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C Atmospheric Flight Dynamics:

A Reference systems

A/C Nonlinear Equations of Motion

Applied forces and moments

Geometry, Flight Envelope, Equilibrium Conditions
Linearization, Natural Modes, Stability Derivatives
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C Aerospace systems have been characterized traditionally by the use and implementation of
advanced control system theory, design, and technology implementation

High number of on board computers

High number of lines of code

Synchronization of redundant hardware and software
Design and implementation of advanced control laws
Stringent certification requirements

X
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C Aircraft models should reflect the objectives for control development. Thus we concentrate on
the general rigid body equations of motion and specify elements that make the equations
typical of aerospace vehicles. This requires in particular:

A Choice of appropriate reference systems

A Understanding the nature of the main applied forces and moments and their
computation

Assumptions made for the linearization and linear models to be used for control
design purposes

>

http://www.princeton.edu/~stengel/AFDVirTex.html

https:// Aircraft Flight DynamicsIndian Institute of Technology
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http://www.princeton.edu/~stengel/AFDVirTex.html
https://www.youtube.com/watch?v=kdL36aL6bGQ&list=PL54A4E6BABF2F90B9
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C Nomenclature and primary Assumptions

A Flight Enveloperange of static and dynamic conditions within which an aircraft operates

7
Turn performance — 15,000 feet Dragindex — O
6
2 -
5 ickest turm
; (19.0 degrees/segond)
2 e 1020
3 = I o 2
7
5 o) é/ W Vv
2 e | | | - = g- q 0
> Caution range 3 8
al gtal 9p ol : g )
1 A e = %) 3
L § T Tightesttum @
1T © | {Radius= 1940fes=t) (s \
. I \
5 1T T~ i 516 D 1‘9 \ %
T~ F4
|, T B i ,,,,, % > /‘ Jao N \;
\\\’ Q ‘L / / ~
| y, 2 -~
i § 8 >\ ;§p/<' Pl \"‘ = '8
~
3 E < & X ‘: SN 8
= ~ R 2o Ny w
| . s S A>T [N s LN =
20 40 60 80 100 120 140 160 180 200 220 240 a = L o060 i = =
i ispeed (mp) B 0o o INDE
= = Tonred s=teft i
o - — L
0.0 0.2 04 0.6 08 10 12 14 16
Mach number




Atmospheric Flight Dynamics " ﬂ—/\_LI_/J_L

C Nomenclature and primary Assumptions

787 Flight Envelope
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C Nomenclature and primary Assumptions

Ailerons
Rudder
Elevators

Spoilers

s % //

—\\

@) R-R § 1

Ailerons: controlled differentially generate roll moment

Rudder: generates yaw moment

Elevator: generate pitch moment

Spoi |l ers, fI|:aa@myusedtbmadif wigg.aerodynamic
characteristics
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C Nomenclature and primary Assumptions

A Main Assumptions

A Flat Earth Approximation

A Air Density as exponential model @ " @

A Engine dynamics separate from aircraft body motion
A still Atmosphere

A Steady, Quasiteady, Maneuvering Flight

A Phases of motion that can be treated as reference :
in terms of equilibrium and levels of acceleration
generated

A Equilibrium refers to static as well as dynamic
applied forces balance

Sept. 22, 2017
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A Straight and Level FlighConstant velocity and constant altitude, achieved by algebraic
balance of applied forces (moments are zero), in the longitudinal plane:

L (Lift)
A

av Y O m
av 0 w T
/(Thrust) a L Tt
V4__ __________ <
-

v
W (Weight)

A Steady Climbing (Descending) Flightonstant velocity and increasing (decreasing) altitude
at constant angle, achieved by algebraic balance of applied forces (moments are zero)

mv =T —D -W siny =0
mv =L-Wcosy=20
4
mv =0
y
Note: x body axis parallel to flight path, and z

body axis perpendicular to flight path
(instantaneous Trajectory)
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A Steady Coordinated TurrCircular trajectory at constant altitude and constant tangential
velocity. The trajectory is generated bginking(rolling, inclinazione) the aircraft and
maintaining zercideslip (derapata)

The Sideslip angle is the rotation of the aircraft centerline
with respect to the relative wind.

A At constant altitude:

Total Vertical Total Verical
Lift  Componant Lift Component

! i

I

|
Horizonta N Y

‘Component O CeETr\fugal
orce

Weight Weight™ Besultant Weight Resultant
Load Load
Level Flight Medium Banked Turn Steep Banked Turn

Lift

T -D=0
L cosuy =W

1
Herizontal 1
Component}

https://www.youtube.com/watch?v=UV8xcm5xsuo



https://www.youtube.com/watch?v=UV8xcm5xsuo
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A Centripetal Acceleration:
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A Centripetal Force during Turn:
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C Reference System#\erospace systems use specific sets of inertial and non inertial
references, depending on the application, as well as for improved mathematical tractability.

