (plate arranged at upstream and down-
stream of the car slant back) on the unsteady aerodynamic performance of the car are first
compared and analyzed in Sect. 5.1. The effect of the opening angle and size on car aero-
dynamic performance is analyzed in Sect. 5.2, and the aerodynamic braking distance of
the car under the action of aerodynamic plate is estimated in Sect. 5.3 based on the results
presented in Sect. 5.2.

5.1 Effect of Plate Position on Aerodynamic Behaviour of Ahmed Car

Aerodynamic coefficients of the car with plates with full length (L) at an open-
ing angle of 90° and arranged in the upstream and downstream of slanted back of the
car body (Ahmed car without plate), namely upstream plate and downstream plate,
are obtained; they are presented in Table 2. Table 2 shows that the C, and C, of the
car body and plate in a car with upstream plate are significantly greater than those of
the car with a downstream plate: C, of the car body and plate increased by 55% and
15%, respectively, and the C, of the car body and plate in a car with upstream plate
increased by 23% and 10%, respectively. Therefore, the C, is sensitive to the instal-
lation position of the plate with respect to the C,, and the upstream plate is optimal
for increasing the car aerodynamic braking performance. Standard deviation, which
can be used to describe the fluctuation in aerodynamic force, has been widely used in
previous studies. As listed in Table 2, compared with the case of downstream plate,
the fluctuation in the aerodynamic forces of both car body and plate in a car with a
downstream plate is effectively reduced. Relative to the one of downstream plate, the
standard deviation of the C, and C, of the car body with upstream plate decreases by
approximately 30% and 67% respectively, and the standard deviation of aerodynamic
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Table2 Mean and standard deviation values of aerodynamic force coefficients for the Ahmed car model
without supports and with upstream or downstream plate with full length (L) at the full opening angle
(0=90°). (difference, defined as the ratio of the difference between the cars with downstream and upstream

plate to the one of downstream plate)

Values Object Aerody- Without plate  Downstream  Upstream Difference (%)
namic coef- plate plate
ficients
Mean Car body C, 0.2827 0.4624 0.7184 55.36
C, 0.2506 —0.7982 —0.9874 23.70
Plate C, - 0.7091 0.8211 15.79
C, - —0.3292 —0.3629 10.24
Standard Car body C, 0.0081 0.0315 0.0219 -30.48
deviation C, 0.0290 0.0792 0.0259 —67.30
Plate C, - 0.0954 0.0168 —82.39
C - 0.0449 0.0075 —83.30

N

coefficients for the upstream plate decreases by more than 83%; that is, the fluctuation
degree of the aerodynamic coefficients of the plate is more sensitive to the installation
position of the plate. The above analysis indicate that the upstream plate significantly
improves aerodynamic forces and reduces the fluctuation in aerodynamic forces.

As shown in Fig. 7a, airflow flows through the car body and forms some small vor-
tices around the car, especially around the corner of the car. The airflow near the rear
of the car is relatively disordered, as it moves away from the car, airflow in the wake
rectifies into a large vortex. Figure 7b and ¢ show that flow downstream the car is sig-
nificantly affected by the plate, the range of low-speed zone is significantly expanded,
especially the upstream plate, which can also explain that the aerodynamic drag of
the car with an upstream plate is larger than that of downstream plate. The flow field
downstream the car is disturbed by the plate, range of the vortices are increased, and
the position of the vortices is raised. Consequently, the vortices behind the car with a
downstream plate are positioned lower than in the car with an upstream plate. The air-
flow distribution around the car was clearly shown in Fig. 8, which is consistent with
Fig. 7. The disturbance of the upstream plate on the wake is significantly greater than
that of the downstream plate.

