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LIFT AND DRAG

|INTRODUCTION

An object immersed in a flow, or traveling through a flow (e.g. ball, airplane), will be subject to forces and
moments from the flow, as shown in Figure 1.

When considering flow past two- and three-dimensional (2D or 3D) bodies, as engineers we are primarily
interested in the lift and drag forces. These are a function of the speed of the object moving through still air,
for instance, the flight speed of an airplane (U). But in aerodynamics, it is much easier to adopt the reference
frame of the airplane. So, we think that the plane is still, and the air is moving towards the plane with speed U.
The speed at which the air far away approaches the flying object is called free-stream speed.

Let us denote the air flow towards the body (free stream) by U. The drag (D) is the force parallel to the axis of
the free stream (U) — it is a flow loss and must be overcome if the body is to move forward. The lift (L) is
perpendicular to the free stream and is usually associated with airfoils and wings (Lift=Weight is required for
airplanes flying at constant speed). All moments and forces except drag may cancel if the body has the right
symmetry. Cylinders and bodies of revolution have no lift, side force or moments if they are placed with the
axis in a straight angle with the free stream (as illustrated in Figure 2). They still have a significant drag.
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Figure 1 Definition of forces and moments on an arbitrary body immersed in a uniform flow

Example: Forces on a circular cylinder with free stream in 90° angle

®
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Figure 2 Lift, side force and moments which cancel for cylinder flow depending on free-stream angle
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LIFT & DRAG: EXAMPLE

Figure 3 gives an example where aerodynamics

is very important. Aerodynamics means two
things: maximizing lift (up or down) and
minimizing drag.

inverted airfoils (front and rear wings). The
principle is the opposite of that of an airplane

wing.

Figure 3 Success in Formula 1 is largely about lift&drag We also need to minimize the drag, because
drag is a force opposing forward motion. If
there is a lot of drag, a lot of engine power (and fuell) is spent to overcome it and drive at a constant speed.

Drag is minimized by giving the car a smooth aerodynamic shape, which avoids flow separation.

CFD AND EXPERIMENTATION PLAYS A KEY ROLE FOR DRAG (AND LIFT)

Flow separation plays a key role for drag, and influences lift as well'. There is no analytical formula to calculate
flow separation in the boundary layer, so no analytical formula to calculate the drag. Drag can generally only
be found by numerical simulations (CFD) or wind tunnel experiments. For example, the Formula 1 teams spend
a significant budget on CFD and wind tunnel tests to optimize aerodynamics of every new car
(i.e. minimize drag and maximize downforce).

We can determine the drag and lift of an object by placing it in a wind tunnel. One can measure the total drag
and lift forces directly (by a force balance equipment, as you will do in Lab 1). Lift and drag are results of
pressure and friction forces from the fluid, which act all around the surface of the immersed object. Local force
values can also be measured, for instance, from pressure holes on the surface. Such information can be useful
when we want to know which regions the drag or lift is strongest, and how to improve them. (In this topic, we
will also relate drag to the wake behind the body. To visualize the wake, the velocity field can be measured by
ex. Particle-image velocimetry, PIV). Most engineering knowledge about drag (and much about lift) is based on
experimental wind tunnel data, which was used to construct empirical formulas and curves when there were
no computers. We still use the empirical curves to determine drag coefficients.

Computational Fluid Dynamics (CFD) uses computers to simulate the flow equations, and is a very useful
investigative tool, where often more data can be extracted than in experiments. The CFD methods used in the
industry are fast and efficient. However, they cannot always cope with laminar-turbulent transition and flow
separation. Both phenomena can influence the drag. Academic research CFD codes capture those two
phenomena better, but require a lot of computational power or focus on simple configurations. Hence, CFD
can provide extremely useful ideas and guidelines for aerodynamic design, but the designs still must be
verified experimentally.

! Flow separation happens in the boundary layer around the body, so it was also mentioned in
Topic 1: Boundary Layers.
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DRAG
Width (into
First of all, the figure at the right introduces the notation we will page), b
use in this Topic, when discussing lift and drag of different
bodies: . N
Thickness, t B TR e > TP
e Thickness t (perpendicular to the flow direction) v
e Chord c (parallel to the flow direction) Chord, ¢

e Width b (the third dimension “into the page”, infinite
for 2D bodies)

The drag is determined by how the body interacts with the flow around the body. Hence, we need to consider
both the flow speed, and the dimensions of the body. When discussing drag, a very important coefficient is the
drag coefficient.