A The inertial reference systefj, A & f 2 OF G SR
I LIWNREAYFGA2YQ A&
I LILWINPEAYFGA2YQ A& dzASRO®
EastDown (NED)

A { SOSNI t Wy 2-fxedkeferBriddsysteniste use@dRp@nding on the
context and theaircraft geometric symmetry

Genericbody-fixed axesreferencesystem[.]g
Wind axesreferencesystem[.],,
Velocityaxesreferencesystem.],
Stabilityaxesreferencesystem|[.]s
Principalaxesreferencesystem[.]»

> I I I
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A Generic bodyfixed axes reference systeifi]; : Origin at center of mass of the aircraft, x
direction positive out the nose, on the plane of symmetrgjrection positive down, on the
plane of symmetry, yirection positive to the right.

Semicircular Canals
Utricle

Eustachian Tube

A The angular relationship between inertial agenericbody frames is given by the standard

Eul les: i
uler angles F = Roll (Rollio) angle

Q = Pitch (Beccheggio) angle
Y = Yaw (Imbardata) angle

'Y Fghy ] OBi w Bi gbhdu Bi gi iykdg
o i Bi woBi gow BwwwBi giwlag
o [["'YBfghy ] ]

o u wgi w i%

Eﬂl



Wind and Velocity axegefer to the velocity direction of the aircraft. They differ in that the

former is relative to theérue airspeed(inclusive of wind), whereas the latter refer to the
ground speedatmosphere at rest).

Assumption:consider the atmosphere at refl,, =[]y

Orientation of the Velocity with respect to the Body Frathg € [.]w)

r g :
/<‘ Xg axls

TR, T
zg axis Y8 aXIS

A Angle of Attacla = tan™*

)

A Sideslip angle = sin™ | —

V]

6 6Q UQ 07Q
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A Starting with thex,, axis aligned with the e
. |3 = sin? (v/V) . R
velocity vector, the compc_)nents on the body 7 / o =tan’ (wio)
reference are found by a first leftanded ” ,

. : . 7 _'[}/ 2N
rotation of the sideslip anglelf) and then a = 7 .
second righthanded rotation of the angle of : ’%//I}"/——‘
attack (8). Ll

0 6]7 [ m i qredr i1 mpelp [16lol $r
[0 YiY o |n mop m|lif &f n”n |61
0 Tt il m wlln n plln 16]i | T

A The relationship between inertial reference and wind axes is given by a set of 3 Euler
rotations similar to the standard Euler angles.

c =Headingangle (type 3 rotation)

g =Elight pathangle (type 2 rotation)
m =Bankangle about the velocity vector (type 1 rotation)

@
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A In many standard flight conditions bank angle aoidl angleare nearly the same, however
the bank angles formally a rolling motion about the velocity vector, whereasnbleangle
is a rolling motion about thgg axis

@
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A Complete orientation in both cases requires the knowledge of 2 of the 3
angles
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A Stability AxesBody reference system where the side component of the velocity
vector is zero (no sideslip), and the x axis is aligned with the forward component of
the velocity vector

YB

BODY
Y-AXIS

X-AXIS

)
BODY Yo x-Axis
Z-AXIS (WIND)

1. Body Axes - X aligned with fuselage nose. Z perpendicular to X in
plane of symmetry (down). Y perpendicular to XZ plane, to the right.

2. Wind Axes - X aligned with .. Z perpendicular to X (pointed down).
Y perpendicular to X7 plane, off to the right.

3. Stability Axes - X aligned with projection of 7. into the fuselage plane
of symmetry. Z perpendicular to X (pointed down). Y same.

@
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A Principal Axes of InertiaBody reference system that makes the inertia matrix
diagonal. Due to the aircraft geometric symmetry we obtain:

‘0
O T T il
n O] O T i F
T T ‘Ol O = ’}g
o é"'k\
Remainder:
(6 00 Do o0 GoQa O O m 0OQa
O m 0Qa O O mQa amQa [ amn alm
i G wf[m a w a w W w ® 4
a 1 ola m o[ 'Q dp m OO @ wa|Qam Qm
- ,
O o 0O A ExampleRotation about one axis (x axis)
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O O 0 'O 00 00 OY
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Forward Translation

I Vertical Translation

A 3 DOF LateralDirectional Motion

Lateral Translation

Yaw Rotation
ngne
, | \ | l Roll Rotation
/ A 3 .
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C External Forces and Moments:

1. Forces and Moments due to interaction with the fluid (Aerodynamics)

2. Forces and Moments due to propulsion
3. Forces and Moments due to Gravity

4. Forces and Moments due to external disturbances (wind, turbulence, etc.)

C Forces and Moments in Components about Body Reference system:

0o Longitudinal Force
Side Force
o | Normal Force

C Dimensional Analysis:

1 kg | n
F ==-,SVT =|—=|.\m?- =QSC
1 kg 1 | M’

Rolling Moment
Pitching Moment
Yawing Moment

Q = Dynamic Pressure (Kinetic Energy
per unit Volume of Fluid)

S=reference Area

b = reference Length

C; = Nondimensional Coefficient s

To o o I
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A The computation of forces generated by the interaction of a body moving through a fluid is
complex and defined by the simultaneous occurrence of three physical principles:

1. /| 2y aSNWIFGA2Y 2F Yl aa o/ 2ydAydzade LING
equations)

