* During ascending flight, if the aircraft is maintaining a
constant true airspeed, all the forces are balanced. This
is true for straight and level flight as well as climbs and
descent.

* As the air density changes, climb angle will change, which
changes the vertical velocity, which results in
acceleration or deceleration



Density Altitude

AR M
* |s pressure aItitude er)bAcorrected for
nons\tWﬁY@@mqgﬁtﬁ .
TEL P/ Pgy \ eM-TR
P(e\’ Page DA == [1 = (TI;TSL) ]

 As OAT increases, air density decreases and DA
increases

DA affects

— lift (reduction in air density reduces the wing's lift)

— efficiency of propeller or rotor (an airfoil) similar to lift on
wing

— power output of engine (less oxygen at altitude)

which is reduced at altitude and influenced by
moisture in air

See Exercise 2, Question 5 on how
to calculate Density altitude!




The Venturi Tube and Bernoulli’s Principle
Giovanni Battista Venturi (late 1700’s), Italian p\f& cist

25 o~

(velocity) 3565

W’r PTressurc
(pressure) —— JeTTeases

O/
kinetic eM //:
.
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i
f

Bernoulli’s principle states that when the velocity of
airflow INCREASES, it’s pressure DECREASES.




Pitot Static System
* The is mounted facing forwarq)\ﬂith static pressure
detected at ports on one oréogt@\ﬁa@s of the aircraft.

Sometimes both Rrees uergaare combined in a single

| \
prOE, é\RéXN%etL@Q O Vertical

Speed
Pitot Airspeed Indicator _
Heater Switch  Indicator  (VS)  Altimeter

Static Port

Opening

Pressure

] Chamber ) Alternate Static Source
Total pressure = Static pressure + Dynamlc pressure

Static pressure: Static ports
Dynamic pressure: Pitot tube



Equivalent Alrspeed

* At standard sea level pres%&aec@fi)nrated airspeed and
equivalent airs OAU§A_

AN X A% oﬁ

 EAS s closely related to IAS shown by the airspeed
indicator. Handling and 'feel' of an aircraft, and the
aerodynamic loads upon it, at a given EAS, are very
nearly constant and equal to those at standard sea
level without respect to actual flight conditions.



About EAS

VK
otesa\e cO

N 2
00T sk e0h A
c\N 'e)
P95 &
* The only difference between EAS and TAS is
density (temperature)

preV)

— Sophisticated systems use the Rosemont
temperature probe and computer to calculate
temperature ram rise friction (without
temperature input, there is no TAS reading)



Tru eoé ggge@él‘
oMU ash
o TA%@Q;@@& cgécﬁé Srcraft relative to the
a

(o)
tmosp%ere

* TAS and heading of an aircraft constitute its
velocity relative to the atmosphere. The
vector relationship between TAS and speed
with respect to the ground is: v; = V, — V,,

* Where

Uw = windspeed vector



True Airgpeedt
oM NQ‘B A?)Ac

. If @‘eée\e%&‘@m‘a fAs = Gs
e Asair becomes less dense (e.g., climbing), TAS
will increase for the same EAS

* Mach number expresses how fast TAS is in
relation to speed of sound under those
atmospheric conditions (mach 1 + SOS)



Continuity Equation

STATION 1 STATION 2 STATfON 3
| | K
' U
|
. |
- ! l !
' —————————————
l J——
|
:
\’\ l § 4
(= 7\ | u
| [
R
|
| | I
A1 V1 Az Vz AS V3

Fig. 2.1. Flow of air through a pipe.

The continuity equation states that the mass airflow is a constant:

1A V) = p ALV, = p3 A3V, =’constant 2.7)

In subsonic flight, air density is not compressed, and therefore
is regarded as constant.

In transonic and supersonic flight, air density is compressed
and is regarded as dynamic.