Drag coefficient:

_D/A
=1

D

Here, U is the free stream velocity, D is the drag, and the area A is one of:

e 1. Frontal area (tb) — usually for spheres, cylinders, cars, missiles etc (thick, stubby bodies)

or

e 2. Planform area (cb) — usually for wings and hydrofoils (wide, flat bodies)

U

e
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Wondering why two different areas for the two different type of bodies?
This is because there are two different types of drag 2, as explained  below:

Pressure drag - often the largest part!

« Increases with the frontal area
+ Has to do with flow separation:

Separated flow —

Attached flow — streamlines separate from the body

streamlines attached to the body

Figure 4 Pressure drag is caused by flow separation
which creates a low pressure area (wake) behind the body

1. Bodies with a large frontal area (i.e. the thick, stubby bodies such as a car) experience mainly
pressure drag. Pressure drag can be explained as follows: In the free stream far from the body, we
can often consider the flow velocity U to be a constant. In Topic 1, you looked at boundary layers,
which are regions of low velocity created near the body surface. In many normal engineering flows
there will be a separation in the boundary layer. This means that the flow streamlines are no longer
attached to the body, but they separate from the body, leaving a wake region behind the body. In the
wake region, the pressure is very low. The difference between the high pressure region at the front of
the body and the low pressure wake region creates a drag force on the body. This component of the
total drag is called the pressure drag or form drag.

Pressure drag is almost directly proportional to the width of the wake. The width of the wake is
proportional to the frontal area. Therefore, to determine the drag for thick stubby bodies the frontal
area is important.

2 A third type of drag is vortex-induced drag, which will be considered later under “Lift: finite-span wings”
(because induced drag increases with lift).
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Frictiondrag

« Friction drag increases with the planform area (surface area)

» Occurs due to wall shear stress in the boundary layer,
where the flow speed decreases from free-stream speed
to zero at the surface

MAGNTILD

The rbvenyity of ' Thermofivlds 2 201672017
Nottingham Topic 2- Ut and Drag

Figure 5 Friction drag is caused by surface friction.

2. Bodies with a large parallel area to the flow (i.e. an airplane wing) experience mainly friction drag.
Friction drag is similar to the friction forces in pipes you studied in MM2TF2. The cause of friction drag
is the wall shear stress on the body surface, which is there because the you studied in Topic 1 —
Boundary layers. Friction drag increases with area parallel to the flow. The friction drag is higher for
turbulent flow than for laminar flow (observe that pressure drag is the opposite). Rough surface also
increases friction drag. The friction drag was considered in detail in Fluids Topic 1 Boundary Layers.

Friction drag is proportional to the sheared area of the body, which is the planform area (the area
parallel to the flow). Therefore, to determine the drag for flat streamlined bodies the planform area is
important.

It is important to remember that even if one type of drag dominates, a body never has only pressure drag, or
only friction drag, but some of both. In calculating the total drag on a body we therefore have to add the
pressure drag and the friction drag:

Cp = CD,pressure + CD,friction

Drag coefficient Cp depends on the Reynolds number Re of the body.
At low and moderate Reynolds numbers C; is a function of Reynolds number; at higher Reynolds numbers Cjy is
independent of Re. Again we need to distinguish between the two types of bodies:

. . . . . . . —»

(1) For stubby bodies such as cylinders, spheres and disks the characteristic length in Re is ;
the diameter D: >
Re = @ »
u g
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(2) For streamlined bodies the characteristic length in Re is the body length

parallel to the free stream, such as the chord ¢ for a wing: m

It is most common for the pressure drag to be larger than the friction drag.

Knowing the body shape, and the Reynolds number, we can find the drag coefficient from a Cp - Re curve
(and then rearrange the definition of Cp to find the drag force in m/s if needed).

Figure 6 shows how the drag coefficient for the illustrated streamlined, long cylinder (almost infinite depth
into page) varies with thickness ratio at a fixed Reynolds number (106). Figure 6b has two curves, one for Cp
non-dimensionalised with planform area and the other for frontal area. It is the same drag data in both cases.
Figure 6a shows how the friction drag varies as a percentage of the total drag with increasing thickness, t. For
a thin plate parallel to the flow t is very small and in the limit the pressure drag is zero and there is only skin
friction. At the other end of the scale, for t/c=1 the friction drag makes a negligible contribution to the total
drag.
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Figure 6: Effect of thickness ratio on total drag and percentage of friction drag for a streamlined 2D cylinder at Re=10° [1]
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FLOW PAST A CIRCULAR CYLINDER
Consider flow past a circular cylinder.