2. | 2y aSNDI

3. | 2y aSNDI

ySNHE 6. SNy2dzZ f A Q&

GA2y 2F S
GA2Y 2F Y2YSyiddzy o0bSsgi2yQa

NAVIER-STOKES EQUATION

aaaaa

op [8211 + d’u Bqu _ Du

(3 ot | et S

Ox ox° Oy Oz Dt . P,
R Navier-

_op, 9V, Ov ov)_  Dv =
P& "M Ty a2 ) Stokes

2 2 2 :
pg,~Ly [(Er, dw 0w Dw  Equation
0z ox® Oy 0z Dt

5 = T
a—‘t’w-(pV):o Continuity
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C Aerodynamic Forces with respect to the direction of motion (Velocity Reference) :

’O Drag Leading Edge i:'hlckng 4 ?3?:1;::"‘ &D:xln)c = g
F @ | Side Forcegequal to zero in stability axes) ; /—‘ ______ — /- lm@
ol ik, - e "

Chord Line

L D Aerodynamic Chord ¢

M Station ‘0’ Station ‘1’
V

/ Aerodynamic Forces historical sequence

Moving Fluid dF Body Shape (Airfoil) A  Fluid

\

2D SymmetriC , infinite A |ncompressib|e
2D asymmetric, infinite & |aminar

3D, infinite A Turbulent

3D, finite A Compressible

ToTo o B> )

dF

1. Forces due to Friction =~ em om— _--3%-};}J—I—LUJ_J i
\

2. Forces due to pressure

Lﬂl
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C LIFT

A . SNy2dzZ t A Qa
friction), irrotational flow.

LINAYOALIX S F2NJI AYO2YLINB&&aAOTE S

v? p
— —|—x—|— — = constant
2 P

Energy per unit volume before = Energy per unit volume after

Potential
Energy

1 2 _ 1.2
R+ ,pvy + pghy = P, +,pv, + pgh,
The often cited example of the
Bernoulli Equation or "Bernoulli

Pressure| |Kinetic
Energy
Effect" is the reduction in pressure

Flow velocity Flow velocity / which occurs when the fluid speed

per unit

vy A increases.

e
Increased fluid speed,
decreased internal pressure.

Lift
Low Pressure
High Velocity
Upper Streamline n 2

High Pressure
Low Velocity

"Longer Path" or "Equal Transit” Theory

‘ Longer Distance P
Lower Streamline \.—.—. g Fleid

Shorter Distance

Low Angle of Attack Pressure Variation . High Angle of Attack

Center of Pressure

A The total pressure variation produces NO moment about

the center of pressure G0
A The center of pressure changes with angle of att&ig



https://www.youtube.com/watch?v=fORWj6g-CFw
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C LIFT
A . SNy2dzZ t AQa LINAYOALIX S F2NI AYO2YLINB&aA&aAOTE S

friction), irrotational flow: )
(N
— —|—x—|— ’E = constant
2 P

N E’ A E‘
@ @)
> -
v [ 3 v @ﬁ:
-3 2 Tl —5> c.d.
% 1 @
— -
"Linf Linf
fp A -:up
{; iR Lsup_Linf
—> v
S
c.d.
-
! Linf f

inf



https://www.youtube.com/watch?v=fORWj6g-CFw

A Altitude and Airspeed Measurement: Pitot Tube

F/O

A

A

The static pressures the pressure¢hat
depends on the state of the fluid anidis used
as a measure of Altitude

The dynamic pressuris the pressure due to
the relative motion fluid / vehicle

Vo — by

Fuselage (or other) surface

Pressure gauge

A Static Pressure Bynamic Pressure Stagnation Pressure
(or total pressure)
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A LT 0KS &aGFr0A0 LINBaada2NF A& (y2oys »SNYy2d#A ¢
equation can be used to determine the Speed of g
the vehicle or Airspeed

LI IAS = Indicated Airspeed

CAS = Calibrated Airspeed Pressure gauge
EAS = Equivalent Airspeed

TAS = True Airspeed

GAS = Ground Airspeed

cn n)

To T I To Do

IASis simply what is read off of an airspeed gauge connected to a
X pitot static systemCASs indicated airspeed adjusted for pitot system
\?;ggg' position and installation erroEASs calibrated airspeed adjusted for
Airspeed Indicator compressibility effectsTASs equivalent airspeed adjusted for air
Indicator  (VSI)  Altimeter density, and is also the speed of the aircraft through the air in which it
Static Port is flying.GASs the airspeed with respect to the grourdalibrated
/ airspeed is typically within a few knots of indicated airspeed, while
equivalent airspeed decreases slightly from CAS as aircraft altitude
& increases or at high speeds. With EAS constant, true airspeed increases
as aircraft altitude increases. This is because air density decreases with
- higher altitude, but an aircraft's wing requires the same amount of air
Opening GULT particles (i.e., mass of air) flowing around it to produce the same
g:]easnﬁg;er Ritornate Staltic Soutcs amount of lift for a given AOA; thus, a wing must move faster through
thinner air than thicker air to obtain the same amount of lift.

