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9 Aerodynamics of Airfoils, Wings  and Fins

9.1 Introduction

Save for spasmodic jumping,humankind’s motion in space was limited to forward , backward,
side to side,and down when falling. Sustained upward motion was not possible until enterprising
observers and experimenters devised means for flight. Interestingly , some of the first attempts at
flight did not try to emulate birds. In China, in the late third century B. C. E. | imperfectly
sealed ceremonial bamboo tubes filled with saltpeter, sulphur, and charcoal formed the first
rockets. Nineteen centuries later, Wan-Hu,a clever inventor of the Ming Dynasty, estimated the
journey to the moon to be no more than 47 tubes worth. Strapping himsell and said arsenal to a
wicker chair and setting the rockets alight ,he was determined to predate the Armstrong and Al-
drin landing by 400 years. The ensuing explosion was spectacular; the results were less than

stellar.

In ancient Greek mythology, and more to the point of atmospheric flight, King Minos com-
manded an Athenian artisan named Daedalus to construct a labyrinth to imprison the king’s wife
Pasiphae and their hideous child,the minotaur. Daedalus did the work ,but then sought to leave
Crete because he did not trust Minos. He fashioned wings made of wax to which he stuck feath-
ers. One set he wore,and one set he gave to his son lcarus. Despite his father’s advice, Icarus
flew too close to the sun. The wax melted ,feathers started flying and Icarus stopped flying;his

wings disassembled ,sending him plunging into the sea to drown.

Other attempts to achieve flight have often focused on wings, especially moving wings. After
all ,this is how birds fly,is it not? Yes and no. Atmospheric flight is achieved with wings,
sometimes moving wings. [ Yes, the Darwin Awards speak of the anti-Einstein that strapped a
couple of jet-assisted takeoff (JATO ) bottles to his automobile and unintentionally achieved a
low Earth orbit, culminating in a collision with a cumulo-granite cloud. However, this text is
limited to the scientific method , not the “hold my beer and watch this™ method. By the way , the
story of the rocket car has been debunked as urban myth. | This chapter presents the mathe-
matics and physics behind wings and several methods for modeling them. This chapter also
looks at fins,which this chapter defines as partial-span wings. Fins are most often used as stabi-
lizer surfaces or endplates. The mathematics used to model fins is essentially the same as the
mathematics used on wings. The location of the reference axes is usually the difference , but this

is not a confusing factor.
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9.2 Basic Geometry—Airfoils

Awing or fin is a three-dimensional device that
generates lift. An airfoil ( section ) is an infinitesi-
mally thin two-dimensional slice through the wing
or fin created by two parallel vertical planes as

shown in Fig. 9. 1.

The study of wings and fins begins here at the
airfoil section. Viewed from the side, an airfoil Fig. 9.1 Airfoil section of a wing or fin.
section resembles the top view of a trout. A
straight line,which joins the leading edge to the trailing edge | is called the chord line and is
given the symbol c. It is the reference line for several other important measurements.

For the purposes of analysis, an airfoil is decomposed into three pieces( Fig. 9. 2a) The thick-
ness distribution( Fig. 9. 2b) describes how thick the airfoil is at any point measured along the
chord. The thickness distribution is always symmetric. The camber line( Fig. 9. 2¢) is the locus
of points midway between the upper and lower surfaces of the airfoil ,measured from the chord.
For symmetric airfoils, this line is straight. Finally | the flat plate ( Fig. 9. 2d ) is the straight line
that is used as a reference line to measure the aerodynamic angle of attack. It is usually the
chord line.

For symmetric airfoils, the chord line and the zero lift line are coincident. Relative wind blo-
wing parallel to the chord line will produce no lift. If the airfoil has camber as shown in
Fig. 9. 2, then relative wind blowing parallel to the chord line will produce lift toward the top of
the page. Let this direction be called *away from the crown. ™ In the discussions that follow , as-

sume airfoil sections are symmetric,unless otherwise noted.

An Airfoil

Eesding L g

a) Edge N — Edge
Chord

Thickness

b)

Camber

0 — T

d) Flat Plate

Fig. 9.2 Decomposition of a wing.
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The airfoil must have an axis system attached to it in order to make sense of the aerodynamic
data and to properly report the forces and moment that it generates. A convention stemming from
analysis and experimentation places the airfoil reference axes at the quarter-chord point, which
is the point on the chord line one-fourth of the way back from the leading edge. All airfoil tables
with which the author is aware use the quarter-chord point as the reference point. This text will
position the airfoil reference axes at the quarter-chord point and the x axis coincident with the
chord line and pointing toward the leading edge. The direction of the = axis 1s difficult to define
without resorting to a “conventional ™ sense of orientation. Without belaboring the point,if the
conventional orientation of an airfoil is such that lift is divected toward the top of the page when
the wind attacks from beneath | then the positive = axis points toward the bottom of the page,
which is the high-pressure side of the airfoil. This is illustrated in Fig. 9.3, What 15 most impor-
tant is this. Once a reference axis has been attached to the airfoil [ it must remain attached no
matter what the orientation of the airfoil. If the airfoil is rotated about the v axis through some
angle ,then the reference axes are rotated through that angle.

Lift

\

Fig. 9.3 Airfoil section with a simple flap.

Airfoils can be of constant shape,or they can have various devices that extend from their sur-
face to augment their lift. Figure 9. 3 also shows an airfoil with a simple flap. A positive {lap de-
flection lowers the flap and increases the lift. A penalty in drag and pitching moment is the price.
Flaps come in many flavors. Slats that extend from the leading edge also have several variations.
A third device called a spoiler deploys from the center of the upper surface and as its name im-
plies,causes the lift to decrease and the drag to increase dramatically.

9.3 Individual Element Reference Axes, Individual Element
Local Axes Orientation—Airfoils

Figure 9. 4 shows an airfoil with individual element reference axes( 1ERA ) and individual
element local axes( IELA). The x axis of the I[ERA is coincident with the chord line | the origin
lies at the quarter-chord point,and the positive direction points toward the leading edge. The y
axis points into the page,and the z axis is arranged according to the right-hand rule. If the air-
foil has an angle of incidence ,that angle is introduced by rotating the TERA relative to the 1E-
LA. See the chapter on axis systems for a reminder of the definitions of the IERA and 1IELA.

Fig. 9.4 Airfoil with IELA ,IERA attached.