Pressure in free stream, p..
Velocity in free stream, U

—

_

—

_—>
Figure 7: Flow past a circular cylinder

The pressure distribution around the cylinder for inviscid flow (no viscosity, no boundary layer, no separation)

is given by:
% =1 — 4sin®0
U
Eq1l
and is illustrated in Figure 8. (The quantitiy f;g’; is termed the pressure coefficient, C,)
2z

Inviscid

2,0 =
D \ theory
\ /C,,=1—4sin20
\
-3.0 | g |
0° 45° 90° 135° 180°
(4

Figure 8: Pressure distribution around a circular cylinder for inviscid, laminar and turbulent flow [1]

The pressure distributions for laminar and turbulent flow are also shown. There is an adverse pressure
gradient on the rear of the cylinder (velocity decreasing, pressure increasing) that leads to separation. In the
laminar case this occurs at 82° whereas in the turbulent case separation does not occur until 120°.
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Separation

Separation

Narrow
wake

Figure 9: Laminar and turbulent separation and wake for a circular cylinder [1]

Because the flow separates earlier in the laminar case the wake is wider and consequently the pressure drag is
higher than in the turbulent case.

A similar difference in separation behavior and drag is found for a sphere. The drag coefficient for a sphere
with a turbulent boundary layer is significantly lower than for the laminar case. This is one of the reasons that
golf balls are dimpled (rough) as this causes the boundary layer to become turbulent at lower flight speeds
thereby reducing drag and enabling the ball to go further.

Cd —— Smooth
R - == Rough
1.0
5
A
102 10° 104 10° 10° 107

Figure 10: Drag coefficients for smooth and rough spheres [2]
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Worked example 1

A golf ball has a diameter of 1.68” [3].

(a) What is the minimum ball speed at which the drag coefficient will be
significantly affected by the dimples?

(b) Tiger Woods can launch the ball at 150 mph [4]. Where does this value sit at
the Re-axis? Could Tiger Woods use a golf ball without dimples?

Answers: (a) 10.5 m/s, (b) 1.9x10

Your solution:
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DRAG COEFFICIENTS FOR STANDARD 2-D BODIES

Drag coefficients for a few standard 2-D cylinders are given in Figure 11. The boundary layer on the sharp-
edged bodies will tend to separate whether the boundary layer is laminar or turbulent because of the sharp
edges. The elliptical cylinders behave in the same way as the circular cylinder and so the drag coefficient is
sensitive to whether the boundary layer is laminar or turbulent.

Square cylinder: Half cylinder: Plate:

= 2.1 E— C] 12 —_— l:| 2.0

Thin plate
—_— 1.6 e D 1.7 normal to
a wall:
Half tube: Equilateral triangle: e 1.4

—_— ( 1.2 —_— <] 1.6
Hexagon:
ST > 23 — D 2.0 — <:> —10 1()7

Rounded nose section: {

Flat nose section:

LiH: | o1 Joa | oz | 12 ] 20 ] 25 ] 30| 60
— = H Cy F19 28 Y 2r 21 ] a8 |14 ] 13 ] 09
L
Elliptical cylinder: Laminar Turbulent

1 —— Q 12 03
21— Q 06 02

8 —> = 0.25 0.1

Figure 11: Drag coefficients for 2D bodies at Re>10" [1]

In practice, each of these shapes will have its own Reynolds number-Drag coefficient characteristic. For
example the one for a circular cylinder is shown in Figure 12, where the effect of surface roughness is also
included. Consequently the data of Figure 11 should only really be regarded as an approximation. If highly
accurate drag data is required then a highly accurate Cp-Re characteristic is necessary.
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1.5
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Figure 12: Drag coefficient for a circular cylinder as a function of Reynolds number and roughness [5]

In addition, the Cp data of Figure 11 is only for Reynolds numbers above 10*. Below 10" the drag coefficient
will be significantly higher, for example the full characteristic for infinite cylinders and spheres is shown in

Figure 13.
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Figure 13: Full Co-Re characteristic for infinite cylinders and spheres [5]
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Worked Example 2

The streamlined cylindrical body (shown at left) is placed in an airflow (density 1.2 kg/m3, viscosity
1.8x10°kg/ms) has a drag coefficient of 0.12 based on frontal area when the Reynolds number
based on thickness t is 4x10°. What diameter D is the circular cylinder (at right) of the same width
b that has the same drag when placed in the same flow? Assume both cylinders are infinitely long.