Pitot
Heater Switch
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. lce detector

. Multi-function probe
. Static port

. TAT probe

. Side-slip vane

. Pitot probe

. Angle-of-attack vane

Air_France_ Flight 442009)



https://en.wikipedia.org/wiki/Air_France_Flight_447
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A Direct Measurement of angle of attack and sideslip angle using pressure differential

2
.
%1@2 \ R"\o R
2, B Sn
™

o T p—

3 Pp1 — Pp2
p=—0 _
o= Pa1 = Pu r Pp1 + Pp2
_ 2| P3—
k Pp1 T Pp2 2
1| Pz~ >

A Indirect Measurement of angle of attack and sideslip angle using IMU and GPS
W 1%
o= arctg[—} ; P= arctg{—]
“ . Kalman Filters
) et N oo /
Angle of system
attack (AHRS)
and @
sideslip, — > dymamic Y 1?;\;1-

Module of

calenlation aof

Inertial
reference
systetn

GPS receiver

o Angleof | ~ -
\ / Jrorizon speeds, gle of G, B
1 attack ‘l
GPS receiver and of
sideslip

Module of
calenlation of
vertical speed

»
Estimationof | ¥
vertical speed

S/

static pressure
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A General Lift Expressioritom dimensional analysis, the Lift can be written as:
r = Air Density 3

1 . O Airfai :
L =>pSVT, =QSC S= Reference Area 0w 2-D Aurfoil (Section)

2 L L V = Speed t 3 T — e
C =C.(Re,M,a) C, = Lift coefficient

A Reynolds number Re is the ratio between inertial and viscous forces and introduces the effect

of flow viscosity
A Mach number M introduces the effect of flow compressibility (Ratio between velocity and

velocity of sound at a given altitude)

Inlute aspect ritio

— & Stall

Finite aspect ratio

L

Coefficient of |1, C

: 4 E—— !
. (

N f. Angle of
- 'y zero 1ift
same

_C \

increzsing Angle Rud

2D 3
of Altack - — / \ Anzle of alluck, @

[90] \ Due to positive Camber

@léééﬂaﬁlﬁé HE g8 o
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A General Lift Expressioritom dimensional analysis, the Lift can be written as:

1 r = Air Density . — :
L = EPSV T, =QSC_  s=Reference Area L g 0O 2-D Airfoil (Section)
V = Speed C -
CL - CL (Re,M,a) C, = Lift coefficient —————

A Reynolds number Re is the ratio between inertial and viscous forces and introduces the effect

of flow viscosity
A Mach number M introduces the effect of flow compressibility (Ratio between velocity and
velocity of sound at a given altitude)

Inluite Aspect ratio
—/t‘:
Stall
b

Finite aspect ralio

Coefficient of LI, Cr

Angle of alluek, o
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——
™ 26T Angle of Streamlines crowed together,
. 3 a:t:fc K ?é low local static pressure,
— —_— Symmetrical airfoil !
NACA 63-206 NACA 65-206
NACA 63-208 NACA 65-208
e — Cambered airfoil Sla/gnation
point Lift can be achieved in either orientation.
NACA 63-210 NACA 65-2/0 _—
Angle of % Streamlines crowed together, _-—H“""*—-_
Q Q‘ attack : ‘\ low local static pressure.
NACA 63-2/2 NACA 65-212 TN “““"—-—-._ﬁ__‘_____h
: . Inverted airfoil
Pronaaae—m Conventional Aerofoil L _
e -
—
NACA 64-206 NACA 66-206 ‘/\
Increased Nose Flat Upper Cambered - T
— Radius Surface Rear
NACA 64-208 NACA 66-208 34
e o 7
NACA 64-2/0 NACA 66-210 Modern Supercritical Blunt trailing
Aerofoil Edge
NACA 64-212 NACA 66-212
4 - - - - -
L B A High Lift DevicesTo increase Lift at low Speed
Oblique ; Oblique
shock WaNE shock
Airflow 4 m
Relative Airflow — \ Cruize
M=1 I{:]
: ——DRAG—+
Angle of Attack
Takeoff

| . .

NACA = National Advisory Committee for Aeronautics (19858) Landing \
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A Finite Wingsdue to abrupt end of lift (and circulation), tip vortices separate from edges,
yielding increasae in Drag, and reduction of Lift due to thealled down wash effect

e What the third dimension does

— Difference between upper and lower pressure results in
circulatory motion about the wingtips

LOWER PRESSURE
VORTEX (7 e=—— — - 5) voRTEX
HIGHER PRESSURE
— Vortices develop V..

