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MODERN SOLUTIONS FOR
REDUCING THE AERODYNAMIC DRAG
OF PASSENGER CARS

LUKASZ OKRUCH!, WIESLAW ZALEWSKI?, MATEUSZ MIKOtAJCZAK3, MAREK MILLER*

Abstract

The paper presents three groups of aerodynamic solutions that are currently common in the
bodies of passenger cars from various manufacturers. Solutions of this type should reduce
aerodynamic drag, which allows for lower electricity or fuel consumption. This also translates
into increased vehicle range and compliance with stringent emission standards. Such solutions
also play an important aesthetic role, increasing the visual appeal of the car body for the
customer. The research was performed using the geometry of an SUV passenger car body as
a reference point. This is currently one of the most popular car body types in Europe. The car
body was configured to meet the requirements of an electric vehicle. The main difference from
its combustion engine counterpart was the use of a flat floor. The base body was maodified by
adding various aerodynamic elements to the front and rear of the vehicle. They also changed
the airflow of the base body in the area of the vehicle floor. The aerodynamic drag forces of the
base geometry and its modified variants were determined using advanced computational fluid
dynamics tools. The Ansys Fluent computational package was used in the analyses. The solutions
used, computational models and results obtained are presented. The calculations confirmed the
significant impact of the tested solutions on the aerodynamics of the car. After numerical analysis,
the most promising solutions were selected and incorporated into the base geometry. Models
were then prepared for testing in a wind tunnel, and tests were conducted which confirmed the
results obtained in the numerical analyses. The reduction in aerodynamic drag achieved was
approximately 9%. Based on the tests performed, it was concluded that additional airflow control
solutions applied locally to the car body can effectively reduce its aerodynamic drag.
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1. Introduction

In the early years of automotive development, between 1920 and 1945, vehicle drag was
a secondary consideration. This was due to low driving speeds and the fact that designers
focused their efforts on practical aspects and vehicle production technology. The drag coef-
ficient CD ranged from 0.8 to 0.5. Between 1950 and 1973, we see a marked improvement
and increase in the importance of vehicle aerodynamics. The drag coefficient CD of vehicles
from that period ranged from 0.5 to 0.4. It was only the outbreak of the fuel crisis in 1973
that changed priorities. Manufacturers in Europe began to develop vehicles with low aero-
dynamic drag. Over the next 30 years of development, the drag coefficient was reduced to
0.3. According to manufacturers, typical passenger cars currently in production have drag
coefficients in the range of 0.22-0.3. The lower range of these values is found among electric
vehicles [1, 2, 3]. History of drag coefficient CD of passenger cars is presented in Figure 1.
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Fig. 1. History of drag coefficient CD of passenger cars [1, 2, 3]

For an average C-segment passenger car traveling on a paved road under standard atmos-
pheric conditions at sea level (in accordance with the International Standard Atmosphere)
at low speeds, the main component of resistance is the rolling resistance of the vehicle. Only
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at speeds of around 60 km/h the forces of rolling resistance and aerodynamic drag reach
similar values. Above 60 km/h, aerodynamic drag dominates. At a speed of 30 km/h, the drag
force is already more than twice as high as the rolling resistance. At a speed of 120 km/h,
the aerodynamic resistance force is more than four times greater than the rolling resist-
ance [1, 4]. In the analyses presented in this paper, comparative calculations were performed
assuming a driving speed of 120 km/h as the typical speed on expressways. Rolling and drag
resistance relationship is presented in Figure 2.
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Fig. 2. Rolling and drag resistance [1, 4]

With the development of numerical calculation methods, mare and mare work in the field
of vehicle aerodynamics is being done on computers. Wind tunnels have begun to be used
mainly as a form of final validation of numerical results. This significantly speeds up the
process of improving vehicle aerodynamics. Additionally, due to the cost of testing in large
wind tunnels, only the largest manufacturers and large design offices can afford to conduct
such tests. Numerical calculations of vehicle aerodynamics still encounter significant prob-
lems and limitations. The main factors that generate problems in computational vehicle
aerodynamics are:

unstreamlined shapes and bluff bodies, generating large flow separation zones,

low aspect ratio, requiring 3D calculations,

interaction between individual parts of the vehicle body,

strong interaction with the ground surface,

laminar and turbulent flow zones,

complex geometry created by continuous and discontinuous surfaces.
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The literature contains a number of publications describing current computational work on
vehicle aerodynamics research. These are studies presenting numerical research on simple
vehicle shapes and elements that improve their aerodynamics. Many of them are supported
by experimental research.

