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Preface

The aerodynamic design of cars is once again receiving attention around the world. The
reason is that, with the urgent demand of society to preserve the Earth’s environment, reducing
CO:z emissions requires not only engines with smaller displacements or zero-emission electric
drives or hydrogen engines, but also lightweight bodies with outstanding aerodynamic
performance.

One element that makes automobiles distinctly more appealing than other industrial products
is that their users themselves operate their car to carry them in comfort from their home to
their destination, sometimes at high speeds. We could say that the ultimate form of supercars —
often called moving sculptures - is a perfect blend of aesthetics and aerodynamics. The faster
a car is meant to travel, the greater the effects of aerodynamic design; thus its importance for
racing cars and Super Sport cars. It is also true that cars with lower drag consume less fuel. Cars
with designs that resist air less are becoming an important new standard of value for society,
from the perspective of saving resources and preserving the environment.

The improvements in fuel efficiency achieved through an aerodynamic design may seem
insignificant in terms of single vehicles, but considering the total number of vehicles in the
world, aerodynamic designs can contribute much to saving resources and reducing global
warming. While automobiles, that convenient means of transportation, are only owned by 8%
of the world's population, the total number of vehicles owned worldwide has grown explosively
over the past 10 years. It is natural that the people of China, Russia, India, Asia and Africa, areas
where per capita automobile ownership has been relatively low, would want to reap the benefits
cars provide, and there is no stopping the growth of car ownership in these regions. It is for this
very reason that so much store is being placed on aerodynamic designs today.

This books deals mainly with the aerodynamic design of passenger cars, and while some
attention is also given to the aerodynamic performance of race cars - the cutting edge of
aerodynamics for vehicles - we will leave a study of aerodynamics in commercial vehicles, large
trucks, buses and motorcycles for a different occasion.

To my fellow designers and to students who are aspiring to become car designers, I hope you
will put to good use the basics of aerodynamic design you absorb from this book. Designers
themselves gaining knowledge of aerodynamics and able to fuse aerodynamic performance
with body design at a high level will lead to improvements to fuel efficiency, environment
performance, steering stability and top speeds through more efficient wind tunnel testing and
changes in body engineering. I hope my book can contribute in some way to this. I would be
very happy if general readers could learn to appreciate the beauty of products corroborated by
engineering as they come to understand how the pursuit of aerodynamic performance results

in a product’s forms.

Dr. Daisuke AZUMA
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Designing the acrodynamics of automobiles involves using technology that applies acrodynamics to control the
flow of the wind to achieve cars that are gentle on the environment and offer excellent steering stability at hi

speeds. At the base of this technology is fluid dynamics. the science of analyzir behavior of air and liquid. The

\ﬁ E Eé branch of fluid dynamics dealing specifically with air is referred to acrodynamics, and specialists in this field are called
=5

| I_J @ Wi = N acrodynamicists or acrodynamic engineers.

7 JN\H

In later y 5, Leonardo da Vinci drew vortices almost obs ¢ly, though fluid dynamics was not yet a
:l' 1€ WO’zder Qf' ’ lllids structured discipline in the 15th and 16th centuries. Humans have benefitted from water and wind as long as they
g 2 Z have been around, and aerodynamics is an academic ficld whose interest is inexhaustible.

(A massive hurricane photographed from space by NASA.You can sce how huge the vortex is.)
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Fluid dynamics

Fig.0-1-1 NASA
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Leonardo da Vinci
(1452-1512)

Isaac Newton
(1648-1727)

snanizalliivia,

We live surrounded by "fluids"

"Fluids" are materials that flow, changing their form freely. They
include both "liquids", the most representative of which is water, and
"gases" such as air. Wind and water at times put our lives in danger,
but it is thanks to the formation of air and water that we exist
on Earth, and their benefits are immeasurable. "Fluid dynamics",
a discipline treating these fluid phenomena, is one of the most
important areas of study for human beings. (Fig.0-1-1)

The beginnings of fluid dynamics date back before Isaac Newton
the period that saw the origins of dynamics. Leonardo da Vinci , the
Italian Renaissance genius who left us not only the Mona Lisa and
other masterpiece paintings but was also thoroughly acquainted with
technology and medicine, applied his sharp powers of observation
to draw many sketches of vortices generated in rivers. His interest in
fluids ran very deep indeed, and this passion led to idea sketches for
flying machines similar to today's helicopters.