o da—==""r b
t=0.5m D=2

Answer: D= 0.05m

Your solution:
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Your solution to Worked example 2 continued:
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The data of Figure 11 is for 2D (infinite length) cylinders. In practice, most engineering components will be too
short to be regarded as 2D. For example for a circular cylinder in laminar flow at (10°<) Re<5x10’ there is an
effect of L/D ratio way beyond L/D=40, as illustrated in Figure 14. The drag coefficient for an infinitely circular
long cylinder in laminar flow is 1.2, as shown in Figure 11. (Please observe that the drag does not always
increase with L/D ratio for other bodies. However, in general the drag is a function of the aspect ratio for all
bodies.)

1.4 -
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£ 0.8 -

]
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o

5 0.4 -
0.2 -

Figure 14: Effect of L/D ratio on C; for circular cylinders in laminar flow (data from [1])
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DRAG COEFFICIENTS FOR STANDARD 3-D BODIES

Drag coefficients for a few standard 3-D shapes are given in Figure 15. As with 2-D cylinders, sharp edges lead
to flow separation and thus high drag that is largely insensitive to Reynolds number. For rounded bodies the
point of flow separation depends on Reynolds number and so the drag coefficient does too. For example see
the ellipsoid data in Figure 15.

Body LD &
Cube: — [] 107
— <> 0.81
60° cone: — <8 0.5
Disk: —_— | 1147
Cup: —_— ) 1.4
— C 0.4
Parachute: E— @ 1.2
05 1.15
Circular cylinder: ——— ﬂ:] d ; 832
L 4 0.87
8 0.99
Laminar Turbulent
t 0.75 05 02
Ellipsoid: _ d 1 0.47 02
V 2 0.27 013
. 4 0.25 0.1
8 0.2 0.08

Figure 15: Drag coefficients for a few 3-D bodies, Re>10" [5]

It should be noted that the drag coefficients of Figure 15 are obtained from windtunnel (model fixed) tests.
The sphere data (Figure 13) is obtained using either falling sphere tests or windtunnel tests. For a buoyant
(rising) sphere such as a bubble, at lower Reynolds numbers there may be wake instability that will lead to the
body spiraling upwards and C, will be increased. In addition, a bubble formed from a less dense liquid rising in
a more dense liquid may deform to a less resistive (lower Cp) shape.
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Worked Example 3

Estimate the maximum bending moment at the base of a single spruce tree in a wide open field at
a wind speed of 60 mph. The tree is 3m tall and can be treated as a cone (triangular cross-section)
of base diameter 2m and height 3m. Take the density of air to be 1.2 kg/m3 and the viscosity as
1.8x10° kg/ms.

U(m/s) | 10 20 30 40
Co 1.2 1.0 0.7 0.5
(+0.2)

Data

from [1]

Ans: 1029 Nm

Your solution:
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Your solution to Worked Example 3 continued:
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DRAG REDUCTION

In many cases drag reduction is highly desirable. For transport (road, rail, air) increased drag leads directly to
increased fuel costs. Remembering that total drag is made up from friction drag and pressure drag, an
important strategy is to reduce the pressure drag of immersed bodies by streamlining them ie shaping the
bodies in such a way as to move the flow separation point further downstream. This will effectively reduce the
width of wake (the area in the downstream of flow separation), leading to a reduction of the low pressure

region in the rear of the immersed bodies [5].

White [1] has a chart showing how car drag coefficients have decreased with time up to the year 2000. For
examples of more recent data the Toyota Prius V has a quoted Cp of 0.25 [7] and Nuna, the Solar World
challenger from 2007 has a quoted Cp of 0.07 [9] — which is less that White’s theoretical minimum of 015.

1.0 y
0.9 \
0.8
0.7
0.6 '

D)

el

9!

Theoretical _ |
0.1 minimum

0
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Year

Figure 16: Car drag coefficients. a) Trend to 2000 [1]; b) Toyota Prius V [6], Cp = 0.25; ¢) Nuna [8], C, = 0.07

Other fields where there are substantial benefits in drag reduction include:
e Qil flow in pipelines

e Racing yachts (vee-groove microriblets for example)
e Performance sports clothing (for swimming mainly)

There are numerous research projects and substantial funding in these and other areas.