Angle of Attack

Angle between t\kﬁ@verage relative
wind and chord line of the airfoil a\e- cO

— The angle of attack |s\‘ae\&\@8%et\ospﬁ_n the chord line and the average
relative Wlnd {xO

aﬂhge (‘5 ?%ates more lift (up to the CLmax point, where the
a|rf0|l produces maximum lift, exceeding that results in a stall).

Point on the chord line where the Aerodynamic

Force acts .

total lift




Aerodynamic Center (AC)
1. Point along the chord le ag(yr\é\%hlch all

changes in th 6@ amic force take place

% tﬁp&(\ Q)ft a‘/%lch the pitching moment
P(e\, oepa@%hange with angle of attack

**0On a subsonic airfoil, the AC is located approximately one-

quarter (between 23% - 27%) of the chord line from the leading
edge**

Leading Edge Maximum Thickness
Aerodynamic Center A C ” . tl t t.
N AC wi rgmam mos Ys ationary
unless airflow over wings
Y

approaches speed of sound
........................................ (moves to about 50% chord)

Trailing Edge

----------------

'— Chordline

Chord >

e




Boundary Layer and Lift

Boundary Layer

Laminar Turbulent

Glenn . . .
Research @ C:'rlecmeH Effects on Lift Research

Glenn

Flight Path

| | t&axg :“ Ry Stall
i Velocity > M}N&—OO-‘ —— a? 33 e
eV

. Stalled

‘"‘-l..---l--
el __"'"--.__-__-__
Angle of Attack=a
Surface of Object Fer small angles, lift is related to angle.
Greater Angle = Greater Lift
Velocity is zero at the surface (no - slip) For larger angles, the lift relation is complex
Included in Lift Coefficient
. m . Glenn
Similarity Parameters Research
Center
Viscosity Compressibility
Characteristic "Stickiness” "Springiness”
Parameter Reynolds (Re) Mach (M)
Definition density x velocity x length flow velocity
viscosity coefficient speed of sound
. p XVixlL v
Equation — a
Aerodynamic Forces depend on Re and M
For a valid experiment, Reynolds Number and Mach Number
must match flight conditions.




* Wing tip stall noteSt oo
increases v&@hwﬂﬂ\g,l A
\J\ Qe
taperisweep? |

 Deep Stall:
T-tail is more at risk




Got Lift? Fla
\e Gop‘&(

* Flaps increase No’ﬁes s

the wing s fro™ Q3 &&%m. o I
ca m‘?:%?g pag° ' —<<

— Some also C“jx-
increase the
wing area omen

(fowler flap). ——
* Almost all jet ﬁ(u
transports also y

have leading
edge flaps.

LIFT COEFFICIENT, CL
5

K\
2
3

; T T -
=10 -5 0 5 10 1|5 20 L]

ANGLE OF ATTACK — DEGREES DRAG CCEFFICIENT, Cp



P .
Too Much Lift: C’%p‘gulers

1S
. Spoile_rs\l\ldg\s@\'@ﬁﬁgﬁ A
@t@HI&N dowf i??gt)light (flight spoilers);
— for roll control in flight (flight spoilers);

— to slow down on the ground (ground spoilers).




Vortex Generator
oM
\e:©
low in the boungdaty esagfn be laminar or turbulent
Flow In
Sur @,&B\'ﬂéﬁ&g@%gsé’\is added layers slow less
& 2d ’

Laminar air flows freely and is orderly and stable

Back from the leading edge is a transition region
where boundary layer becomes turbulent

Despite the turbulence, on the wing surface, there is
still a thin laminar sub-layer with no turbulence

This is due to the dampening effects of viscosity

The sub-layer slows and becomes the cause of
separation and reverse flow, causing the wing stall



Wingtip Vortices

%
co™
5\
o N a2
P(e\,\e\N ‘( ge gA' O
pa

e Downwash doubles

DOWN WASH

Figure 1-5-7 Upwash and Downwash
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PIan@mggg;?é?ffects and

