
EXPERIM ENTAL AEROELASTICITY AG ENDA

98

• Ses s ion 1- Ba ck g rou nd on a eroela s ticity a nd w ind tu nnels

• Ses s ion 2 - W ind tu nnel fa cilities

• Ses s ion 3 - M odel des ig n a nd fa brica tion

• Ses s ion 4 - W ind tu nnel tes ting  a nd ca s e s tu dies
– Flu tter a nd diverg ence

• Flu tter tes t ca s e s tu dy
• Su pers onic diverg ence ca s e s tu dy

– Dyna m ic res pons e ca s e s tu dy

• Ses s ion 5- Active control a nd s m a rt s tru ctu re tes ts
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FLUTTER  

Tim e dom a in s olu tions :  the res pons e to a  dis tu rba nce (initia l condition) is  exa m ined

Frequ ency dom a in s olu tions : “roots ” directly                    
lea d to frequ ency a nd da m ping  trends
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SIM ILARITY PARAM ETERS

• Redu ce the level of effort for a na lys is  a nd tes ts
• Ens u re ‘dyna m ic s ca ling ’ for com pa ris ons

• In a erodyna m ic s tu dies  the M a ch nu m ber a nd Reynolds  nu m ber a re 
u s ed

– M a ch nu m ber - Reynolds  nu m ber

• w here :

• InAeroela s ticity w e define:

– M ASS RATIO

– REDUCED FREQUENCY

– FLUTTER SPEED INDEX

• w here :

M
U
a

≡ ∞

∞

R
U c

e ≡ ∞ ∞

∞

ρ
µ

U flow velocity a speed of sound density
vis ity c reference length

∞ ∞ ∞
∞

≡ ≡ ≡
≡ =

ρ
µ cos

U flow velocity s span frequency
m mass of wing fluid density b reference length

∞ ≡ ≡ ≡
≡ ≡ =

ω
ρ

µ
π ρ

≡ m
b s2

k
b
U

≡
∞

ω

( )FSI V or F
U

b
≡ ≡ ∞

ω µ

118



AEROELASTIC M ODELS  

• A m odel of the a eroela s tic s ys tem  is  cons tru cted to s im plify the 
a na lys is .

• This  a eroela s tic m odel ha s  three com ponents  . . .
– A m odel of the s tru ctu re (e.g ., finite elem ent m odel) tha t perm its  

a na lys is  of the s tru ctu ra l dyna m ics .
– An a ppropria te m odel of the u ns tea dy a erodyna m ic loa ds .
– Ana eroela s tic s olver to predict frequ ency a nd da m ping  beha vior for 

different flig ht conditions .
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THE AEROELASTIC M ODEL

• 1s t Principles  a re u s ed to cons tru ct a  dis crete m odel of  the s tru ctu re a nd the 
a erodyna m ics . 

W here [M ], [C], a nd [K ] des cribe the m a s s , da m ping , a nd s tiffnes s  of the 
s tru ctu re; {q}  refers  to the ‘g enera lized’ coordina tes  w hich repres ent 
m otion of the s tru ctu re; a nd {F} repres ents  the externa l loa ds  on the 
s tru ctu re.

• In a eroela s tic s ys tem s , {F}  w ill inclu de the u ns tea dy a erodyna m ic loa ds  w hich a re 
dependent u pon the m otion, {q}, of the s tru ctu re. Thu s ,

w here[M aa ], [ Caa ], a nd [K aa ] repres ent a erodyna m ic “m a s s ”, a erodyna m ic 
“da m ping ”, a nd a erodyna m ic “s tiffnes s ” contribu tions . Thes e term s  
depend u ponfrees trea m conditions  s u ch a s  velocity, dens ity, a nd M a ch 
nu m ber.

• The com bined equ a tions  m a y be s olved a s  a n “eig enva lu e” problem

F M q C q K qA A A= + +&& &

( ) ( ) ( )M M q C C q K K q 0A A A− + − + − =&& &

Mq Cq Kq F&& &+ + =
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AEROELASTIC ANALYSIS

• Fidelity of the s tru ctu ra l m odel is  k ey to a eroela s tic a na lys is  . . .
– A finite elem ent m odel (FEM ) is  m os t des ira ble.