_ Causing downwash /;‘//7\ E ')
\_‘\‘- T—
& WINGTIP VORTEX Rh“t)

n__

V., CAUSES DOWNWASH, w

=== oI
LOCAL FLDW“‘*—"W
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B r=0 cC
J g
—F 2 Lo e
- 1 ;
== = e
(@) ! (b) o

Bound vortices

Longitudinal vortices

AR = Aspect Ratic ( span?/ area)
Starting vortices

Angle of Attack=a

Pressure difference across wing surface

! i ] Lift Coefficient
causes spillage around wing tips. c
C = lo
Dowmwash causes a local induced angle 1+ L
of attack which reduces lift. T AR




C Contrail video:

A http://www.youtube.com/watch?v=xI6iR7w7a_Q

A http://www.youtube.com/watch?v=FWG7x04ZfGE
C Wake video:

A http://www.youtube.com/watch?v=zW4PmUE151c
C Turbulence, wind waves

A http://www.youtube.com/watch?v=bM4G1Toe3h0

A https://www.youtube.com/watch?v=dfY5ZQDzC5s

https://www.youtube.com/watch?v=j493HvCkMbM SHOCK WAVE

https://www.youtube.com/watch?v=kmjFdBxbV08

AL, Atmospheric Flight Dynamics " M



http://www.youtube.com/watch?v=xl6iR7w7a_Q
http://www.youtube.com/watch?v=FWG7x04ZfGE
http://www.youtube.com/watch?v=zW4PmUE151c
http://www.youtube.com/watch?v=bM4G1Toe3h0
https://www.youtube.com/watch?v=dfY5ZQDzC5s
https://www.youtube.com/watch?v=j493HvCkMbM
https://www.youtube.com/watch?v=kmjFdBxbV08
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| C DRAGMain force opposing motion. In aerospace
- dynamics, drag is divided into several components:
.C’élol'd .
el ) e :
_Angl:e_of_gl_':- L D = E SVQC
Attack : 2 D
Relative Wind : C.=C_(SRe,M,a)
. R et - > =C (5 Re M,
- Pressure o

A Parasite Drag (due to shape, viscosity,

pressure,..)

A Induced Drag (due to lift, downwash,

vortices,...)

Induced Drag

Lefr

Chord
Line

Effective
Relative Airflow

Relative Airflow
(Free Stream)

.....................

Induced
Downwash
Angle

=0 -

JQUARE STRUT

ROUND STRUT STREAMLIMED STRUT

A Compressibility (due to Mach number,
shock waves,..)

& W

A shock wave is a type of propagating disturbance, when a wave moves
faster than the local speed of sound in a fluid. It is characterized by an
abrupt, nearly discontinuous change in pressure, temperature and
density of the medium. When a shock wave passes through matter,
energy is preserved but entropy increases. This change in the matt
properties manifests itself as a decrease in the energy which can b
extracted as work, and as a drag force on supersonic objects.

o
c
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d d d;
_ inertial forces _ma _ PV"&"" PL:";;"' . PL;,% o pugL _ ugL

n o« -
viscous forces  TA “% LA ”'j_: L2 7 f v

A Drag Polaffor general subsonic flight)

CD :CDO+KCL2 %CD0+KpLO+CLa.a]
1
K ~K +——
°  rARe

AR = Aspect Ratio = span/chord

(a) (b)
T T - 0.18, T r T =
0.16}.......| —=— Exp: Selig et al. :
] OSSR SUUOURRRSRTOO ST ety = - SR :
0.14f
(] RO ................ .................. 042
(3] (0] EETETTTT T . .................... | .................. g o 0.1
0o f | © 008
‘ —— Exp: Selig et al. 0.061
0.2 ——Exp: Ol et al.
P 0.04+
—#— CFD, N=8 :
Op- b= . 0.02F oo
025 0 5 10 15 %5 0 5 10 15
Angle of attack (degree) Angle of attack (degree)
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ﬁk@ﬂ Atmospheric Flight Dynamics m

d 3d dy
inertial forces  ma pV- S el _ pL-; . puwol

viscous forces TA p,i_: LA #i_: L2 7 " v
SPEED !
The Reynolds number is defined asl®! Re << 1
ulL  pul
Re — —_—
174
P" Re~ 10
where:

e p is the density of the fluid (SI units: kg/m3) - /jr\
e 11 is the flow speed (m/s) M
¢ [ is a characteristic linear dimension (m)
e 11 is the dynamic viscosity of the fluid (Pa-s or N-s/m? or kg/(m-s)) Re~10"-~10° />

e v is the kinematic viscosity of the fluid (m?/s).

@
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C PITCHING MOMENFrimary moment in the longitudinal dynamic motion of an Aircraft
(Negative nose down)

M I%pswtm
C_ :Cm(Re,I\/I ,a,6E,...) ~C +C_ a+..

A The pitching moment is strictly connected with tlemgitudinal stability characteristics
(static and dynamic) of a flying vehicle

A Longitudinal equilibrium(Trim Point on the XZ planesteady flight with no net
momentaboutthe center of mass

Aerodynamic Centerpoint of application of aerodynamic lift and drag where the

total pitching moment is independent of the angle of attack, usually constant at 25%
of the mean chord

>

A Influence of Horizontal TailHorizontal plane, Elevator

A Neutral Point location of center of mass at which the total pitching moment is zero

A Static Margin distance between center of mass and neutral point

A Longitudinal Static Stabilitytendency of the aircraft to return to equilibrium after a
disturbance in angle of attack

A Longitudinal dynamic stabilitycapability of returning to equilibrium after a

disturbance in angle of attack
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A Wing Aerodynamic CenteiThe total aerodynamic force is applied to the Center of Pressure,
which changes with angle of attackhere exists a point (AC) at which the pitching moment is
independent of the angle of attack (at constant Speed).