\©

““Induced drag,
Lecture /



Swept Wing Spa(h\g

?age

Wlng sweep angle alters wing span to an effective span which is smaller

Figure 5.43. Effective wing span in a swept wing




Planform Effects and Induced Drag
o WK
e CY



Skin Friction Drag
(o5

0
* The bour\gal@fg\/%aﬁ%%ebfates a stagnant

Iay@\’r%\’f\%ipmﬁe%ules

* Drag is created when the slipstream comes in
contact with this stagnant flow

* Varies directly with the airspeed



Hybrid Laminar Flow

\N “Om 39 0‘
. Tiny RAIEs cove{ﬂﬂ@%pamted leading

edge of 787-9’s vertical tail used to
control airflow over the surface

 Technique used by NASA on F-16XL
and recently by Airbus on A320
test aircraft in the late 1990s
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F=T=Q(V2_V1)

where
T = thrust (Ib)
0 = mass airflow = p AV (Eq. 2.10) (slugs/sec)
V, = inlet (flight) velocity ([ps)
V, = exit velocity (fps)




Turbojet
oM¥
\e©
Faster speeds, longer rarﬁg’t@?ﬂ@r &ayloads, lower mx

5 componercéc\N 'rﬁNQ,“c\g ra;%obl‘, combustor, turbine, nozzle

Can a@&%ﬁ’ aftqﬁtﬁ@%r

Heat from exhaust must be controlled (turbine blade cooling)

Fuel
Injector Turbine
Hot

gases

Compressor Combustion Nozzle

chamber



Thrust Avallable\

g:cOM

* So, T, |sastralgﬁ ne

Thrust Available (jet)

{(Full Throtte) T
A

THRUST

THRUST

(Half Thrattle) T
A

VELOCITY (TAS) - VELOCITY (TAS)



Drag or Thrust\(

% i i
4000 et % 5 t i
¥ i
e Gt
3000 3 i i gt
5
DRAG il 2 MINIMUM i
THRGST 2000 EE PeR® = - &
REQUIRED i W/ pymax ik A
(LBS) #  “DIMAX
TOTAL %gms i
m fing S3anasssas m esasaiasis E B 1
1000 S PARASITE DRAGI] i
3 INDUCED DRAG
0
0 100 200 300 400 500
- \.rsgu_acrr'.r-mucEr$
g FEHET AIRPLANE DATA: HEHHHRHES EM z
SHE W 215,000 LBS. £ i Lt
3 b=40FT o
: t=72 fHREnE
3000 = e =.827 S i s
o =1.000 S i
FOWER HHEH B R, it fE i
m"p) E MINIMUM 25| T TOTrArIE'o'I::_ Rl
H T (L POWER
EE: RE_QID 33 /Dl MAX T
FHEH e : PARASITE i
1000 R e e S POWER REQ'D :
i i T
5 ED
i - iy POWER REQ'D 1 5 1
(ﬂ;’ i ; : s
o 100 200 300 400 500

VELOCITY-KNOTS

DRAG— Ibs = 1000

8.0

7.0

6.0

5.0

4.0

3.0

2.0

s
7
BUFFET /
\ LIMIT
\ . A
\ A< L
\ e
N \UIL/Dluax. - F°

100 200 300 400

VELOCITY —KNOTS TAS

600




Rate of Climb

2\
ROC =1 Sill y = VTE f@_b@c = ¥ siny (knots)
o', &g ot st
e &) i non
P(e\,\ Page l =101.3% = (fpm)

* Max rate occurs at V and AOA that produce Max T;

 Max ROC for turbojet occurs at V greater than

POWER

L/Dya » and AOA less than L/D,,, AOA : 3
Max ROC (jet) : 'ch: Cruise Climb
(Full Throttle) Di;tance [Time ~
Pa Pe / PH ___________ ’f(;;’k‘ﬁ
28 9 '\ | ;/ L RATE _?'; gll.':nfyn
.............. UDMAX /,\'Y/ —