18 I Topic 2: Lift and Drag  Notes: Outi Tammisola & Kathy Simmons


http://en.wikipedia.org/wiki/File:Nuna3atZandvoort1.JPG
eazdg1
Text Box
2018-2019



Thermodynamics and Fluid Mechanics 2, MM2TF2 | 2018-2019

Group activity

« With ~3 people around you, try identify 3 features in this figure
which reduce drag

+ Try to specify also which is reduced - is it pressure drag, friction drag (or both)?

Your notes from the discussion:
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LIFT

Lifting bodies are primarily aerofoils (airfoil), hydrofoils (liquid based equivalent of aerofoil) and vanes. Usually
the intention is to provide as much lift as possible while minimizing drag (lift is what you want, drag is what
you pay for!). Aerodynamic lift and aerofoil performance is a huge area for study and only the basic concepts

are introduced here.

A generic aerofoil is illustrated in Figure 17. The straight line joining the leading edge and the trailing edge is
the chord. If the shape is not symmetrical then the aerofoil is cambered and the concept of the mean camber
line is introduced. The mean camber line is the locus of midpoints between the upper and lower camber lines.

Upper
camber

edge Chord line
(joins leading Lower
and traling camber
edges)

Mean camber line

(locus of midpoints
between upper and
lower camber lines)

Figure 17: Definitions for aerofoils

Trailing
edge

Figure 18 illustrates the angle of attack, the angle between the free stream velocity vector and the chord line.
Lift and drag coefficients for aerofoils are based on the planform area (bc in Figure 18). With reference to
Figure 18, the Lift force, L and Drag force, D are non-dimensionalised into lift and drag coefficients as:

o D/ _L/A,
D — 1 ) L — 1
§PV2 EPVZ
Planform
area = bc

1 Lift
Drag

\
Angle of /
attack J t = thickness Yiospan
= spa

a7
v

—
i Ch()rd \/

Figure 18: Further definitions for aerofoils [1]

]

If the chord length is not constant (eg tapered wing) then A, is obtained by integration: 4,

=[cdb

Eq 2
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HOW DOES AN AEROFOIL GENERATE LIFT?

Airfoil creates lift by turning the flow around it. It creates a downwards force on the flow, and by Newton’s 3™
law, the air creates an equal but opposite (=upwards) force on the airfoil.

You can observe this in all the airfoil figures below. At free flight, the free-stream flow approaching the airfoil
leading edge is nearly horizontal. However, the flow leaving the airfoil at the trailing edge has been deflected
down. The flow has changed direction, which means that it has accelerated, so a force down must have acted
on it. By Newton'’s 3rd law, a force up must then have acted on the airfoil. The principle is illustrated in Figure
19 below which is from NASA web site. (For those who are interested, the same website also considers some
common but incorrect explanations of lift and explains why they are wrong).

. . Glenn
Lift from Flow Turning Research
Center
Lift is a force.
Force = mass X acceleration F=ma
Force = mass X change invelocity with time F=m(V,-V,)
(t1 -t |])

Velocity has both magnitude (speed) and direction.

Changing either the speed or direction of a flow generates a force.
Lift is a force generated by tuming a moving fluid.

Figure 19 Principle of lift generation [20].

You might wonder actually how the airfoil makes the flow turn. This has to do with the shape of the airfoil, in
particular the sharp trailing edge. From previous sections, you might remember that for shapes with corners,
the flow separates in the corners (triangular prism, cube). The trailing edge is a sharp corner. The flow around
the airfoil wants to separate at the trailing edge (this is called Kutta condition in aerodynamics) (. rather than
on the smooth surfaces. Hence, the flow must follow the airfoil
and this means turning down along with the airfoil surface.

s
M
Figure 20

Bottom: Flow around a lifting airfoil separates at the sharp trailing edge (Kutta condition).
Top: An unrealistic zero-lift flow which would violate the Kutta condition.
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For a symmetric aerofoil shape that is parallel to the flow, the flow is horizontal in the front and back of the
aerofoil and no lift is generated. However, if the aerofoil is angled to the free-stream velocity vector (relative
wind), then the flow leaving the trailing edge is turned down, creating lift. This is illustrated in Figure 21

a) Symmetric aerofoil parallel to free stream — no lift

\
Eg __/\_
Sy — —_
[}
mk
T,
—>

b)  Symmetric aerofoil at a small angle to free stream - lift is generated

Figure 21: lllustrating how lift is generated from a symmetric aerofoil at a small angle to the relative wind

The angle between the chord of the aerofoil and the relative wind is called the angle of attack, a. As illustrated
in Figure 22, a symmetric aerofoil generates no lift when parallel to the relative wind (zero angle of attack)
whereas a cambered aerofoil will generate a little bit of lift even at zero angle of attack. As long as the flow
remains attached (low angle of attack) more lift is generated at a higher angle of attack.