– A “dyna m ica lly s im ila r” m odel cou ld be u s ed.

– M ea s u red m odes  m a y be a  s ou rce for a  s tru ctu ra l m odel.

• M a ny nu m erica l m odels  for a eroela s tic a na lys is  exis t, a nd inclu de : 
(M SC-NASTRAN, CAP-TSD, ASTROS, or the “hom e g row n” va riety) 

• Aeroela s tic s ta bility a na lys is  is  perform ed for
– All a ltitu des  of interes t

– M a ch nu m bers  w ithin the flig ht envelope

– Sym m etric a nd a ntis ym m etric m odes

• The a na lys t’s  concern m u s t inclu de
– The tra ns onic reg im e

(difficu lt u ns tea dy a erodyna m ics , flow  dis continu ities  a nd u ncerta inties )

– Exa m ina tion of a ll pa rticipa ting  m odes  of vibra tion.

121



THE  “ M ATCHED - POINT ”  CONCEPT
1.  In the atmosphere, an altitude - velocity profile is set for a specified 
M∞ .
2.  From analysis, an altitude - flutter velocity profile is predicted for 
the same specified M∞ .
3.  The intersection of these two profiles establishes altitude, velocity,  
and M∞ conditions from which flutter boundaries are built .
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SOLUTION M ETHODS FOR THE AEROELASTIC 
EQUATIONS

• In g enera l, the equ a tions  of m otion for the a ero(s ervo)ela s tic 
s ys tem  a re : 

• M a ny m ethods  a re u s ed, w e w ill cons ider a  few  …
– Velocity “root - locu s ” plots
– Theodors en’s  m ethod
– the “V-g ” m ethod (a .k .a . Am erica n m ethod)
– the “p-k ” m ethod (a .k .a . Britis h m ethod)

• W e s olve the “g enera l” a eroela s tic s et of equ a tions ; how ever, w e 
m u s t cons ider 
– rela tions hip betw een “circu la r” frequ ency a nd redu ced frequ ency
– ha rm onic m otion is  a s s u m ed
– rela tions hip betw een M a ch nu m ber, velocity, a ltitu de, flow  conditions
– eig enva lu es  a re com plex -- frequ ency a nd da m ping  a re fou nd

for “s epa ra ted” equ a tions , the s olu tion m u s t a g ree 
– the pres ence a nd form  of da m ping
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• The eig enva lu e form u la tion lea ds  to tw o polynom ia ls  …  
– one a s s ocia ted w ith the rea l term s
– one w ith the im a g ina ry term s   

• Steps  …
– 0 . es ta blis h s tru ctu ra l, phys ica l properties
– 1. a s s u m e M  & a ltitu de
– 2. a s s u m e k , determ ine the a erodyna m ics
– 3. s olve for Z :  ZR = (ωα / ω)2 ;  ZI = g  ZR

– 4. plot V vs . g   (V is  k now n from  k )
– 5. plot V vs . ω (ω is  k now n from  ZR)
– 6. Repea t s teps  2 throu g h 5 for cros s ing
– 7. Repea t s teps  1 - 6 for “m a tched point”

THE “V-G ” M ETHOD
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• Velocity - Da m ping  (V-g ) dia g ra m s  a re fou nd in the reg u la tions . 
M ethod 1 perm its  the a s s u m ption of .0 3 (3%) da m ping
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AEROELASTIC ANALYSIS
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AEROELASTIC ANALYSIS
• Velocity - Frequ ency dia g ra m s  a re a ls o fou nd in 

the reg u la tions  (AC 25.629.1)
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H. Ha s s ig  (1971) des cribed it in deta il. From , 

or, 

(0 ) Define s ys tem  cons ta nts .
(1) As s u m e k  , determ ine a erodyna m ic com ponents  [ A(ik ) ].
(2) Solve for p = γk + ik
(3) Does  a s s u m ed va lu e of k  a g ree w ith predicted k  (im a g ina ry term ) ?
(4) No ?    retu rn to s tep (1)
(5) Yes  ?  converg ed k  provides  V, g , a nd frequ ency (1 point on dia g ra m )
(6) choos e new  M ∞ a nd ρ , retu rn to (1)
(7) plot the converg ed roots vs . V
(8) flu tter fou nd a t zero da m ping  (a na log ou s  to the V-g  (k ) m ethod)