Considering that the unsteady flow around the plate is easy to cause flow-induced
vibration, the power spectral density (PSD) of aerodynamic force coefficients is
obtained and analyzed. As shown in Fig. 9a, PSD of C, of the car body is increased
by plate, especially downstream plate, which means that vortices around the car is
strengthened by plate, and this is consistent with what is observed in Fig. 8. Figure 9b
shows that PSD of C, of the car body is also increased by plate, and the effect of
upstream and downstream plates are basically the same. Figure 9a and b also show that
dominant frequency of C, is significantly affected by plate, dominant frequency of C,
of the car is increased a lot by downstream plate; dominant frequency of C, of the car
basically is not affected by plates. Figure 9c and d show that PSD of both C, and C, of
the downstream plate is bigger than that of upstream plate, the dominant frequency of
C, and C, between downstream and upstream plates are close. Therefore, the natural
frequency design of the plate device needs to consider avoiding the above frequencies.
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Fig.7 Comparison of the velocity distribution and streamlines on the cross-sectional plane located at differ-
ent positions (X;, X,, X3, and x,) downstream of the Ahmed car with upstream plate a and downstream plate
b at 6 of 90°

5.2 Effect of Size and Opening Angle of on Aerodynamic Behaviour of Ahmed Car

As shown in Fig. 10a, as the 0 increases, the C, of the car body increases, irrespective of
the installation position of the plate. However, for the upstream plate, as the C, of the car
body approaches the maximum with increase of the 6, but the rate of increase of the C,
decreases significantly; For the downstream plate, the C, of the car body increases linearly
with the 8. However, the C, is significantly greater than that of the downstream plate. Fig-
ure 10a also shows that the C, of the upstream plate increases rapidly as the 6 increases;
at close to 90°, the C, of the plate exceeds that of the car body. The C, of the downstream
plate increases first and then reduces with the 6 of the plate, while the 0 is approximately
50°, the C, of the downstream plate is the largest. Figure 10b shows that the variation law
for the C, of the car body and 0 is affected by the installation position of the plate, the
C, of the car body decreases with the € of the upstream plate, but it is opposite for the
downstream plate. Figure 10b also shows that the C, of the downstream plate decreases
with the 6 of plate, and the C, of the upstream plate decreases first and then increases
with the 0 of the plate, the turning point is around 70 degrees. As shown in Fig. 10c, the
C, of both car body and plate increases as the S, increases, the increase in the C, of the
plate is significantly greater than that of the car body. Figure 10c also shows that placing
the upstream plate is optimal for improving the C, of both car body and plate. Figure 10d
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Fig.8 3D streamlines around the car without plate a, with upstream plate b or downstream plate ¢ at 6 of
90°

shows that the C, of both car body and plate increase with increasing S,,.. Setting the
plate upstream of the slant back of the car helps to strengthen the downforce lift of the car
body and plate, especially the car body, the above can further improve the contact friction
between the wheel and the ground. This will be analyzed in combination with the flow field
and explained later. Generally, the increase in the C, of the car body is significantly greater
than that of the plate, and the placing the plate upstream is better than placing it down-
stream with respect to the C, of both the car body and plate.

As shown in left of Fig. 11, as the @ of the upstream plate increases, more of the wake
is affected, and the airflow velocity in the wake decreases. As the 8 of the upstream
plate increase, a prominent vortex begins to form downstream of the upstream plate and
gradually approaches the rear of the car, and the range of the vortex is also increased,
which further increases the C, of both car body and plate, which has been presented in
Fig. 10a. When the @ of the upstream plate exceeds 70°, the vortex covers the whole rear
of the car body, negative pressure of the flow field around the car rear and downstream
of the upstream plate is further intensified, resulting in the reduction of the negative lift
of the car body, which can be observed in Fig. 10b. As shown in right of Fig. 11, when
the downstream plate is opened, a vortex appears in front of the plate, and the scale of
vortex increases significantly as the 6 of the downstream plate increases. The aforemen-
tioned phenomena are consistent with the variation law of aerodynamic coefficients and
0 in Fig. 10a and b.