HORIZONTAL VELOCITY

VELOCITY (TAS)



Maximum Rangeu\(

(e

* Min ratio to ren?alah airborne is is line tangent to T,

Max Range (jet)

THRUST

VELOQCITY (TAS)



“Om ’(’( O‘
g’c higher altitudes

e So, 1?\’/@{\(? e\gsg@%

e That means thrust excess will decrease

\) N
I, =T,-T,

Effect of Altitude on Effect of Altitude

i on Jet
s TSt Avalable Power Available

Sea Level

POWER

(Full Throtte)
20,000 ft.

THRUST

VELOCITY (TAS)
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PERFORMANCE FAKTORS
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For a given altitude and RPM, the thrust

from a propeller-driven airplane
decreases as velocity increases during

the takeoff roll.




Takeoff

O.
sole
o’&e
Takeoff speed}nj: e eﬁe%m%nt for takeoff, and enable
pilot r‘L@ﬂbﬁ anr@ﬁhgs and decision-making

Use of mcorrec?takeoff speeds can lead to tail strikes, high-
speed rejected takeoffs or initial climb with degraded
performance

During the takeoff roll, it is of utmost importance to know the
minimum speed at which the aircraft will remain controllable, in
the event of an engine failure on ground

This is because, if the takeoff is continued, only the rudder will
be able to counteract the yaw moment generated by
asymmetric engine(s) thrust



By regulation, minimum speed at which an aircraft is defined to be
“controllable” (lateral excursion lower than 30 feet) after an engine failure
on ground, is referred to as VMCG (Velocityaf Mﬁimum Control on

Ground) NO esa\‘() VMCG
fro" "

. .gA f’ > —t
VM ccj‘g}agnw(;\(%\t%rré csé'enl e = 17/ S

— Pressure altitude

If failure occurs before V1: Decision Speed

— V1 is the maximum speed at which a rejected takeoff can be initiated, in the
event of an emergency

— V1 is also the minimum speed at which a pilot can continue a takeoff after an
engine failure

If an engine failure is detected after V1, the takeoff must be continued

Therefore, V1 is always greater than VMCG sTal

Airspeed g



VMCA (Velocity of Minimum Con\’grol in the Air)

* To reduce sideslip, this speed can be reduced even more, if
the aircraft is banked on live engine’s side

 The lower the speed, greater the necessary bank angle



Takeoff Safety Speed

V2 is the minimum speed to be m @t‘é}}]‘ed up to
acceleration altitude, if @ﬁ'@}% failure after V1

Flight at V2 m@;‘ﬂ\ §Mquwed climb gradient is
achlepq@\b gezft controllable

V2 speed is aIways greater than VMCA, and facilitates
control of the aircraft in flight

In an all-engines operative takeoff, V2+10 provides a
better climb performance than V2

If one engine is lost before reaching V2, initial climb is
flown at V2

If thrust is lost at speed between V2 and V2+10, current
speed is maintained to ensure most efficient climb speed

Not necessary to increase pitch, in order to reduce speed
to V2, when higher speed already has been reached



PERFORMANCE FAKTORS

teSa\e '
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preV™ page

HYDROPLANING SPEED

V TP (9)




eSa\

A =

P.— what is regwr&ﬁﬂg\amt@%%?’ 325
preV!

When expresse |n nots, product is divided by 325 to give

power in units of horsepower

Can be expressed as THP or SHP,

but usually as P Thrust bucket

Power Required

*Usable horsepower is in THP*

To find L/D,,, draw line tangent
to bottom of curve
Note L/D,,,y NOt at bottom

POWER _

o

VELQCITY (TAS)
Figure 1-6-3 Power Required



time

Ic @l

Horsepower =

James Watt defined the term horsepower (HP) as 550 ft-1b/sec:

Force x Speed — |

550

/)

Speed is
Velocity in
Feet-Per-
Second (FPS)

engine, then

If the speed is measured in knots, ¥, and the force is the thrust, T, of a jet

HP

325

_ Thrust x ¥y T, P:TR'V
= = 325 .