Fig0-1-3 & « s Fhhis 500 EHICAISNERITHER, NASA X45A, The NASA X454, a flying object made 500 years after da Vinci.

Fig.0-1-2

o D Fledsn
YAF2—0r4T
T RIPWTF

An idea sketch for
a helicopter, by
Leonardo da Vinci.

Later, fluid dynamics was developed into the practical engineering
discipline of hydrodynamics by such great scholars as Isaac Newton
and Daniel Bernoulli (1700 - 1782). The science was subsequently
supported by the yearning and passion for the sky of such great
aviators as Otto Lilienthal (1848 - 1890), the Wright brothers (Wilbur:
1867 - 1912; Orville: 1871 - 1948) and Ludwig Prandtl (1875 - 1953) to
become the extremely advanced science it is today. Fluid dynamics
is an important science that supports the foundations not only of
aeronautical engineering but also of meteorology, oceanography and
river engineering. It is essential for our daily lives.

11
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Fluid phenomenon around us
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Fig.0-2-1 NASA
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Fig.0-2-3 wikimedia
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Fig.0-2-4 wikimedia

Fig.0-2-5 PD Photo.org

Fig.0-2-6 wikimedia

Fig.0-2-7 wikimedia

A Karman's vortex street in the sky over the Canary Islands

Such vortex streets are generated when certain conditions are
present, such as stratocumulus distributed at a position lower than
a mountain top, a relatively strong wind blowing in a virtually
constant direction, etc. A Karman's vortex street is a phenomenon
by which vortices that are mutually in opposite directions are
generated systematically behind such an object as a cylinder within a
flow. With this phenomenon, oscillation is generated in the object,
resulting in destruction or noise, so buildings must have designs
that avoid this. The phenomenon is named after Hungarian fluid
dynamicist Theodore von Karman (1881 - 1963). (Fig.0-2-1,2)

The tornado that was generated on the sea

The energy of fluids can at times be a threat. Even such a light
matter as air can have remarkable powers of destruction that can
cause massive disasters when it becomes an extremely strong vortex,
such as in a tornado or typhoon. Even with today's advanced fluid
dynamics technology it is difficult to accurately predict such vortices,
and scientists are working determinedly to elucidate the mechanism
by which they are generated and on research to restrict their size.
(Fig.0-2-3)

Hydroelectric power plants use the energy of falling wate
The hydroelectric power plants was invented in 1878 by British

Wiliam Armstrong baron (1810-1900) and was gradually upsized
afterward. Clean energies not relying on heat or nuclear power are

abundantly available in nature. (Fig.0-2-4)
The wave power

Giant waves are the result of the combined energies of water
(waves) and air (wind). Couldn't their energy by used effectively?
(Fig.0-2-5)

Wind electric power plants

The wind-generated electricity that was clean energy was invented
like hydraulic power generation in 1891. But, it is the after 1970s
that it was in use.Advanced aeronautical engineering (aerodynamic)

technology is used to determine the position of wind turbines and
the shapes of their blades. (Fig.0-2-6)

The river which brought up culture of the human

The Rhine, which Germans refer to as "Father Rhine". Since
ancient times people have established lives based on the benefits of
the flow of rivers, leading to civilization. (Fig.0-2-7)
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Research on fluid dynamics is done in surprising places

61

Fig.0-3-1 [CradleViewer]

Fig.0-3-2, Ref.29(p.160)
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CDESICTENEDRL TN CEREUBSHIEERIC
l&, CFD (Computational Fluid Dynamics : #4834k 11 22)
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Fig.0-3-5 ansys.jp
R SEOFRROENT
Analysis of sinuses and trachea during breathing

Fig.0-3-34 Speedo

The Fluid dynamics is the key to victory by sports

Fluid dynamics are researched and applied to a variety of areas,
not only in automobile and aircraft aerodynamics(Fig.0-3-1),
environmentology or oceanography. For example, research in
the flows around living organisms has elucidated much about the
mechanisms by which birds fly and fish swim, and in sports analysis
of the flow around a baseball is now revealing the mechanism of
curve balls(Fig.0-3-2).