—_—
T

af\

Figure 22: Symmetric and cambered aerofoils. A symmetric aerofoil only generates lift when it has a positive angle of attack. A
cambered aerofoil will generate lift even at zero angle of attack.

In general lift and drag data is obtained by experimentation. For low Mach number flow C, and C, depend on
roughness, angle of attack, a and chord Reynolds number.
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There are many tested aerofoil designs and a huge number of them were developed by NACA®. A NACA
aerofoil is described using a series of digits following the word "NACA." The parameters in the numerical code
can be entered into equations to precisely generate the cross-section of the airfoil and calculate its properties.

The NACA four-digit wing sections define the profile by:

1. One digit describing maximum camber as percentage of the chord.
One digit describing the distance of maximum camber from the airfoil leading edge in tens of percents
of the chord.

3. Two digits describing maximum thickness of the airfoil as percent of the chord.

For example, the NACA 2412 airfoil has a maximum camber of 2% located 40% (0.4 chords) from the leading
edge with a maximum thickness of 12% of the chord. Four-digit series airfoils by default have maximum
thickness at 30% of the chord (0.3 chords) from the leading edge [11]. There are also 5-digit, 6-digit, 7-digit
and 8-digit series!

Although the boundary layer on an aerofoil is most commonly turbulent, laminar flow can be maintained up to
chord-based Reynolds numbers of 30x10° by appropriate profile shaping. Laminar-flow aerofoils have
favourable drag characteristics and are used in the design of many modern subsonic aircraft [12].
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Figure 23: Lift and drag coefficients as a function of angle of attack for two aerofoil sections at Re=9x10°. From [12]

3 National Advisory Committee for Aeronautics (in USA) now replaced by NASA (National Aeronautics and
Space Administration
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STEADY HORIZONTAL FLIGHT

For an aircraft in steady horizontal flight, there are no accelerations and all the forces acting on the aircraft
balance. In the vertical direction the total lift force (from all the lifting elements, wings, fuselage etc) must
balance the total weight of the aircraft. By far the greater proportion of the lift comes from the wings and for
initial calculations it is often a satisfactory approximation to assume all the lift comes from the wings, in which
case C in Eq 3 can be taken as the C, of the wings only.

W =L =CpUA Ea3

In the horizontal direction in steady flight the thrust force generated by the engines or propellers must be
equal to the total drag of the aircraft.

T =D = Cp3pU2A Ea4

In Eq 4 the drag coefficient is that of the entire aircraft but again, as a first approximation this can be equated
to the drag of the wings (for subsonic flight and relatively large aspect ratio wings) and under these
circumstances the drag coefficient is that of the wings. Note that if T is the total thrust for the aircraft then A
must be the total wing area (ie for both wings) if the equation is to balance.

Thrust force can be related to thrust power using the standard equation power = force x velocity. Thrust force
is in Newtons and thrust power in Watts.

LIFT

THRUST DRAG

Figure 24: In steady, horizontal flight: Lift = Weight and Thrust = Drag
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Worked Example 4

An Embraer E190 has a mass of 47,000 kg.
a) What is the lift force when the jet cruises in steady horizontal flight at 500 kmh at an
altitude of 5000m?
b) Assuming all the lift comes from the wings calculate the lift coefficient given that the wing
area is 92.5m*?
c) If the drag coefficient is 3% of the lift coefficient, what is the thrust required?
d) What thrust power are the engines generating at this flight condition?

Ans: 461.07 kN, 0.701, 13832N, 1921 kW

Your solution:
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 STALL

At a low angle of attack there is an adverse pressure gradient on the rear surfaces and either no separation or
only a small amount (depending on the exact shape of the aerofoil). As the angle of attack is increased the
separation point moves forward until there comes a point where there is a sudden decrease in lift. This is
called stall and the angle at which it occurs is the stall angle. Typically lift at the stall condition is insufficient to
support the weight of the aircraft and it will fall.