A Thereforeat the Aerodynamic Center: L\ \

T 10 160 ) \
— Tt — TU Pitching D‘r‘u : .
T o 1| 10 ) ,,,m,{r—:N
5 ~cfd

A The Aerodynamic Centerusuallylocated at Statlon 028"
0.25 of the chord (subsonic, standard symmetric

airfoil,..)

~ Line of
_~~ airfoil ac's

\\ —~ _{“1 -
Aerodynamic ™~ —
center

X Mean aerodynamic chord

E)Qﬂ https://www.youtube.com/watch?v=s1fgWfyfKVQ AEROD CENTER



https://aviation.stackexchange.com/questions/19388/what-is-the-difference-between-centre-of-pressure-aerodynamic-centre-and-neutra
https://www.youtube.com/watch?v=s1fgWfyfKVQ
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A Longitudinal Stability Conceptve are interested in determining the behavior of thstire
aircraft from equilibrium (trim), once there is an angle of attack disturbance onset (positive
up).
A For a small positive angle of attack perturbation from trim, the total pitching moment should
be such a to bring the aircraft back to trim. This implies:

# T
Cm 14 (¢ ¥ b4 ¥
) by, M given 0 ol tff o ft|t # T
ma<0
o A Usually, wing alone ha3,,> 0, (due to positive
camber) therefore a perturbation in angle of attack
’ » will produce a divergent rotation in pitch.
NPT S —— NI l A C.,>0 isrequired in order to trim at positive
angle of attack
’ —athe A For the whole aircraft, we seek:
6 6 6 i
77 6 m
4 (0] Tt
r T l /0 2 8 0 2 6 8 2
= -
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Stasically stable, dynamically stable moments tend
1o returs airplane to oquilibriom - caciliations decay

——--I—---,v" '\)\\ O

Bquilibriem
(a) Statically and dynamically stable.

Moments tend to return alrplane (0 equilibericm
but oscillations do not decay

o Rt 4’3’\)--/5-—\9-

Bquilibrium
(b) Statically stable; ncutral dynamic stability.

Moments tend towards equilibrium
but oscillations are divergent

7
""»:'qu.‘u:ﬂ;l)'\\}" \,

(c) Statically stable; dynamically unstable.
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M., = L, cos{a, — i,)[xg — Xeel + D, sin(a, — i)[x — Xoc) n
+Lw Siﬂ{&'w = !wj[zcg,] = Dw CDS(&W T Eu'}[zcg] > Mﬂcw { Mo cg. —
e X o X, eference
C'ﬂtg =C, (_—E 1 a) cos(e, — i,) + CD (‘— = x—) sin(a,, — 1I,,) \ Line (FRL)
. YL & L & ! xcg‘ | Wing mean
chord
(z .
CE’) sin(e,, — i) — Cp _(i_g} cos(a, — i) + C,_
Sl - [
x or I&C 0.1 A
Cm = Cm S CJ'_. (_ﬁ T)
B ac W P o Cmgg -0
C = + Xeg _ Xac T
ng = Cn, T (G +C a) ="
A For negativeC, ., the AC should be behind
the center of gravity
— x::g Xac
C"’n. T G CLn. = = < " : . :
“ Ry @ € A PositiveC_, can be achieved with negative
camber
X s
Cm = CL (% =)
] R N ] C . ; ..
A Usually wings have positive camber and

center of gravity is slightly behind the AC, g
therefore the wing alone is destabilizing .l;'
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Mr = "—Er[Lr CUS(G-'FRL - "3) + D, Sin{a’FHL o E)]
ml 24D, cos(aens, — ) — L, sinla, — 2)] + M,
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1 de
Lf\“ / CL, 5 CL L0 T CL-E (ﬂfw 3 fw — &+ ff) g =g T L‘l—a i
e _-‘} w 1
M = -LL, = -G, _pV}QSr
L=1L,+L, ‘2
r S, C = M, - — I’_S’ C

Gy = Gy, o TFE C., L 5‘ pVSc S7 0%,
%pv’f- Qr Cm, = —VHnCL, VH - lrSI/(iS'E) )

"}? —_ —
V. 0,

Cmcg, — _VH HCL, C"“ESI o Cmu T Cm”ﬂr

Co,, = MVa CLa (Eﬂ Tl s I',) = T}VH CLH{]{(] — d_g) Cmuf = NVu CL“;(EG Tyt E'!)
r de

da
Cn, = —MVu C, (I ) _)
" L da

f
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A The total pitching moment coefficient (neglecting fuselage and engine contributions) can be

written as:
[ 74 [ 74 [ 74 . C Cg aft Of Xe
(0] (0] (0] t | m neutral point o0 e
(+) cg at the neutral point x
’ (74 =X
0 0 —w 0 - Q 0 v
n ”n ) _ 0
e e W W L4 Q cg forward L
0] o (Ié (Ié —W 0 p .Q | {-) of neutral point
XCQ < pr

A The position of the center of mass changes during flight. It is important to determine the
range to maintain static stability.