Fluid drag plays a major role in the outcome of swimming
competitions, and fluid dynamics technology is applied to the
development of competition swimwear. Speedo introduced CFD
technology early on and has analyzed the flow around the human
body. For the LZR Racer, a material called the LZR Panel was placed
at the optimum position based on CFD results to maintain the ideal

streamline, reducing surface friction resistance by up to 24% as
compared to conventional products(Fig.0-3-3,4). It all started in 1910

when a young Scotsman named Alexander MacRae opened a small
swimwear shop on Bondi Beach in the suburbs of Sydney. It was
already 50 years ago that Speedo became famous for taking gold
medals

Furthermore, there are rising expectations in recent years for the
application of fluid dynamics to medicine(Fig.0-3-5) through the
analysis of the flow of air within bronchial tubes when people breath
and the flow of blood in blood vessels.In addition, the analysis such
as the strong wind amplified by skyscrapers is the techniques that
are indispensable for city planning(Fig.0-3-6). One of the reasons
for the fact that fluid dynamics is beginning to be applied to so many
different fields is the rapid progress in computation fluid dynamics
(CFD).
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What Designing the Aerodynamics of Cars Involves
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It has been 125 years since the automobile was born.
and the environment surrounding the automobile has
changed greatly from the early days, when cars were
developed in the pursuit of speed, to today with the
awareness of environmental destruction.The problems of
global warming, environmental destruction and depletion
of fossil fuels are deepening, and the situation is tough
for car manufacturers, who are being forced to develop
cars with outstanding fuel efficiency if they are to remain
in the market. Furthermore, because even ordinary cars
can run at high speeds thanks to improvements to engine
performance. it is essential to achieve better handling
stability at high speeds. Improving both fuel efficiency and
handling stability at high speeds are the most important
issues in developing a car’s acrodynamics.

There are various approaches to improving a vehicle's
fuel efficiency. such as by decreasing body weight,
improving the engine’s combustion efficiency or reducing
rolling resistance. Among these, technologies for reducing

drag are receiving renewed attention as one important

clement of development that is intricately related to design.
And it is not only car companies who are focusing on this
issue. Such cars as the Toyota Prius and Honda Insight have
been selling in greater numbers, and considering that a
growing number of users are attracted by their distinctive
acrodynamic shapes, such as the forms of their roofs, it is
no exaggeration to say that the market itself is focusing
attention on aerodynamic design technologies that reduce
drag.

When developing a car’s acrodynamic design, developers
must consider not only environmental performance but
also high speed handling stability. The technologies for
designing the acrodynamics of automobiles are intricately
related to both safety - the most important issue for
cars - and environmental performance. In this chapter
we describe the relationship between design and such
issues of acrodynamic performance as reducing drag and
lift, as well as the significance of acrodynamic design
development for automobiles.
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The influence of air forces and on car bodies and aerodynamic coefficients
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2 Yawing moment: YM
- The force tending to change the vehicle direction as seen from above.
- Influences the vehicle's steering stability.

3 Lif: L
- The force tending to lift the vehicle
- Influences the vehicle's steering stability and cornering performance.

BENRBOFEL

Aerodynamic coefficient formulae

Co: ZZHIAFE GROHMEKN)

Cg: Coefficient of Drag
=
120V A

G 3—A YT+ B—A MREL
Cym : Coefficient of Yawing Moment
YM

120V AL

Cu BRE

C; : Coefficient of Lift
i}

G S
V20V - A

Cow EvF i« E—A2 MRE
Cyn : Coefficient of Pitching Moment
PM

Cm=—rr—
172 p VAL

Cs #RER

Cs : Coefficient of Side Force
- I
120V - A

Cos A= % « B— A MEE
C,,, : Coeffident of Rolling Moment

RM

Cpm————
4 Pitching moment: PM 1/2-p- Vz *A-L
- The force tending to rotate the vehicle in the longitudinal direction.
- Influences the vehicle's steering stability.
5 Side force:

- The force tending to move the vehicle sideways when exposed to crosswinds, etc.
- Influences the vehicle's steering stability.

- Particularly a problem when leaving tunnels or on bridges.

6 Rolling moment: RM

- The force tending to rotate the vehicle as seen from the front.

- Influences the vehicle's steering stability.

The six components of aerodynamic force exerted on car bodies

When a car is running, various forces are exerted on its body
from the airflow. Two of the most typical are the (Udrag to prevent
the car from traveling forward and the @)lift to raise the car off the
ground. There is also (Bside force exerted by crosswinds, and three
rotational moments around specific axes: (Dthe yawing moment,
(®rolling moment and @pitching moment. These are collectively
referred to as the six components of aerodynamic force.