Tilt with respect

to harizantal plane Separation points

—
a° e TN

Turbulent wake

Separation point moves
—_— ¢ slightly forward
5® (:_ _‘-h_\-‘_\_"_‘"—-.. 1‘, g d

s

Maximum lift
18° T Separation point jJumps
(stall angle) —_— T _wfcer

:.-".l\ "'#_L"":,_“I---,I A
e ——
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and reduces lift

—
20° &-""‘\-._ _-::‘,""-\.._ -«.._.P\ks

ﬁ‘j "-‘3_““‘__"‘—--..
Large turbulent wake 230 -5

(reduced lift and large pressure drag) T

Figure 25: Showing effect of angle of attack on flow around an aerofoil [10]

As air flows over an airfoil, lift is generated as a consequence of the differential pressure between the lower
(pressure) surface and the upper (suction) surface. Under normal operating conditions, air flows faster over
the upper surface than the lower surface, thus pressure is lower on the upper surface and there is a resultant
upwards force (lift). If the angle of attack of the airfoil is increased a little from zero then the lift is increased.
However, there comes a point where further increase of the angle of attack does not cause further increase in
lift. The flow is unable to remain attached to the upper surface and instead becomes detached. When this
happens there is no longer higher speed flow over the top of the airfoil and there is a sudden, dramatic, loss of
lift. This is known as stall and it occurs just after the maximum C, condition.

Examination of Eq 3 shows that for a given aircraft weight, at the maximum lift condition there is a minimum
velocity. If the velocity is any lower than this minimum velocity then the lift force for the aircraft is less than
the weight. This minimum speed is often referred to as the stall speed because if the aircraft flies slower than
the stall speed it will start to fall and any attempt to increase lift through increasing the angle of attack reduce
in stall of the flow over the wings (because at the limiting condition with maximum lift the angle of attack is
already at its maximum). Rearranging Eq 3 with C| ynax and Uy yields:

2w

Ul = |[———
stall P) CLmax A

Eq5
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It is generally accepted [1] a pilot needs a speed greater than about 1.2U,, to avoid instability and stall and it
is an FAA (Federal Aviation Authority) requirement for commercial aircraft to always operate above 1.2 Uy

This minimum safe speed is particularly important for landing because it is the time when a) the aircraft needs
to be travelling slowly for safe touchdown and b) any sudden uncontrolled loss of lift is dangerous because of
the proximity of the ground. The minimum safe landing speed is taken as 1.2 times the stall speed associated
with the maximum lift condition for the wings when configured for landing.
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Worked Example 5

The Geier 2 glider illustrated has a total wing area of 14m* and a weight of 370 kg. What is its
minimum safe landing speed if C, .« is 1.28? Take air density at ground level to be 1.2 kg/ms.

Ans:22 m/s

Your solution:
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At landing a low speed is desirable and lowering U, can be achieved either by increasing the wing area A or
Cimax- Flaps are hinged surfaces on the trailing edge of a wing. When the flaps are extended the effective wing
area is increased and so the minimum speed of the aircraft is reduced. Figure 26 shows the wing flaps on a
Boeing 737 as they go from retracted to fully extended ready for landing.

Figure 26: wing flaps on a Boeing 737 shown going from retracted to fully extended for landing [19]

Figure 27 shows shows lift and drag data for a NACA 23012 aerofoil, illustrating the significant increase in C,
even for a single slotted flap.

Configuration
35 [
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Figure 27: Effect of flaps on lift and drag of NACA 23012 aerofoil

FINITE SPAN WINGS

Although aerofoil data is typically presented for infinite length (2D) sections, in all real applications aerofoils
are of finite span (aircraft wings are not infinitely long). These real-world aerofoils have less lift and more drag
than the 2D data shows. One of the reasons for this is trailing vortices. Near the wing tip there is higher
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pressure on the lower surface than on the upper and this causes flow around the wing tip, as illustrated in
Figure 28. Another consequence of trailing vortices is that drag is increased with the additional drag termed
induced drag.

- > \\
i l Induced
p | ‘downwash
G 2§ M velocities
+\\— Y +
+ T \; -~ v
+ T e +
4 %
Pressure levels CseN o, Y

y } Trailing vortex

Figure 28: Schematic representation of wingtip trailing vortices [12]

The trailing vortices and consequent increase in drag and reduction in lift are concentrated near the tip of the
wing and consequently are for more significant for short, stubby wings than for long ones. The effect of finite
span is usually correlated with wing aspect ratio:

Planform area, A

Figure 29: lllustrating wingspan and planform area (base illustration from [14])

Span is the tip to tip length of the wing, as illustrated in Figure 29. The platform area is the entire area of the
aircraft wing (or wings if there are two separate halves). By definition [15]:

b2

b b . . Eq6
Agatio = a =_or- for rectangular section and average chord respectively q

For a rectangular wing the planform area = width x chord: A, = bc
The effect of finite aspect ratio is illustrated in Figure 30 and Figure 31. Compared to the infinite aerofoil, the
angle of attack has to increase by Aa to get the same lift. Theory predicts that this increase in effective angle
of attack (in radians) is given by:

Cy

Ag = ————
T[ARatio
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Eq 7
Also, instead of being perpendicular to the motion the lift force line of action leans backwards from
perpendicular by Aa.