THE “p-k ” M ETHOD
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• Choos ing  the m odes  for flu tter a na lys is  m a y be “ta ilored”, ba s ed
u pon experience a nd a va ila ble res ou rces .
– For exa m ple, cons ider the prim a ry s tru ctu ra l m odes  for a  

tra ns port a ircra ft (AR = 8; Λ= 30 °)

– Predicted flu tter s peeds  depend on choice of m odes

1. 1st Wing Bending 2.1 Hz 6. Inboard Aileron 19 Hz
2. 2nd Wing Bending 6.5 Hz 7. 2nd Wing Torsion 22 Hz
3. 1st Wing Torsion 10 Hz 8. 4th Wing Bending 25 Hz
4. 3rd Wing Bending 14 Hz 9. 3rd Wing Torsion 30 Hz
5. Outboard Aileron 17 Hz 10. 5th Wing Bending 35 Hz

MODES USED FLUTTER SPEED (fps) FLUTTER FREQUENCY (Hz)
1 & 3 2630 6.7
2 & 3 4920 8.0
1 - 3 2520 6.3
1 - 4 2550 6.3
1 - 5 2610 6.6
1 - 6 2640 6.7
1 - 7 2600 6.7
1 - 8 2600 6.7
1 - 9 2600 6.7
1 - 10 2600 6.7

CHOOSING  NATURAL VIBRATION M ODES
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FLUTTER ALLEVIATION

• How  m a y w e elim ina te a eroela s tic ins ta bilities , or s u ppres s  the 
critica l velocity a nd M a ch nu m ber to a ccepta ble levels ?

– Elim ina te s ou rces  of ela s tic, inertia l, a nd/or a erodyna m ic cou pling

– How ?

• “M a s s  ba la nce” -- a dd or redis tribu te m a s s  to m ove the 
c.g . forw a rd

• M odify the vibra tion cha ra cteris tics

– ta ilor the na tu ra l frequ encies

– increa s e s tru ctu ra l da m ping  

• Elim ina te s ou rces  of a erodyna m ic “forcing ” s u ch a s  vortex 
s hedding  or tu rbu lence from  lea ding  com ponents .

• Active s u ppres s ion via  the flig ht control s ys tem .
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• Com m u nica tions
– Inclu de fa cility pers onnel in the proces s  s ta rting  w ith m odel des ig n
– Ha ve periodic m eeting  / frequ ent conta ct
– Ens u re tu nnel opera tors  a re inform ed a bou t tes t pla ns  / objectives

• Tes t pla nning
– Addres s  tes t procedu res
– Prioritize

• Tes t condu ct
– Typica l tes t procedu res
– Predictive techniqu es
– Attitu de

“Plea s e rem ove loos e cha ng e w hen exiting  the tes t s ection”;
Alw a ys  check ; check  behind you rs elf; check  a lw a ys

– Su rfa ce a ppea ra nce / integ rity
– Loos e s crew s , bolts , nu ts

TEST PROCESS

130



TEST PROCEDURES

• Ins is t on clea r, concis e com m u nica tions

• Proceed ca u tiou s ly - cha ng e tes t conditions  s low ly

• Beg in a t s a fe conditions
– Low  M a ch nu m ber
– Low  dyna m ic pres s u re
– Low  tu nnel s ta rt pres s u re

• Cons ider objectives  in cha rting  tes t “pa th”
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FLUTTER TESTING
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SPOILER M OUNTING  POSITIONS
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NODE LINES
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Spoiler heig ht effects
(w =3.0 ”)
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SPOILER HEIG HT EFFECTS
(w =3.0 ”)
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SPOILER W IDTH EFFECTS
(h=0 .5”)
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SPOILER W IDTH EFFECTS
(h=0 .5”)
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SPOILER LOCATION EFFECTS
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FLUTTER RESULTS COM PARISON
(Clea n w ing )

140



FLUTTER SUBCRITICAL RESPONSE
TECHNIQUES
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SUBCRITICAL RESPONSE  
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M IM O FLUTTER INSTABILITY PREDICTION