Aerodynamic design consists of making sure these six components
of aerodynamic force are properly dealt with while improving the
body's design characteristics and practicality.

Aerodynamic coefficients

Aerodynamic forces differ greatly according to the vehicle’s
running speed. They increase at a rate of approximately a power of
2 of the increase of speed: about 4 times for double the speed, about
9 times for triple the speed. In other words, the higher the running

speed, the greater the influence of the aerodynamic forces. To put it
another way, it is meaningless to debate aerodynamic forces without
specifying the running speed at that time. But it is too complicated
to have to say “the drag is x at a speed of y km/h” each time you
want to mention aerodynamic performance. For this reason we

use “aerodynamic coefficients” as a convenience when we want to
simply compare the aerodynamic performance of different shapes
(designs).

In the case of drag, for example, the value we obtain when we
divide the kinetic energy of the flow (the main flow’s dynamic
pressure) by the body’s frontal projected area is called the “coefficient
of drag: Cd”, expressing the air resistance applied to the body (this
is discussed in detail in section 3.3). These values are dimensionless
numbers, which to put it simply can be thought of as “values without
units”. For example, when we divide 3 [m] by 10 [m] we get 0.3.

[m] is not a unit here but simply a unitless value indicating a ratio.
You can probably get used to the coefficient of drag and other
aerodynamic coefficients more easily by understanding them as
ratios indicating the magnitude of aerodynamic forces with respect
to the shape (design). Having indices that allow us to easily compare
the aerodynamic performance of different shapes irrespective of the
vehicle speed facilitates aerodynamic design development.
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Fig.1-2-2, Ref.32
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Ref.33

Fig.1-2-3,
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Fig.1-2-4 Internal flow drag

Fig.1-2-5 Daimler

Fig.1-2-5 Daimler

What types of resistance are there for a running car?

The resistance to vehicle forward movement can be divided into
two major groups, rolling resistance and aerodynamic drag. At
speeds of under 60 km/h, the rolling resistance is greater than the
aerodynamic drag. As the speed increases, however, the aerodynamic
drag increases proportionally to the square of the speed, so at 200
km/h the air resistance accounts for most of the total resistance. At
their top speed ranges, sports cars and racing cars struggle against a

barrier of air.
How much is fuel consumption influenced by aerodynamic drag?

Aerodynamic drag changes greatly, proportionally to the square of
the speed, so the percentage of aerodynamic drag with respect to the
total resistance differs greatly according to the car's speed. Because
of this, we cannot simply state that "reducing aerodynamic drag by
x% improves fuel consumption by y%". Still, there is some interesting
data(Fig.1-2-3) indicating that at a speed of 55 mph (100 km/h),
decreasing the coefficient of drag (Cd) from 0.45 to 0.35 improves
fuel consumption by about 12%. If it were possible to improve fuel
consumption by this much through measures other than reducing

T

Fig.1-2-5 Mitsubishi

aerodynamic drag, for example by reducing weight or adjusting
dynamic performance, this would result in either major cost increases
or degradation of other elements of performance. But designing the
body with little aerodynamic drag makes it possible to improve fuel
consumption without increasing costs substantially,

What types of aerodynamic drag are there?

With automobiles, the aerodynamic drag can be divided into two
major groups. One is friction drag, the other pressure drag. Pressure
drag is divided into form drag and internal flow drag.

Fig.1-2-4 shows an example of the proportions of the different
components for a mid-size car. Friction drag refers to the resistance
generated by friction between the air and the object. It is a major
issue for aircraft which have a low form drag, but is treated as
unimportant for automobiles, where its proportion is low. Form
drag combines the pressure difference between the front and rear of
the body with the resistance caused by underfloor resisting media,
while internal flow drag refers to the resistance generated by the air
introduced into the body to cool the engine and other sources of
heat.(Fig.1-2-5)
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The drag coefficient of real cars
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Fig.1-3-1, Ref3
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Fig.1-3-2 Pininfarina