Aal

Aa
a

a) Without induced drag b) with induced drag

Figure 30: With induced drag a larger angle of attack is required for the same lift

There is therefore an induced component of drag such that:

AC C. A Ci
p ® L A0 = ———
nARatio
Eq 8
Thus: Cp = Cpo + —
' b De= TARatio
Eq9

(a) (h)

Figure 31: Effect of finite aspect ratio on lift and drag. a) shows how effective angle increases; b) shows how drag increases [1]
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Worked Example 6
The Geier 2 glider of worked example 9 has a wingspan of 17.76m and a wing area of 14m>. The
wing aspect ratio is 22.53. The aerofoil is NACA 633-618 [13]. By how much must the angle of

attack change from the infinite case for a C, of 1.1? (use the synbols in the figure on the next
page). What is the drag coefficient of this wing at this condition?

Ans 0.0155rad or 0.9°, 0.036

Your solution:
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Figure 32: Lift and drag data for NACA 633-618 aerofoil [14]

33 I Topic 2: Lift and Drag  Notes: Outi Tammisola & Kathy Simmons



eazdg1
Text Box
2018-2019



Thermodynamics and Fluid Mechanics 2, MM2TF2 | 2018-2019

Aerodynamic lift is an important consideration in the design of high speed land vehicles. At high speeds lift can
unload the tyres and a direct consequence of this reduction in steering control and stability. An inverted
aerofoil creates a downforce (opposite to lift) on the vehicle and this improves traction.

An endplate or winglet added to the tip of the wing will reduce the strength of the trailing vortex and thereby
reduce the induced drag. In addition a winglet will produce a small component of force in the flight direction —
which also reduces overall drag.

Figure 33: Endplates (a) and winglets (b) reduce induced drag.

SPIN AND LIFT

Another area where aerodynamic lift plays a significant role is in sport. A spinning sphere behaves differently
to a non-spinning one and in golf for example ball spin creates aerodynamic lift that keeps the ball in the air for
longer. The effect of the spin is to modify the pressure distribution around the ball and thus the location of
the boundary layer separation point. Figure 34a) shows the modified flow pattern for a smooth sphere; as the
wake is directed downwards there is a lift force upwards, perpendicular to the spin axis and to V. This lift force
is known as the Magnus effect (after Heinrich Magnus). If the spin were in the opposite direction there would
be a down force and if the spin were about the vertical axis the ball would curve to the side (can lead to drift of
artillery shells for example). Spin ratio, the ratio of sphere surface speed to free stream flow, makes a big
difference to the lift coefficient as illustrated in Figure 34b).

Spi . _wR  wD Eq 10
pinratio = —- = -

Lift force, F; 0.6 7

6.2 x 10 —
7.7 x 10*
10.7 x 10*
| | |

' 1 2 3 4 5

Spin ratio, @D/2V
(a) Flow pattern (b) Lift and drag coefficients

Figure 34: Spinning sphere. Modified flow patter and effect on lift and drag coefficients [12]
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A similar effect is found for golf balls, as shown in Figure 35, although the values of Cy and C, are somewhat
different because of the rough surface of a golf ball.
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Figure 35: Effect of spin on lift for golf balls [12]

35 I Topic 2: Lift and Drag  Notes: Outi Tammisola & Kathy Simmons


eazdg1
Text Box
2018-2019



Thermodynamics and Fluid Mechanics 2, MM2TF2 | 2018-2019

Worked Example 6

A smooth tennis ball of mass 57g and diameter 64 mm is hit at 25 m/s with top-spin of 7500 rpm.
Calculate the aerodynamic lift on the ball. How does this compare to the weight of the ball?
Discuss qualitatively how this will affect its trajectory. Take air properties to be p=1.2kg/m3 and
u=1.8x10'5 kg/ms.

Ans: 0,31N, 55% of weight

Your solution:
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Space for additional notes:
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