The paper [4] presents the results of a CFD analysis of three modifications of the rear spoiler
and its impact on the flow around the hatchback tailgate. The modifications were carried out
on the geometry of an actual Skoda Fabia 3 car. The high level of complexity of the model
geometry is noteworthy. The paper does not provide details on CFD modelling, only the final
results. Optimizing the design of the rear spoiler resulted in a 2% reduction in the drag coef-
ficient compared to the production version of the car.

Paper [5] presents an analysis of the impact of the basic geometric parameters of a car
model on its aerodynamic drag. A parametric model of a highly simplified vehicle body was
developed. Optimization calculations were performed. Recommendations for selecting the
geometry of the car body's main components are presented. Due to the extremely simplified
geometric model, the recommendations presented seem completely out of step with the
level of refinement found in modern vehicles.

The paper [6] presents numerical analyses of the use of innovative side spoilers as accesso-
ries for the body of a Honda CR-X sports car. Numerical calculations were performed using
the RANS method with the k-w sst turbulence model in the Ansys Fluent computational
package. The results were not verified experimentally. The article confirms a certain trend
observed in numerical simulations of automobiles. When analysing the effect of additional
components such as spoilers or wings, the k-w sst turbulence model (typically used in aero-
nautics) is more commonly employed. In analyses related to the shape of the vehicle body,
however, the k-epsilon turbulence model tends to dominate.

Work [7] presents aerodynamic studies of the Lambaorghini Aventador sports car. CFD
analyses and wind tunnel tests were conducted. By modifying the geometry of the car's
rear wing, a reduction in aerodynamic drag of as much as 8% was achieved. However, the
tests and simulations were conducted only on a small-scale model without maintaining flow
similarity conditions to the real vehicle.

The k-epsilon turbulence model is often recommended in the literature [8].
The analysis of the flow near the rear vehicle body part and interaction with the ground
is a frequent topic of research. This solution is crucial in sports cars, but similar elements

of vehicle body design are now also appearing in commercial vehicles.

Study [9] presents an analysis that combines the optimization of a car body's geometry
with passive methods for controlling flow separation using vortex generators. The study
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examined how the position and shape of the vortex generators affect the vehicle's drag.
Numerical simulations were performed on a simplified car geometry model (Ahmed body),
which is often used to validate CFD methods. A high level of aerodynamic drag reduction
(over 10%) was achieved. However, the degree of geometric simplification raises doubts as to
whether the obtained results have any relevance to the aerodynamics of modern cars.

The paper [10] presents the development of several aerodynamic packages designed
to increase down-force on a Porsche 911. The package consisted mainly of a rear wing
and a diffuser. The results obtained from CFD simulations were partially verified using
a small-scale model tested in a wind tunnel. Realistic vehicle geometry was used.

Due to the greater freedom in shaping the floor of electric vehicles, there is a strong trend
towards adapting similar solutions in electric commercial vehicles. This element was also
used in the solutions presented in the paper. Equally interesting are studies on the impact
of modifying the geometry of the front part of vehicles. Article [11] presents the results of
experimental studies of truck models in a wind tunnel. Through relatively minor modifica-
tions, it was possible to reduce aerodynamic drag by 13%.

The paper [12] presents experimental and computational studies of a student formula sports
car. This is a very popular class of vehicles among young engineers. Numerous international
competitions between rival teams are organised. The paper describes numerical calculations
performed using the STAR-CCM package and a comparison with experimental results. The
results obtained indicate a good correlation between numerical calculations and experi-
mental tests. The differences obtained did not exceed 4%. The relatively good agreement
between numerical models and experimental results allows the use of various automated
shape optimisation methods to develop low-drag vehicle geometries. An example of such
analyses is the work [13], where the response surface method and a genetic algorithm were
used to generate an optimised geometry for minimum aerodynamic drag. The RANS method
and the kw-sst turbulence model were used in the numerical calculations. The Ansys Fluent
computational package was used. A 26% improvement in aerodynamic drag coefficient was
achieved. However, it should be noted that the level of drag reduction depends on the base
geometry adopted, and the shape obtained had little in common with commercial vehicles.

A significant number of studies deal with passive flow control issues through the use of
various types of vortex generators to control the effect of boundary layer separation in the
flow. These solutions provide a reduction in drag force of 2-4% [14, 15] and are not currently
used in commercial vehicles.