Type | Year | Cp | Maker Brand
2001 | 0.28 | Opel ASTRA
0.30 | Nissan FAIRLADY Z
0.29 | Nissan SKYLINE G35
2002 | 0.32 | Honda NSX-R
0.28 | Mercedes-Benz | CLK
0.29 | Mercedes-Benz | SL
0.28 | Porsche 911 (997)
2004
0.28 | Chevrolet CORVETTE
0.29 | Porsche 911 GT3
Coupe 0
2006 | 0.34 | Ferrari 599
0.29 | Porsche BOXTER
0.30 | BMW 650i
0.28 | BMW 325i
2008 | 0.31 | BMW M3
0.32 | BMW M6
0.27 | Nissan GT-R
2011 | 0.19 | VW XL1 concept
2013 | 0.24 | Tesla Model-S
2003 | 0.30 | Porsche 911 Cabriolet
Open
2008 | 0.35 | BMW Z4M
0.36 | GM Saturn OUTLOOK
2007 j
0.35 | Nissan DUALIS
Suv 0.34 | BMW X3 2.0d
2008 | 0.34 | BMW X5 3.0d
0.35 | Toyota SEQUIA

Type | Year | Cp | Maker Brand
0.32 | Peugeot 406
2000
0.26 | Mercedes-Benz | C-CLASS
0.30 | Honda CIVIC FERIO
2001
0.28 | Audi Ad
0.28 | Opel VECTRA
2002 0.26 | Honda ACCORD
0.26 | Mercedes-Benz | E240
0.28 | Subaru LEGACY
0.26 | Toyota PRIUS
2003
0.28 | Saab 9-3
0.27 | Toyota CROWN
Sedan 0.28 | Toyota AVENSIS
0.29 | Peugeot 407
2004 | 0.28 | Toyota CAMRY
0.30 | Mercedes-Benz | CLS
2005 | 0.31 | Citroen (of5)
0.28 | Lexus GS
20 0.28 | Lexus IS
0.28 | Nissan FUGA
2007 | 0.29 | Audi A5
0.29 | Jaguar XF
0.27 | Mercedes-Benz | C-CLASS
2008 | 0.28 | BMW 320i
0.28 | BMW 530i
Type | Year | Cp | Maker Brand
0.29 | BMW 740i
0.31 | BMW M5
08 0.27 | Mazda ATENZA
Sedan 0.29 | Citroen C5
2010 | 0.25 | Toyota PRIUS
2012 | 0.26 | BMW 320i
2014 | 0.22 | Mercedes-Benz | CLA
2000 | 0.30 | Alfa Romeo 156
2001 | 0.31 | Mercedes-Benz | C-CLASS
0.29 | Subaru LEGACY
2003 | 0.30 | Toyota WISH
Wagon 0.29 | Toyota AVENSIS
2005 | 0.33 | Saab 9-3
2007 | 0.29 | Ford FOCUS C-MAX
0.29 | BMW 320i
2008 | 0.30 | BMW 530i
0.28 | Mazda ATENZA
0.29 | Opel CORSA Eco
2001
0.34 | Renault AVANTIME
2002 | 0.32 | Nissan MARCH
0.29 | Nissan TIIDA
2004 | 0.30 | Toyota SIENTA
0.31 | Toyota PASSO
Compact
0.34 | Chevrolet MATIZ
2008 0.30 | Toyota VITZ
2006 | 0.31 | Toyota RACTIS
2007 | 0.30 | VW POLO BM
2008 | 0.29 | BMW 116i
2012 | 0.27 | Mercedes-Benz | A-CLASS
Fig.1-3-3

What sort of drag coefficients do cars have?

Automobiles of the 1920s had low engine outputs, so they did not
travel at high speeds and their drag was low. The box-like wooden
bodies carrying over the designs of horse-drawn carriages had no
aerodynamic considerations, and their average Cd was high at 0.8 (Fig.1-
3-1). Later, however, as engine performance increased, so did top
speeds. Aerodynamic drag could no longer be ignored, so bodies came
to be given aerodynamic treatments.

In the 1940s and 1950s, when monocoque bodies (unit constructions)
were introduced to automobiles, body designs with diverse curves
became common, and aerodynamic drag gradually decreased. By the
1960s, the average Cd for passenger cars had lowered to between 0.4
and 0.5. Bodies, particularly those of American cars, were low, long and
smart, but they were also heavier, so to maintain their performance,
engine displacement was increased, and because of the abundance of
cheap gasoline aerodynamic drag was all but forgotten expect for special
sports cars and racing cars.