143

1

σ  (G )
M inim u m
va lu e

1

σ  (G )
( )min

ω

f q

AFW  232 ps f



• Cons tru ction of flu tter envelopes  a re des cribed in AC 25.629.1

CLEARANCE REQUIREM ENTS
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FLUTTER :  FLIG HT  TEST  M ETHODS
• Severa l M ethods  Exis t to Excite Stru ctu ra l M odes  Du ring  Flig ht Tes ts

Amospheric Turbulence

Pilot Induced Oscillations

Control System Input

Planform Modification

Inertia Exciter

Pyrotechnic Bonker
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Dives  a re u s ed to a tta in hig her a irs peeds  a nd dyna m ic pres s u res .

• An a ltitu de ba nd of a pproxim a tely ± 10 0 0  feet nea r the nom ina l 
tes t condition is  s u g g es ted.

– Sw eep ra te m a y be cha ng ed to com plete tes t w ithin the a ltitu de 
ba nd.

– La rg e dive a ng les  m a y not perm it com pletion of the s w eep.

– Avera g es  of da ta  ca n be obta ined, bu t s evera l pa s s es  throu g h the
ba nd m a y be requ ired for a  s ta tis tica lly s ig nifica nt da ta  s et.

• Tes t points  flow n in a  dive w ith excita tion done by the pilot a re 
u s u a lly a pplied a bou t one a xis  a t a  tim e.

• Frequ ency dw ells  m a y be perform ed in a  dive if a  s u ita ble forced
excita tion s ys tem  is  ins ta lled.

• Ca re m u s t be ta k en in dive procedu res  to g u a ra ntee tha t a irs peed
increm ents  a re controlled.
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SUPERSONIC DIVERG ENCE M ODEL

Flow

Splitter
pla te

70 °

15°

55%
50 % 60 %

65%

W ing  pla te

Tu rnta ble

Pitch-s tiffnes s
elem entPivot a xis

Pneu m a tic-cla m ping  pis ton
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PITCH STIFFNESS ELEM ENTS
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FINITE ELEM ENT M ODEL
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STRUCTURAL DYNAM IC PROPERTIES
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TYPICAL ANALYSIS RESULTS
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ANALYTICAL DIVERG ENCE BOUNDARIES
Pitch s tiffnes s  effects

(4% think  a irfoil, pivot a t x/c=0 .65)
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ANALYTICAL DIVERG ENCE BOUNDARIES
Pitch-pivot loca tion effects

(4% think  a irfoil, nom ina l pitch s tiffnes s )
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ANALYTICAL DIVERG ENCE BOUNDARIES
Airfoil thick nes s  effects

(Nom ina l pitch s tiffnes s , pivot a t x/c=0 .65)
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SUBCRITICAL RESPONSE M EASUREM ENTS
(4% think  a irfoil, pivot a t x/c=0 .65)
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SUPERSONIC DIVERG ENCE RESULTS
(4% think  a irfoil, pivot a t x/c=0 .65)
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DIVERG ENCE PREDICTION



DRAW ING  OF ATLAS-I LPF M ODEL
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L/D CONFIGU RATIONS
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M ODEL INSTRU M ENTATION
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ATLAS-CENTAUR SIM U LATION

Transonic Dynamics Tunnel
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DESIG N PHILOSOPHY
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ATLAS-CENTAUR STIFFENING  RODS
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NORM ALIZED M ODE SHAPES
Vertica l Stiffening  Rods  Ins ta lled
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FIRST M ODE L/D EFFECTS
W ithou t vertica l s tiffening  rods
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SECOND M ODE L/D EFFECTS
W ithou t vertica l s tiffening  rods
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FIRST M ODE α EFFECTS
W ith vertica l s tiffening  rods
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SECOND M ODE α EFFECTS
W ithou t vertica l s tiffening  rods
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SECOND M ODE α EFFECTS
W ithou t vertica l s tiffening  rods
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STING  SECTOR RESPONSE
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NORM ALIZED RESPONSE OF STING  SECTOR
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FIRST M ODE STIFFENING  ROD EFFECTS
L/D=1.0  config u ra tion
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