P. =

DV,
325




Gyroscopic precession

e A Ieft-turmﬁ

NQ\BS&\GA'C
mﬁypa’u ring takeoff in

ta NHr%\é\gepaB@raft only.

Effective

Applied Force

Force

Yaw

Resultant

Force

Figure 3-33. Raising tail produces gyroscopic precession.
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Approaches to Stegith

Low radar cross-section \e .CO ’
eSe
£ ABA .
A2 O | )
E— G
e ——— |
.ﬂ"‘-l.
|
y ' T
— i — Ve
e - . _ + Open-oop instability
SR ES Need for closed-loop control
e L i, -



Stability

- initial tendencies of aircraft after equilibrium disturbed
(trimmed condition)

Dynamic

overall tendency the aircraft displays after equilibrium is
disturbed, often after a series of damped out
oscillations



Axes of Flight
. CO'

Lateral Axis Longitudinal Axis NO‘.\@&' \e .
( on s e’
e\ >V AL

e

vk

f
\

Rudder—Yaw

PITCHING ROLLING YAWING

Figure 3-9. Axes of an airplane.

* Roll > ailerons (wings)

e Pitch > elevators (nose or tail)
* Yaw > rudder (tail)

* Note: From naval terms




Dynamic Stahility

otesa\e '

‘ Neutrgl\g“qﬂﬁfﬁl\g@bﬂiﬁbf

_ Pd&isteripad® T

(phugoid)
oscillations

Displacement




Dynamic Stalg)llj\ty

nov tese) A
. Negatlve\gw\i@mi t@bl‘hﬂ
— ?\E?easw@@vergent) oscillations
— Never returns to
equilibrium [
— Avoid at all costs

Displacement




Straight Wings

e Straight wings have a small positive effect on directional
static stability

e *Straight wing aircraft are more
sensitive to AoA changes (like

wind gusts)*




Dutch Roll o UK

When a sideslip excurs; 6@@6@&3‘0 |

TR LCAA s
e 300

preNToa0e

If dihedral effect is strong, oscillations will be more roll than
yaw

If dihedral is weak, oscillations will be mostly yaw

Typical airliner with swept wings will exhibit angle of
bank oscillations twice those in sideslip

Adverse and proverse yaw can initiate Dutch roll
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Slow FEligkity-5talls and

. e\|\|
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Spins
Lecture 14



Slow Flight

teSa
* Two primary elem&\nﬁO 2y
— Establlsl{@\y ﬂzﬁnt |@Q§1d maneuvering a/c at airspeeds
||Ft6% gura‘u@@%ke TO, climb, descent, approaches, LND,
and go around
— Maneuvering at slowest airspeed capable of maintaining
controlled flight without stall indications (3 to 5 kts)

* Primarily for training, but used in commercial
applications (survey, cameras, parachute drops)

* Includes configuration changes (flaps, gear, bay doors)

Low airspeed
High angle of attack

High power setting
Maintain altitude




Minimum Controllable Ai\r(speed
oV

G
Practiced in instrume&&w@ﬂ)@ﬂal conditions
| Krease i
Speed at v%mph(@ww@hﬁr crease in AoA, load factor,
VIEY L% . .
or rRXe |on‘nra@9/ver will cause immediate stall

Typically done in stages (slow, maintain alt/hdg, flaps,
gear, flaps, climb or descend, stabilize, recovery)




Stall 00-\)\(
* Boundary layer separati@ga\e‘

* Significant Q\quﬁ’ﬂe\mﬂ@‘)& el
VeV ge 3t
P pad

Airflow fast
Static pressure
. Adverse i
Transition pressure gradient slov'v\i'r:go(;vown
po'mt Static pressure

increasing

Turbulent boundary layer 4T, o ' N q
e

\ Flow
Note: Vertical scale of boundary layer expanded Separation point reversal

Flgure 3-85 The boundary layer over the wing's upper surface.