With the two oil shocks provoked by war in the Middle East, however,
virtually all humankind came to recognize the importance of conserving
resources and energy. Developing bodies with lighter weight and lower
fuel consumption was an urgent issue for the automobile industry to
survive, and aerodynamics once again drew much attention. The first
to announce their research results were Pininfarina and the CNR (the
Italian National Research Council), in a paper titled "Improvements to
Automobile Aerodynamics". Put simply, the study examined whether
aerodynamics could truly provide good results in terms of reducing fuel
consumption. We will introduce the details of the study a bit later. Suffice
it to say here that the report claimed a 50% reduction in the Cd improved
fuel efficiency by 15%. It was after the results of this CNR/Pininfarina
project were announced in 1978 that the styles of cars around the world
began shifting from squarish to rounded forms. In Europe companies
are required to announce the drag coefficients of their new models, and
today aerodynamic characteristics are considered around the world to be
one element of automobile performance(Fig.1-3-3).
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Fig.1-4-3, Ref.34

#Bh (FELEHB5L927H) Lift

Fig.1-4-4 Aston Martin

What is the lift exerted on cars?

The sections of aircraft wings have shapes in which the center
line ("camber line") bulges upward.(Fig.1-4-2) With such shapes,
the flow is faster over the upper surface of the wing than over the
lower surface, so the pressure is lower above than below, and this
acts as a force called "lift", literally lifting the wing. If we look at
a car in side view, we can loosely say its center line is near that
of a wing section. In other words, automobiles basically have a
shape by which lift is generated by the air through which the car
travels. Lift is an aerodynamic force like aerodynamic drag, and it
also increases proportionally to the square of the speed. Because
of this, special attention must be paid to lift for vehicles meant to
run at high speeds. This is not limited to sports cars and racing
cars. Even regular passenger cars can run at speeds of over 200
km/h on the autobahn in Germany, so lift must be avoided, and in
fact body shapes generating downforce are preferable. With the
increase in the performance of cars, the Japanese government is now
considering raising the top speed on highways, and regular drivers
will have more opportunities to drive at high speeds in the future,
s0 cars must be developed with attention to their aerodynamic
characteristics.

Like for the coefficient of drag (Cd), the coefficient of lift (Cl )
can be found by dividing the lift (L [N]) by the free-stream dynamic
pressure (1/2pV?) and frontal projected area (A [m’]). When
discussing the lift distributed between the front and rear axles, we

H9oT74+—A FEEADIFELS ETSH) Downforce

call the lift exerted on the front axle the front lift, its coefficient the

coefficient of front lift or CIf . Likewise, the lift exerted on the rear

axle is called the rear lift, and its coefficient is the coefficient of rear
lift or Clr .

The significance of reducing the lift

When lift is exerted on a car body, the force holding the tires
against the ground decreases, and so does the grip force. When
this happens while cornering, the car can spin, resulting in a tragic
accident. Fig.1-4-3 shows the results of tests on the relationship
between rear lift and steering stability performed when developing
the BMW 5 Series. The figure shows the time-history analysis of the
yawing angle velocity (the speed at which the direction of the car
changes) of two test cars with respective coefficients of rear lift of 0.06
(Clr1 ) and 0.15 (Clr2), as they enter a 400R corner at a speed of 160
km/h., With the lower rear lift coefficient of 0.06, the yawing angle
velocity is virtually constant, there is no sudden change in the body's
attitude, and the car travels through the corner stably. With the
higher rear lift coefficient of 0.15, however, the yawing angle velocity
increases gradually after about three seconds, resulting in a state of
strong over-steering, and the body's attitude changes suddenly at
about the 10-second point. This is an extremely dangerous situation
for regular drivers. In this way, to improve a car's aerodynamic
characteristics, reducing not only the coefficient of drag (Cd) but
also the lift is an important development item for improving steering
stability and thus ensuring the safety of the driver.
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A Vehicle’s utility and aerodynamic design

Fig.1-5-4 Daimler
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Fig.1-5-5 Daimler

Improving a vehicle’s utility

Up to here we have discussed such issues as reducing drag
(improving fuel efficiency) and decreasing lift (improving steering
stability), but aerodynamic design is also intimately related to the
elements of a vehicle’s utility listed below.