A The most rearward position of the CG is called Neutral Point (NP), and it is the position at
whichC . =0

@ W . Q- ; P
P G —wW 0 — ST
o o P Q| 0

XAC |
| l
I |

|
U—T DI Xee | Static Margiﬂ‘
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e As CG moves forward the aircraft becomes more stable A Designed to be a lightweight fighter, thelb

— The forward limit to CG position is limited by the moment that - i
ihe tailplane can produce was allowed to be aerodynamically statically

— This is a function of tailplane lift and the tailplane volume unstable (subsonically) to decrease the size of
(tailplane moment arm times its area) its horizontal tail and, hence, its weighthe F

e While stability improves with forward CG movement 16 is made stable, however, by its automatic
— Drag increases, this increase is known as Trim Drag flight control system A rate gyro senses an

— Aircraft maneuverability can suffer, larger control movements
are required, and response becomes sluggish

uncommanded pitch rate (a pitch rate caused b

a gust, for example), and the control system

e When CG moves backwards deflects the elevator almost instantaneously to
— Aircraft eventually becomes unstable generate an opposing pitching moment to
— Trim drag reduces cancel out the pitch rate.

— CG position when aircraft is on point of becoming unstable is

known as the Neutral Point — i.e. For longitudinal stability the
CG must always be in front of the neutral point

w " W )]
0] (0] vz T
oe oe

A The CG location where the airplane is neutrally stable, it is also calleckthel point. The
distance between the center of gravity and the neutral point is caltatic margin ( > O for
stability, roughly 5% of MAC)

A¢KS 2NAIKI ONRPGIKSNXQa ANLI FYyS 41 &
—] were able to fly their airplane because of its control system (moving
Eﬂg (KS /D sAGK OKFy3IAy3 LIAf20Q4 LIRARAI
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A The ELEVATOR is the main component for longitudinal control. Elevator can be used for:

1. Change the trim angle of attack (equilibrium)

2. Change Lift of the aircraft (maneuver)
3. Change Pitching Moment of the aircraft (maneuver, change trim condition).

Vertic:;l
. . . Stabilizer
s > e
Horizontal : # : RAISING ELEVATOR FORCES TAIL
§tabll|zer : Trim — DOWN AND THE NOSE RAISES
Elfevator " G(>
: = NEUTRAL LIFT
_— N3921 B
fg_;’é%h;LOKXT'SE ELEVATORS MOVES THE PLANE ON ITS G\+
ELEVATORS TAIL UP AND THE NOSE DIPS.
6 6 6] 6 1 B A Example: Assuming a rectilinear uniform motion at
constant altitude, the trim values for angle of attack and
0 0 6 | o 1 88 elevator can be found algebraically from the previous

condition:

A In the absence of Elevator motion:

Ll o
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A New Trim Conditions due to the presence of the elevator

: . Y D
. (OL - OLD)OmaE T CmnOLﬁE og = _OLaOmU an Oma(OL o OLD) 0 ~q

GLaCmEE T O?’TI-QOL.EE OL&Cm{SE = Cm&CLéE

A The trim conditions can be used to ensure that the elevator is big enough to trim the
airplane throughout the flight envelope.

A The CG position does not affect the trim angle of attack,it does affect the trim
elevator angle Furthermore, as the CG is moved forward, the elevator angle becomes
more negative. Since there is a limit on the magnitudeotthere is a forward limit on CG
position. The most forward CG location is given by:

o 5
- ('50 7 Xcg = Xac - G’mo + Cm‘sE 6%”" E max
Cr — Cr,

Slopes remain
¢+ the same when
77! control surface
"/ is deflected.
(+)

-)
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C Longitudinal Stability Summary:

In summary, static longitudinal stability and control involves the force
coefficient in the z direction C,. the force coefficient in the z direction
C,, and the pitching moment coefficient C,,. Each of these items is a
function of angle of attack «, Mach number M, and elevator deflection
0g. The control is the elevator, and pitch stability is provided by the
horizontal tail, requiring that C,, < 0. Recall that C),_ is the slope of
the C,,, versus « line.

Ve

A Primary Pitching moment Variation:

A Elevator

A Canards
A Secondary Pitching Moment Variation
A Spoilers

horizontal canards X

thrust ! 3
—
& elevators

spoilers

M

A Primary Speed Variation (Lift, Drag):

A Major Aerodynamic Coefficients A Engine YOS o
L o o A Spoilers
0 wh¥YOoh whYOohh whYo A Primary Lift Variation
A Wings
6 M M M A Horizontal Tail

@ A Flaps
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Vertical

Rudder

Ventral fins
Trim Tabs

Fin {vertical .
o Right fin
Rudder  Stabilizer) ’
Harizantal
stabilizer g
Elevator
Standard Tail Twin Tail

Fin
Rudder

D=

u-— ——1 T-tail V-Butterfly-Tail
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A Roll, Yaw, Sideslip and Static Stability

A Lateralc Directional Static Stability implies the capability of returning to the trim state
in the presence of a disturbance in sideslip arnglén(both axes, Roll and Ygw

Ve

A A positive sideslip is defined as the
angle producing a velocity of the

aircraft in the negative/ g

direction
@
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@ Static lateral-directional stability and control involves the side
force coefficient Cy, the yawing moment coefficient Cy, and the rolling j{

moment coefficient C;. These quantities are functions of the sideslip

: r
angle 3 (see Fig. 9.6), the Mach number M, the aileron deflection d 4, and %ﬁg’——ﬁ

the rudder deflection dp.