Stall AOACO \)\(

NO‘ ABA‘
f \
. Note t\e\ﬁ\'n aéeg'hgeg)ly over a large range of AOA,
hen rea@%ga peak and begins to decrease
* The highest value of C, is referred to as C ..., and any

increase in AoA beyond C, __ AoA produces a
decrease in CL

Lmax

STALL INDICATIONS
1.0 i C } .“
.mlx;:
i '.. {
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Stall AoA

— VSis higher in a level turn Sa\e C
_ Centnfugal for%e 8‘@ toﬁaﬁﬁéelght requiring additional lift

- Thg IS becau?e C ntrlfugal force is added to the a/c weight,
and the wing must produce sufficient additional lift to
counterbalance the load imposed by combination of
centrifugal force and weight

— In a turn, necessary additional lift is acquired by applying back
pressure to the elevator control which increases the wing’s
AoA and results in increased lift

— The AoA must increase as the bank angle increases to
counteract the increasing load caused by centrifugal force

— If at any time during a turn the AoA becomes excessive, the
a/c will stall

o V¥



Geometric TWIS’b\(

Is the twist of an 6{@¢ﬁ§mng different
geom&tm@ﬁﬂ% s(ﬁfﬂé)’c%ack at different
|

w;se@@ ons

Root has greater angle of incidence than tip
Root operates at an aerodynamically AoA

s accomplished by designing different values
of C, maximum along span the wing



\e.©
tes
Since n@‘@%’gr?m'g’\;\;o ‘hgfgeb‘rectang lar wings, the
| Y ular wings, they
1%

to s@m&% h little or no warning

Wing tailoring techniques are used to create a root to tip
stall progression and give the pilot some stall warning
while ensuring that the ailerons remain effective up to
a complete stall

Boundary layer control devices and vortex generators are
used to delay BL air separation and to inhibit stall near
wing tips

Propeller a/c may have a tip stall tendency during power-
on stalls due to the increased airflow over wing root



Aerodynamic Twist
el o

— Instead, it mduces p&?ﬂtendency

— Stall fen(fé c“gct 431’9 long the
r&@% Stall and enabling _.%

wing hlgher AoA without stalling

SN—>
Figure 1-4-20 Stall Fences
— A sharply angled piece of metal (stall strip) is mounted on
the leading edge of the root section to induce a stall at the
wing root

| h
| ' “'*'b“‘l
- BTALL STRIP 3

Figure 1-4-21 Stall Strip



Stall Recovery

 To produce required lift at slow speee@_kﬁ\f’st fly at high AoA

* Flying slow at high AoAﬁ&gﬁ@?'hase of flight, so pilots
practice reﬁeﬁxfﬁh rogﬁsbf | types of stalls

. Ste&s‘j?\q\@éll\]l reiiéeﬁ/)iﬁ\/olve simultaneously adding power,
relaxing RO tick pressure and rolling wings level (“max,
relax, level”)

— Decrease the AoA to recover from a stalled condition
— Initial reaction is to pull nose up, however, exact opposite must be done

— Control must be moved forward to decrease AoA and allow wing to
provide sufficient lift to fly once again

— Pilot rolls out of bank to wings level to decrease stall velocity and use all
available lift to break any further descent



Spin

Early in aviation, a spin usually ende&@_‘e)\‘atality (airmail)
Once understood, pilo @Q@ cticed recovering from spins
The spin i:cse\II{1 Iw@ﬁveA aé)ﬁoag?actical value as a maneuver

P(e\'\e f?age S

— every aircraft that is capable of stalling has the potential for entering a

spin (in high performance aircraft, many maneuvers are flown near the
stall region)