- Crosswind characteristics

- Cooling of the engine and brake area

- Wind roar

- Adhesion of raindrops to the side windows

- Kicking up of mud onto the rear window

- Cabin ventilation

- Windshield wiper uplift

- Various elements of practical performance in extreme conditions

(cold and heat)

Aerodynamic design development must proceed in a
comprehensive manner, taking into account not only the six
components of aerodynamic force but also the elements listed above.
In particular, cooling of the different parts must be considered
scrupulously, because the driver’s safety is involved. As discussed
in chapters 1 and 2, taking in large quantities of cooling air is
advantageous in terms of cooling, but has a negative effect on drag

and lift. Since there is no prototype in the early stages of design

development, openings are made large in consideration of safety, but
later on this sometimes proves problematic in terms of the vehicle's
aerodynamic performance. Designers should routinely examine the
relationship between the area of the openings and cooling efficiency
on existing cars and grasp the minimum area the openings are
required to have. They must also not forget that the optimum area
of the opening depends on the presence of clearance seals near the
entrance, the shape of the outlet, and so forth.

With the appearance of engineless cars such as electric vehicles,
particular attention is now being given to wind roar (air noise).
When running on motor, occupants are more aware of the sound
of the wind, since it is no longer drowned out by the sound of the
engine. For example, the wind roar generated by the side mirror
located just next to the driver is a major source of noise. On the
Nissan Leaf, the headlights are given a special shape in the aim of
reducing the air noise generated by the side mirrors. The chevron
shape of these headlights splits the flow in two, weakening the wind
that hits the mirrors directly.

Such issues as the adhesion of rain droplets to the side windows,
the kicking up of mud onto the rear window and windshield wiper
uplift are all essential in terms of driving safety. This demonstrates
the importance of aerodynamic design in the development of the
body. (Figs. 1-5-1 10 1-5-5)
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Boundary layer and the separation of the flow
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Fluid viscosity and boundary layer

Water and all other fluids have the property of viscosity. Using
a spoon to stir a glass of water requires a very different amount
of force than stirring a glass containing honey. This is because the
two fluids have different viscosities (Fig. 11-1-1). This property of
viscosity exists in air and other gases as well. Viscosity causes the
fluid to adhere to the surface of an object (where the velocity is
zero), forming an area with a thin layer of low velocity near the
object's surface (Fig. 11-1-2). This is called the “boundary layer”.

In the boundary layer, the kinetic energy (the momentum of the
flow) is weakened by the viscous friction. Because of this, if there is
a pressure gradient obstructing the travel of the flow, the flow can
no longer continue along the object and separates from it (Fig. 11-
1-3). This pressure gradient obstructing the travel of the flow is the
status in which the pressure rises in the direction of travel. Like a
ball drops from a high place to a low place, air flows from where the
pressure is high to where it is low, so in places with a gradient in
which the pressure increases, the momentum of the flow weakens.

When riding a bicycle, even if you gain momentum before
climbing a hill, at some point you run out of energy and the bicycle
stops. Imagine this and you can probably understand the separation
of the flow better.

Flow separation and drag

This separation of the flow forms a wake (Fig. 11-1-4
[CradleViewer]) with eddies causing a loss in the fluid’s energy,
greatly affecting the object’s air resistance (drag). Taking automobiles
as an example, the flow separates at the rear edge of the roof and
trunk lid, and a large slipstream is formed (Fig. 11-1-5). In the case

Fig11-1-6 EHELRENIFHIZERR

ARORBEDE/ST -
NOR OO BERIEEDHED
B HEREALMES, mflE
DEFBEIGEAREEL

Pressure distribution around a cylinder
Pressure is highest at the front of the
flow, low on the back side, and lowest
™Y near the side peaks.

@R () SELRORBERDEL |
AR ETIERNDRS IR,
BTSRRI .

Difference in separation point for laminar and
turbulent flows

In a turbulent boundary layer, the flow
separates less easily, reducing the wake, so the
air resistance decreases.

of aircraft wings, the rear edge of the wing gently converges from
the top and bottom, so there is almost no slipstream (Fig. 11-1-6).
Thus, the drag of a cruising aircraft’s wings is less than 1/10th that of
an ordinary car.

When the boundary layer develops due to the action of viscosity
and the flow separates, a wake is generated past the separation
point, eddies form (Fig. 11-1-7), and the pressure behind the
object decreases (Fig. 11-1-8). This decreased pressure behind the
object acts as a force pulling the object backwards. In other words,
pressures pushing the object to the rear are exerted both in the front
and at the back, in the front by the flow colliding on the object, in
the rear through the pressure pulling the object backwards (negative
pressure). This is air resistance caused by pressure, in other words
pressure resistance.