. Rolling motion is controlled essentially by the .
ailerons, and roll or lateral stability is provided by wing dihedral, wing
location on the fuselage (high or low), and wing sweep. It requires that
Ci; < 0, where Gy, is the slope of the C versus § line. -

Auburn Buck Sweep

¢ .

*  Wing Sweep A

.’ Yawing motion
is controlled essentially by the rudder. Yaw or directional stability is
provided by the vertical tail and requires that Cy,; > 0. G, is the slope
of the C, versus S line.

A Yawing Moment and Rolling Moment static stability provide guidelines for the sizing of the Vertical Tall,
sizing of the Ailerons, the Dihedral/angle location of the wings, and their Sweep

acC, aC. | -> x (roll) moment

@ C.fj - 8—5?031.3 - W m->y (pltCh) moment

= n ->z (yaw)moment
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Motion in Roll

1. Give a positive RalClockwise, ¥xis toward Z axis), by
moving left aileron down, and right aileron up. This
increases Lift on left wing and decreases lift on right
wing (increase in angle of attack on left wing)

2. Induced Drag increases on left wing and decreases on
right wing (Adverse Yaw see later).

A Roll Stability
VE
%

( )
\ : /
down up
+0O -0
+LD -LD

4. A positive Rolling moment tends to \TW — g wm;*,

create a positive sideslip angle (and

viceversal)

@

3. Total Lift and Effective Lift are different due to

the presence of a Side Force that creates a
positive Sideslip.

forward
speed

Aircraft must develop a negative
rolling moment to get rid of the
sideslip




AL Atmospheric Flight Dynamics "\ f—/ﬂ

A A restoring rolling moment is generateddf, < 0

Pap, gl® s o 1. C;, <0 can be achieved by a positive dihedral
! q T angle

stable roll e ; / T
/ - -—

—_ Dihedral
angle
e
A
‘\_/'—

neutral/_ ‘/’_/

unstable I'-Dihedral angle
roll / /f—ﬁ.—trf /\@r\ Wing section 1T Wing section 2
/ " e '

/ e

AL v

u v, Aa,
Un A u
vV, 1
Ne. lh'c-rnlli-n moment AL

R g &_3?} Induced angle of attack

/.Fw AL, ’J'—(A"ig] hl L
Rﬁ; w5 A There is an increase in angle of attack (thus

e ) Lift) on the right wing and a decrease on the
Act|p =fsin =4I N\ . .

A y— left wing, therefore a NEGATIVE rolling

ri —F : moment. DIHEDRAL EFFECT



https://www.youtube.com/watch?v=WlwxH9SuH5M
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A A restoring rolling moment is generateddf, < 0

rap, \@T_O o T 2. C,;, <0 can be achieved by a swept back wing as

T G T 1 well

facti relative
effective /' .o 'I.I']I = 'I.I'cI sin
span
/ P
/ + . £ - - . -
K Sy_effective . : .
7 4 span Another possibility to increase static
i ¢
Vd 4 / ! lateral stability is ,wing speedback’. This -’41.1 Sween an gle
;’ 4 i ?’
S A 4 results in a higher effective span on one
/

25% chord line

side which produces a stronger roll

moment to counteract the disturbance.

|
higher aspect ratio, I
& more lift an this wing - +] l =

Vi, =V cos(B+ A)
A /vﬁ =V cos(3—A)

Y

O 0t 30 30

A There is an increase in angle of attack (thus Lift) on the right wing and a decrease on t
left wing, therefore a NEGATIVE rolling moment.

@
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A Directional Stability

Motion in Yaw due to Rudder deflectian

1. A positive Rudder deflection increases the TR

H 1 1 Lass IHE iy /o

lift of the vertical Tail i [ s 7
2. The Vertical Tail increased Lift produces C—_&j

a positive Yawing Moment (rotation of o o N R

X axis toward Y axis) "i\_—@f j 5

o Djm Slu-uliﬂavl_.-*m

3. The left wing moves faster than the e —

right wing thus producing more lift and Pudiive roillas mement

a positive rolling moment as side effect ¢, >0 | 5o

A Positive rudder

" deflection
-

4. The left wing moves faster than the
right wing thus producing more drag

and a reduction of the effective motion
in yaw. o

@
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A Directional Stability A A restoring yawing moment is

Motion in Yaw due to sideslip disturbance generated ifC,,, > 0 (Positive
weathercock stability)

1. A positive sideslip disturbance creates an
effective increase on the Vertical Tail angle
of attack, thus an increase in Lift

2. The Vertical Tail produces a positive
Yawing Moment (rotation of X axis
toward Y axis)

Paositive yawing moment

Lateral force
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A Aerodynamic forces and moments are very non - linear with
respect to main flight parameters: Velocity, Altitude, Angles of
Attack and Sideslip

A Forces and Moments can be approximated by a general form:

F = E,OSV2Ci
2
M. = %pSVzCib

that is valid around a certain velocity and altitude and where the
major non-linearity is embedded in the coefficients C

A This allows to work with coeffic<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>