The literature review cited describes research methods and trends in development found
primarily in academic centres specializing in vehicle aerodynamics. It is noteworthy that
there are very few available publications from research centres associated with the modern
automotive industry or descriptions of work carried out directly for the benefit of that
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industry. This is likely due to the fact that such research for major automobile manufacturers
is conducted by specialized commercial firms, which do not publish their research results. It
appears that academic centres focus on improving the airflow over the upper parts of the
car body, while car manufacturers are currently improving the flow in the lower part of the
vehicle. This is particularly important for electric cars entering the market. The research
presented in this publication focuses precisely on this group of automotive aerodynamic
solutions that are and will be present in new electric car models.

2. Description of research, models and methods

It is estimated that in a typical sedan or hatchback car body, the upper part of the body
generates 45% of the drag, the lower part of the body approximately 25%, and the wheels
and wheel arches approximately 30% [2]. The modifications described in the study concerned
the front, floor and rear sections. It therefore seems that there is theoretically significant
potential for reducing drag, provided that effective solutions are implemented.

For comparative calculations, a base geometry modelled on a passenger car with an SUV
body was prepared. These types of cars currently dominate the European market. Below
in Figure 3 are examples of the ElectroMobility Poland lIzera [16] and Volkswagen ID 4 [17]
electric cars. These are modern electric cars, prototypes of which appeared in 2020. Only the
ID 4 has entered the market.

() (b)

Fig. 3. Electric cars: (a), (b) Izera ID 4 [16, 17]

Figure 4 shows the basic geometry to which various elements affecting the aerodynamics
of the vehicle were added as part of the proposed maodifications.
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Fig. 4. Base geometry in general view [Created by the authors]

The proposed modifications to the base geometry are presented below. They have been
divided into three groups. All the solutions presented in each group were the result of a series
of preliminary numerical simulations and yielded the most promising results. The first group,
marked WT, included air ducts blowing air onto the front wheel. This solution is currently
very common in passenger cars. Three variants of the ducts shown in the figure below were
analysed. All numerical simulations and wind tunnel tests were carried out for a car body
with wheels. The wheels have been omitted from some of the drawings only for clarity. The
geometries of the WT group are shown in the Figures 5-8.

Fig. 5. Base geometry with view of the front bumper [Created by the authors]
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Fig. 6. WT_v1 modification and Flow duct details [Created by the authors]

Fig. 7. WT_v2 modification and flow duct details [Created by the authors]

Fig. 8. WT_v3 modification and Flow duct details [Created by the authors]
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The second group, labelled FRONT, included madifications to the front part of the floor.
Three variants, shown in the drawings below, were analysed. This set of solutions was intro-
duced to shape the airflow beneath the car's body and ensure a smooth flow under the floor.
The geometries of the FRONT group are shown in the Figures 9-12.

Fig. 9. Base geometry with a view of the Floor [Created by the authors]

| o

Fig. 12. FRONT_v3 modification and modified floor area [Created by the authors]
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The third group, marked REAR, included modifications to the rear part of the floor. It was
a combination of a diffuser with flow guides. Three variants presented in the drawings below
were analysed. The geometries of the REAR group are shown in the Figures 13-16.

Fig. 14. Modification REAR_v1 and close-up of the modified geometry fragment
[Created by the authors]

Fig. 15. Modification REAR_v2 and close-up of the modified geometry fragment
[Created by the authors]
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Fig. 16. Modification REAR_v3 and close-up of the modified geometry fragment
[Created by the authors]

Numerical calculations were performed using the Ansys Fluent solver [18]. This solver solves
Navier-Stokes flow differential equations using the Ffinite volume method (FVM). The RANS
(Steady Reynolds-Averaged Navier-Stokes) method was used in the calculations. The
k-epsilon turbulence model was adopted. The calculations were performed using second-
order discretisation. Due to the low flow velocities, an incompressible and viscous fluid model
was used, assuming standard atmospheric conditions at sea level. The model simulated
rotating wheels using a moving wall boundary condition and the interaction of the car with
the ground using a symmetry boundary condition. The symmetry boundary condition at the
ground surface is used interchangeably with the moving wall boundary condition in numer-
ical simulations. In this particular case, it provided greater computational stability than the
moving wall boundary condition. This type of modelling is also used in wind tunnels where
there is no facility for simulating a moving floor, but it requires the creation of two models.

