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STATIC AEROELASTICITY
WHERE WE ARE IN THE COLLAR’S DIAGRAM ?
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TYPICAL SECTION ¢
AEROELASTIC EQUATIONS OF STATIC EQUILIBRIUM

O Static aeroelastic equations of the “Typical Section” including a Control Surface
(CS) deflection:

Zero-lift line
ford=0

—_
—_
— a(+) ANGLE O ‘ h(+) BENDING
ATTACK N
Aerodynamic
cenler
Elastic ~ §(+) CONTROL
i SURFACE
kel /
Kn-h = —L(a,8)+N,-W
Ko, -Aa = Myc(a,8)4+e-L(a,0)+d-N, - W
------ /—\ Aaj, Change on AoA due to bendin
a = ap HAopHAa . g g

d Bending & Torsion DOF are coupled thru the aerodynamic forces
d Straight wings = Aay, = 0 = Bending & Torsion are uncoupled
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DIVERGENCE SPEED

AEROELASTIC EQUATIONS

O For the sake of simplicity, let's assume “straight wing” and “6=0"
O Linear aerodynamics: lift proportional to angle of attack

K,Aao = Musc+e-L+d-N,-W

Ko (e +al) = guoScOrmac + gSeClLa (ar +al + ae) +d- N, - W
v ——
- w """""""" d """" N zI’V ......... N - Qo = ar + a
Cl'! = So

d The jig-shape: unstrained aircraft shape when supported in the jigs during
manufacture without inertia or aerodynamic forces

d Physical meaning of different angles of attack
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DIVERGENCE SPEED
CALCULATION OF THE DIVERGENCE CONDITION \

KEEA&:MA0+E-L+EE-NE'W

w W
Ko (e +a,. ) = guoScCrac + ¢0SeClLa (ar + a, +ae) +d- N, - W
|
,z’ ————————————— ‘\\ =TT . -~~I:l}\\\
AN W Cag=a,+al
iy p— I Ly
‘He ,
\\ KCE /’/

~ -
il TSR

KEE&E — quGCﬂffﬂc + Q::GSECL& (&U + &e)
(Ko = @5€CLa) ¢ = qooScChrrac + oo S5eCLap

o+ & Cmac

. — QDGSCCNIAC+QOOSECLQQU — g SECLa 0 e Cra
© K, — q-x5eCr, ~ K, 1 SeCLq

¥

q ( C CMAC) ﬂ
e = — | ap + —
I - q € CL& Ka 1
Does divergence speed depend on the aircraft mass state ?

Does aerodynamic effectiveness depend on the aircraft mass state ?

Does aerodynamic effectiveness depend on the jig shape ? ... depend on the A/C angle of attack ?
C,, depends on Mach number = implicit equation
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DYNAMIC PRESSURE
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CONTROL SURFACE REVERSAL

Grumman F4F Wildcat

A6M Zero

>
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O Mitsubishi A6M Zero vs Grumman F4F Wildcat - Japan 01 — USA 00
» FAF Wildcat had a worse ratio Power / Weight
» Pilots of Zero knew it and performed a vertical climbing maneuver
0 Grumman F6F Hellcat to defeat Zero
» More power to maintain the vertical climbing maneuver as the Zero
» Dive maneuver to defeat the Zero that had problems with aileron reversal

Video
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../../../../Videos/Control Surface Reversal - A6M Zero/El Mortífero Mitsubishi A6M Zero Japonés (2-3).mp4
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Fig. 13.4 Control surface reversal due to aeroelasticity. (Reversal will occur when
the aerodynamic lift produced by the control surface is overcome by the aerodynamic
loading due to aeroelasticity.) L, = lift due to change in wing angle of attack; Lscg =
lift due to control surface; § g = control surface angle; Ao = change in angle of attack
due to bending and torsion. 0
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CONTROL SURFACE REVERSAL
AEROELASTIC EQUATIONS

O Effect of control surface deflection is calculated with respect to the deformed
section due to angle of attack:

Ka0? = g SeCLs8 + qoc ScCr1ACs0 + ¢ooSeCLaal

(Ko — qooSeCry) ab = gooSe (CLJ + SCMAC'E) )

~

elastic-deformed section “~_ .

W
D':E 7\\\ 1
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Reference line is the ;(_\ﬂg
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CONTROL SURFACE REVERSAL ,
CALCULATION OF THE REVERSAL CONDITION

Ko = qooSeCLs6 + oo ScCriacsd + qooSeCraal

B gcSe (CLES + ECMAC‘J)

B 5 _ ¢ 5 _
(Ko — qooSeClra) g = g Se (CLJ + ECMAC‘E) 0 =|a, K, —qSeCp, J
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CONTROL SURFACE EFFECTIVENESS AS FUNCTION OF RATIO gi / qp ;
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Non-dimensional dynamic pressure q/qD

d Jr/0p=1: Effectiveness is maintained till catastrophic failure at q=q
Jr/dp < 1vs. qr/qp>1 : Which value is the best for an safe design ?

ESCUELA SUPERIOR DE INGENIERIA AERONAUTICA Y DEL ESPACIO Proprietary Information Dpto. De Vehiculos Aeroespaciales (Vibraciones y Aeroelasticidad)



1-4 Comparison of wing critical speeds. We have seen in the previous
CO M PAR I SO N O F WI N G CRITI CAL SP EEDS sections that a conventional wing has three critical speeds, each of which
(eXtraCted from BlSpI | ng hOff, “Aeroelasticityu) is important to'the de'sign‘er. They are the ﬁu'tter speed., the d.ivergenee
speed, and the aileron reversal speed. A comparison of their relative values
is a necessary process in the design of a wing. In the case of straight
unswept wings of conventional construetion, wing torsional divergence
usually occurs at a speed higher than aileron reversal speed, which is in
turn higher than the bending-torsion flutter speed. In the case of swept-
forward wings, the divergence speed can be expected to be lower than the
flutter speed, which is in turn lower than the aileron reversal speed. For
swept-back wings, the aileron reversal speed is lower than the flutter
speed, which is in furn lower than the divergence speed. TFigure 1-8 shows
qualitatively the relation between critical speeds for a typical wing with
varying amounts of rearward and forward sweep.

Speed

A

Divergence speed

v

Bending-torsion flutter speed

Aileron reversal speed

gweep forward O Sweep back

Grumman X-29 Fairchild-Republic A-10 Thunderbolt II B-52
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