As shown in Fig. 12, as the S, decreases, the range of the disturbed area in the
wake basically decreases. The range of disturbed area in the wake of the car with the
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Fig.9 PSD of aerodynamic coefficients (C and C,) of the car with or without plate: a and b are for C, and
C, of the car body, respectively; ¢ and d are for C, and C, of the plates, respectively

upstream plate is significantly larger than that of the downstream plate, which may
explain why the C, of the car with upstream plate is greater than that of the downstream
plate. When the height of downstream plate dropped below that of the upper surface of
the car, the plate blocked the airflow detaching from the car roof less. The wake range
was also significantly reduced, reducing the C, of both the car body and downstream
plate.

Figure 13 shows that the distribution law of a pair of vortices in the wake of the car with
upstream plate is basically not changed by the opening angle. However, the pair of vortices
in the wake tend to expand to both sides of the car when the plate is downstream; the flow
field downstream the car is more turbulence. Because the downstream plate is closer to the
wake, effect of downstream plate on vortices in the wake are significantly larger than those
in the upstream plate.
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Fig. 10 Variation in aerodynamic coefficients of car body and plate in an Ahmed car with the size (S, 1S
from 0.22 m? to 0.86 m?) and opening angle (6, is from 30° to 90°) of different plate configurations: a and
b are for the cases with a full-size plate (S, =0.86 m?), ¢ and d are for the cases with a full-opening plate
(0=90°). (O and O are for the upstream and downstream plate, respectively.)

Figure 14 shows that the distribution law of a pair of vortices in the wake is unaffected
by the plate size. The scale of a pair of vortices in the wake of the car with an upstream
plate increases as the plate size decreases. The wake of the car with downstream plate is
turbulence, and the relationship between the scale of the vortices pair in the wake of the car
with a downstream plate and the plate size is not clear, but the scale of this pair of vortices
is a little larger than that of the upstream plate, which also tends to expand to both sides of
the car. The above phenomenon is related to the fact that the downstream plate is closer to
the wake.

5.3 Braking Distance of the Car Under the Action of Plate

The braking distance is the most effective parameter for directly evaluating the effect of the
aerodynamic braking plate on car braking. Previous studies have found that the relationship
between the aerodynamic drag and lift force and the square of car speed is linear (Hucho
and Sovran 1993; Katz 2006). Aerodynamic braking is only considered without other types
of brakes, and the force model of the car under braking is expressed as follows (Bronisze-
wski and Piechna 2019; Kurec et al. 2019a, 2019b):

@ Springer



318 Flow, Turbulence and Combustion (2023) 110:301-323

[ e e
Velocity (m/s) 0 10 20 30 40

= p-3p°

Fig. 11 Streamlines around the car with upstream and downstream plates with full-size (S}, =0.086 m?) at
different opening angles (6) on the symmetrical plane
du 2 2
mE = ﬂ(l)(mg —0.5pu ACZ) +0.5pu"AC, (13)

where m and u are the car mass and car speed, respectively. The terms p,(mg-
0.5pu*AC,) and 0.5pu*AC, are the frictional drag and aerodynamic drag; g is the accel-
eration of gravity (considered to be 9.8 m/s* in this study); and Ky 1s the dynamic friction
coefficient.

The calculation formula for the braking distance, s, can be obtained by integrating for-

mula (14) as follows:
s = ‘/Umax mu - du “
U, M(,)(mg - 0-5PM2ACZ) + 0.5pu2AC, (14)

min

where U, and U, are the maximum speed and minimum speed after braking, respec-
tively. The mass of the car (/) is assumed to be approximately 16 kg for the 1/5th Ahmed
car model, and the friction coefficient (u) is 0.5 instead of y, to simplify the calculation
model. The braking distances for the car with different plate configurations at different
opening angles were calculated using Eq. (15), and the results are presented in Tables 3

and 4.
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Fig. 12 Streamlines around the car with different size of plate configurations (S