The symmetry boundary condition, used to simulate the ground effect, is less intuitive than
the moving wall condition. However, the author's experience with CFD calculations shows that
in similar problems (a car's diffuser, an air intake moving close to the ground), the symmetry
boundary condition with a RANS model produced results slightly closer to experimental meas-
urements in terms of pressure distributions on the surfaces of the object under study. Modelling
with the moving wall condition tended to underestimate the flow velocity beneath the object.
Slightly higher drag forces and lower values of pressure drop were obtained compared to the
symmetry condition. RANS numerical analyses using the symmetry model performed well in
problems such as shape optimization and comparative analysis of the aerodynamic properties
of a given geometry. They allowed for the use of smaller computational grids, accelerated calcu-
lations, greater solution stability, which is impaortant for optimization algorithms. It is also worth
noting that, despite the use of the symmetry boundary condition to simulate ground effects in
the CFD analyses, the computational results still yielded a drag force that was slightly higher
than that observed later in the experiment (the drag force reduced by 9.1% in CFD compared to
9.7 % in the experiment). The boundary conditions used are shown in the Figure 17.
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The dimensions of the calculation domain were as follows: length 20 m, width 10 m, height
7 m. The computational mesh comprised 18 million of high-quality tetrahedral elements
(maximum skewness below 0.8). The mesh had a density scaling factor of 1.1. Y+ factor was
in the range from 0.05 to 1.8. The mesh size was selected following a mesh density study to
minimise its impact on the results. The convergence criterion was defined as the stabilisation
of the monitored drag force and residuals at a level no greater than e-5 for all monitored
values. The turbulence intensity at the inlet was set to 0.3% to ensure consistency with wind
tunnel tests. The frontal area of the car was 2.478 m2.

pressure outlet

symmetry

velocity inlet

moving wall

Fig. 17. Computational domain and boundary conditions [Created by the authors]

A computational mesh with tetrahedral elements was used. A view of the surface mesh and
selected details is shown in Figure 18.

Fig. 18. Surface tetrahedral mesh on vehicle components [Created by the authors]
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The Figures 19 and 20 shows colour maps of static pressure on the car body surface and

a numerical simulation of limiting streamlines on the body surface for the base geometry at
a speed of 120 km/h.

Pressure

[Pa]

Fig. 19. Static pressure map on the surface of the base body (wheels omitted) for a speed of 120 km/h
[Created by the authors]

Fig. 20. Limiting streamlines on the body surface (wheels omitted) for a speed of 120 km/h
[Created by the authors]

As a result of numerical calculations, the drag force Fx and drag coefficient CD were deter-
mined for the base geometry and modified variants. All calculations were performed

assuming a constant speed of 120 km/h and no crosswind. Numerical results are presented
in Tables 1and 2.
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Tab. 1. Summary of the Fx drag Force and CD drag coefficient obtained in CFD calculations for
individual configurations and FINAL model which is a compilation of selected solutions

Model Fx[N] cD Change %

BASE 585 0347 0.0
WT_vl 580 0.344 -093
WT_v2 601 0.356 2.7
WT_v3 620 0.368 6.0
FRONT_v1 550 0.326 -6.0
FRONT_v2 570 0.338 -2.6
FRONT_v3 603 0.358 31

REAR_v1 611 0.362 4.4
REAR_v2 587 0.348 03
REAR_v3 593 0.352 14

FINAL 532 0.316 -91

The Table 2 presents partial results for vehicle body and wheels. This allows us to analyse the
impact of individual solutions on the drag forces generated by the vehicle's wheels.

Tab. 2. Drag force Fx for the car body and wheels and drag coefficient CD for the geometries under

consideration and FINAL model which is a compilation of selected solutions

Fx[N] Fx [N] Fx [N] Fx [N]
Model cD Change [%]
car body front wheels rear wheels sum
BASE 490 49 46 585 0.347 0.0
WT_v1 495 40 45 580 0.344 -083
WT_v2 520 39 42 601 0.356 2.7
WT_v3 588 -16 48 620 0.368 6.0
FRONT_vI 436 68 46 550 0326 -6.0
FRONT_v2 460 59 51 570 0.338 -26
FRONT_v3 487 67 49 603 0.358 31
REAR_v1 516 51 44 el 0.362 4.4
REAR_v2 4390 49 47 587 0.348 03
REAR_v3 494 54 46 593 0.352 14
FINAL 442 4 49 532 0.316 -9.1

3. Discussion

The study analysed three groups of solutions used in modern passenger cars to reduce
the aerodynamic drag of the vehicle body. Each group of solutions was analysed sepa-
rately, assuming a low degree of mutual interference between them. The results obtained,
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presented in Table 1, indicate that the maodifications applied to the front of the vehicle, from
the FRONT and WT groups, had the greatest effect. The modifications to the rear, from the
REAR group, were essentially completely ineffective. However, it should be noted here that
these effects may be specific to the adopted base geometry. The rear part of the base geom-
etry already had a correctly shaped diffuser. In addition, the solutions used at the rear are
rather strongly related to the flow shaped near the front of the body, and in this case, the
initial assumption of no interference with other solutions is questionable.