— spin training builds confidence in ability to handle an aircraft should it
inadvertently enter a spin

— spin training improves a pilot’s ability to remain oriented and still
make appropriate control inputs

Aircraft have different spin characteristics and recovery
techniques

Therefore, the pilot must know the flight manual procedures
for spin prevention and recovery for aircraft they fly



Aggravated Stall

B\
cO-
— Autorotationis a combinatif{?ga\l%ﬁd yaw that propagates itself
and progressivgl(y ﬁf\m@e fe %&ymmetrically stalled wings
For an airC@Nt §S| iB‘gIL@ rea
Pk e

i ch stalled AoA and have
|v?/
If an aircraft is not stalled, it will not spin

Every aircraft exhibits different spin characteristics, but they
all have stall and yaw about the spin axis

Remember that while both wings are stalled, they do not lose
all their lift, nor are they equally stalled



Region of Normal Command

03l
\N‘ e

prexi® e

* Intheregion

normal command, V and throttle setting for

level flight are directly related

Reverse Normal
Command | Command

THRUST

Max Endurance

" VELOCITY (TAS)
Figure 1-7-21 Turbojet Reverse Command

Reverse | Normal
Command|Command

POWER

......... Max Endurance
VELOCITY (TAS)

Figure 1-7-22 Turboprop Reverse Command



Design Limits

uk
esa\e s
ﬁO
e The two %Qétﬂst“oad ?alp§/c are Ilft and weight

— \/\P&ﬁ oes @6@9much by the moment, so lift causes max load to
be exceeded

— Difficult to measure amount of lift, but easy to measure acceleration

e Since acceleration is proportional to force (Newton’s 2nd
Law), if weight of a/c is known, lift can be determined by
monitoring a/c acceleration



Ultimate Load ‘F%c‘(g(

* |f exceed ultimate load factor, structural failure is
imminent (something major on a/c will break)

e Ultimate load factor is 150% of limit load factor



High Speed Flightu%
o Sa\e-%

O
Sub n'%'(,l\ﬂa@ﬁ‘l of 1853
J;)(Szgé{r I@\e@@u’%gv%ing aircr?ft is subsonic

Transonic (Mach ~0.7 to ~1.3)

— Airflow around aircraft is partially subsonic and
partially supersonic

Supersonic (Mach ~1.3 t0 5.0)

— All airflow around aircraft is supersonic

Hypersonic (above Mach 5.0)

— Auircraft speeds above Mach 5.0



High Speed Buffet uk

a\e O
* Increased by weVé cb‘tg,%shock wave above
th \@{[\@Nea ect as an adverse

essure g?a%
— Causes airflow to separate

— Results in high speed stall
— May experience buzz and possible control loss

POSSIBLE SEPARATION



Force Divergence
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Supercritical AiQoils

(Circular Arc gtlaigg(yﬁp \

O
« **Allows n r:majﬁh§ Wﬁ\l&%ere upper surface
prespert\§ragispidsavorable*

« **|s designed with less curvature on upper surface **

 Avoids some of the poor low speed problems
assoclated with the double-wedge airfoil




Rotor Syste ms uk

\e L
ese

(o T ¢ 434

P(e\"‘e\l\\lp a0 A2° )

* Hingeless (BK-117)
e Bearingless (EC-145)

* Hybrid (ABH-X3)



P(e\'\e\N ﬁ

— Feather
— Flap




Fully Articulated Rotor System
\e OO
ores?
o **3 or -%S\f?‘bﬁggé giaﬁs?l’é‘ad, lag, and flap**
preM! pad<




Rigid Rotor SY?}&W

— Blades absorb most movement
— Feather only (pitch)




Blade Twist
o W¥

 **Helicopter blades %r{éd® Hed with a twist in
order t&q@éh‘t“;llr&gvé'ﬁ ift distribution**

preYie pag® A

UNTWISTED
BLADE

IDEALLY TWISTED