plale) at full-opening angle
(0#=90°) on the symmetrical plane

As shown in Table 3, the braking distance of the car with the upstream plate
decreases as the opening angle increases (from 19 to 56%), and the effect of the open-
ing angle on the braking distance of the car with upstream plate is more significant
than that of the downstream plate. The good aerodynamic braking performance can
be obtained when the opening angle of the downstream plate is small, but the braking
effect improves slightly as the opening angle increases. The optimal opening angle of
the downstream plate is approximately 70°. Table 4 shows that the braking distance of
the car with upstream or downstream plates decreases as the plate size increases, and the
effect of the upstream plate on the aerodynamic braking distance is markedly better than
that of the downstream plate. When the downstream plate is small, the braking effect
is not improved significantly, because the small plate cannot effectively block the air-
flow separated from the car roof. The aerodynamic forces used in this section are calcu-
lated according to the linear relationship between aerodynamic force and square of the
car speed. The aerodynamic force coefficients used is obtained based on U, ;=40 m/s,
which is greater than the calculated car speed range (22.22 m/s to 33.33 m/s). Accord-
ing to the law that the aerodynamic coefficient decreases with the car speed, the aero-
dynamic coefficients used in the calculation are relatively small compared with the real
value. Therefore, the calculated value of braking distance in this paper is relatively small
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Fig. 13 Streamlines around the car with a full-size (S, =0.086 m?) plates at different opening angles (6)

plate
on the horizontal plane 0.15 m above the ground

Fig. 14 Streamlines around the car with different size of plate configurations (S, at a full-opening angle
(0=90°) on the horizontal plane 0.15 m above the ground

compared with the real value. Because, at different speeds, the contact area between
each tire and ground is different, which will cause the friction coefficient between the
car and the ground to change from time to time, that is x(t) changes all the time, and (t)
adopted in this paper is fixed, which will also cause distortion of calculation results.

@ Springer



Flow, Turbulence and Combustion (2023) 110:301-323 321

Table 3 Aerodynamic braking distances of the Ahmed car with plates at different opening angles and their
differences from the base case (without plate)

Plate Upax 10 Upyiy (km/h)  Braking distance (m) Improvement (%)

Base  30° 50° 70° 90° 30°  50°  70°  90°

Upstream 120 to 80 56.74 46.12 3473 27.82 2511 19 39 51 56
Downstream 33.06 2939 2827 2882 42 48 50 49

Table 4 Aerodynamic braking distances of the Ahmed car given multi-size plates at an opening angle of
90°, and their differences from the base case (without plate)

Plate Upax t0 Upin (km/h)  Braking distance (m) Improvement (%)
Base 1/4 172 3/4 1 174 172 3/4 1

Upstream 120 to 80 56.74 3956 31.65 2816 2511 30 44 50 56

Downstream 47.00 3922 3216 2882 17 31 43 49

6 Conclusions

The effects of installation position and opening angle on the aerodynamic behavior and
aerodynamic braking distance of the car were studied and compared. The conclusions
drawn from the obtained results are as follows:

1. Aerodynamic forces of the car with the upstream plate are significantly greater than
those on the downstream plate. The aerodynamic drag is more sensitive to the installa-
tion position of the plate relative to the aerodynamic lift. Placing the plate upstream is
optimal for increasing the car aerodynamic braking performance, and markedly reduces
fluctuation in aerodynamic forces.

2. The C, of the car body increases with the 8, which is not affected by position of the
plate. The C, of the downstream plate increases first and then reduces with the 8 of the
plate, while the 6 is approximately 50°, the C, of the downstream plate is the largest.
The C, of the car body decreases with the 6 of the upstream plate, but it is opposite for
the downstream plate. The C, of the downstream plate decreases with the 0 of plate, and
the C, of the upstream plate decreases first and then increases with the 0 of the plate, the
turning point is around 70 degrees. Placing the upstream plate is optimal for improv-
ing the C, of both car body and plate. The C, of both car body and plate increase with
increasing S

3. Aerodynamic braking distance of the car decreases as the 6 and S, of the plate
increase, particularly with respect to the upstream plate. The optimal 8 of the down-
stream plate is approximately 70°, and the braking effect is not significant because the
height of the downstream plate is small.

The contact force between the tire and the ground and the real-time change in the fric-
tion coefficient will be considered in future studies. Further, calculating the braking dis-
tance by analyzing the effect of the plate on the contact force distribution between several
tires and the ground during plate braking is necessary.
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