In the case under study, the proper organisation of the flow in the front part of the floor
tested in the FRONT group was of key importance. In practice, this conclusion can be applied
mainly in electric vehicles, where this part of the body can be shaped relatively freely. This is
much more difficult in combustion engine vehicles, where there is also the issue of air circu-
lation from the radiator and engine area. It is also much mare difficult to achieve a completely
flat floor in such vehicles, which is important.

When using air ducts blowing air onto the front wheels (WT group), a reduction in front wheels
drag was achieved in all cases. The results obtained for the WT_v3 solution are remark-
able. While this configuration doesn't reduce drag across the entire vehicle, it does achieve
a surprisingly good result in reducing front wheels drag. It can therefore be concluded that
solutions of this type, increasingly common in production vehicles, can indeed improve aero-
dynamics. However, they require proper integration with the overall vehicle geometry.

After analysing the numerical results, it was decided to combine the WT_vl, FRONT_vl and
REAR_v2 solutions in a single body called FINAL. The geometry is shown in Figure 21. Results
of numerical calculations of the drag force Fx and drag coefficient CD have been added to
the Tables Tand 2.

Fig. 21. FRONT_v1, WT_v1, REAR_v2 integrated with BASE model as FINAL geometry
[Created by the authors]
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Examples of colour maps of static pressure distribution from CFD calculations for selected
variants and the base model are shown in Figures 22-24.

= wanr
3 H Pressure

Fig. 22. Pressure colour map comparison For BASE geometry and WT_v1 modification
[Created by the authors]

Pressure

Fig. 23. Pressure colour map comparison For BASE geometry and FRONT_vl modification
[Created by the authors]
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Fig. 24. Pressure colour map comparison fFor BASE geometry and REAR_v2 modification
[Created by the authors]

The model prepared in this way was used in comparative experimental wind tunnel tests.
The base model on the wind tunnel test stand is shown in Figure 25. Based on wind tunnel
tests, conducted by the tukasiewicz Research Network — Institute of Aviation, it was found
that the included modifications reduced the aerodynamic drag by 9.74% compared to the
base version.

It should be noted that thisresultis even slightly better than the partial drag reduction results
obtained in the calculations presented in Table 1. Based on the partial results, assuming no
interference between the solutions used, it was theoretically possible to reduce drag by
approximately 7%. This difference is probably due to strong interference between the flow
at the front and rear of the vehicle floor. After improving the flow at the front, the diffuser
performance also improved, allowing a better result than the partial results to be achieved.

This may also be the result of discrepancies between the results obtained in CFD and the
experimental flow in tunnel conditions. The flow at the rear of the vehicle is particularly
difficult to model realistically in numerical terms due to the large separation zone, complex
vortex structures and its unsteady, chaotic nature. In addition, there are measurement errors
and difficulties in meeting all flow similarity criteria in experimental studies. However, overall,
good agreement was found between the CFD and experimental results.
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Fig. 25. Base model on the wind tunnel test stand [Created by the authors]

4. Conclusions

Based on computational and experimental analyses, it can be concluded that additional
airflow control elements used locally in the car body can effectively reduce its aerody-
namic drag. These solutions can be combined with each other, but interactions may be
significant. It should be emphasised, however, that these conclusions were drawn on the
basis of a single body geometry under investigation and under specific test conditions. The
aerodynamics of a modern car's body are so complex that each solution employed should
be tested individually for each vehicle.

The tested configurations allowed for a total reduction in drag of approximately 9% for
tested vehicle geometry and test conditions.

The best results were achieved by solutions improving the flow under the front part of the
vehicle floor. Achieving an orderly flow in this area significantly reduces car body drag.

Madifications made to the rear of the tested vehicle in test conditions have not proved
effective and seem to serve in that simulated car case mainly to increase the visual appeal
of the vehicle.

Using ducts to blow air onto the front wheels is an interesting and effective solution, but
it requires careful integration with the entire body shape.

Additional flow control elements can significantly improve and enhance the visual appeal
of the car, increasing the competitiveness of the vehicle both through improved perfor-
mance and attractive industrial design.
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