In this way, separation of the flow greatly affects air resistance.
The position of the separation point differs depending on whether
the airflow at the boundary layer is laminar or turbulent (see the
following section for details on laminar and turbulent flows). A
turbulent flow at the boundary layer is preferable to a laminar flow
in terms of reducing air resistance. When the flow inside of the
boundary layer is turbulent, the eddies inside the boundary layer
take in much of the energy of the fast flow on the outside, so the
boundary layer separates with more difficulty, moving the separation
point towards the back (Fig. 11-1-9, 10). As a result, the area of
the flow at the rear of the body (the wake) is reduced, thereby
decreasing air resistance. The dimples on golf balls, the small bumps
on shark skin and the hair covering the skin of flying birds all create
a turbulent flow in the boundary layer near the object’s surface.
There is truly a lot we can learn from the natural world.
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The Reynolds number — distinguishing between laminar and
turbulent flow

Flows can be laminar or turbulent. If you observe the smoke of
a cigarette or incense in a windless room, you see the smoke rising
in a vertical line near the source, but further up the flow becomes
disturbed and spreads out (Fig. 11-2-1). The vertical flow below is
a “laminar” flow, while the disturbed flow above is the “turbulent”
flow. The conditions by which the flow shifts from laminar to
turbulent were examined by a man named Osborne Reynolds (1842
- 1912), who in 1868, at the young age of 26, became the first

engineering professor at the Owens College in Manchester (Fig.11-2-

2).

Reynolds placed dye in flows inside pipes (Fig. 11-2-2), varying
the current velocity, the diameter of the pipe, etc., to study the
conditions for the transition from laminar to turbulent flow, and
classified this using a dimensionless coefficient expressing the ratio
of inertial forces to viscous forces. This ratio came to be called the
"Reynolds number" (Fig. 11-2-3).

This Reynolds number is an extremely important parameter for
classifying the flow around objects. Figure 11-2-4 shows the flow
around a cylinder classified according to the Reynolds number. If
the Reynolds number is low enough (Re < 1), there are no eddies
behind the cylinder (a). With a Reynolds number of 1 < Re < 10,
there are twin eddies symmetrical at the top and bottom, and with a
Reynolds number of 10 < Re < 102, Karman vortices - eddies turning
in opposite directions — are released alternately behind the cylinder
(c: Fig. 11-2-6 [DVD-ROM]). When Karman vortices are generated, a
force causing the object to vibrate is produced; this is what causes a

HIVT .

Karman vortices

volleyball or soccer ball to shake.

Karman vortices also cause problems for cars, They are the cause
of the fluid noise called “Aeolian tone” produced by rod antennas or
ski carriers.

At even higher Reynolds numbers of 102 < Re < 10° , there are no
regular eddies, the flow is complex and disturbed. Even if the flow is
disturbed, however, the flow inside the boundary layer is laminar. As
described previously, if the flow at the boundary layer is laminar, the
momentum is weak so the flow separates at a relatively early stage.
Because of this, the wake area is large (d). However, with even
higher Reynolds numbers of 10° < Re, the flow at the boundary
layer becomes turbulent, gains momentum and separates less easily,
s0 the wake area is smaller (e).

In this way, the flow around objects appears different according
to the Reynolds phenomenon, and the air resistance coefficient also
differs according to the Reynolds number (Fig. 11-2-5). When we
look at the area around 10°<Re<10° where the boundary layer flow
shifts from laminar to turbulent as described above, the coefficient
of drag decreases substantially here. The dimples on golf balls
mentioned above achieve this desirable state with no change in the
Reynolds number. It may be effective to apply something like these
dimples to the roof end, side panel or rear diffuser of cars.

At higher Reynolds numbers, around Re>10’, the coefficient of
drag (Cd) is relatively stable, so when measuring a car's air resistance
coefficient, the velocity of the flow should be set so that the drag
is measured in this stable Reynolds number range (Re>107). The
Reynolds number is sufficiently stable with a vehicle speed of 50 m/s
(180 km/h).
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academic endeavors. I would also like to wholeheartedly
thank all those at Software Cradle and Miki Press for their
support on this publication, those at the various companies
who provided me valuable material, and to Car Styling
Editor in Chief Akira Fujimoto for his immense support on
writing and editing my work. My heartfelt thanks also go
to my wife Kumiko and sons Tatsuyoshi and Hisayoshi for

their constant support as I wrote these pages.

Dr. Daisuke Azuma
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