EXPERMENTAL AEROELASTE Y AGENDA

Sesspnl-Backgrourd onaeroebsticity a nd w md t rrek

Sess bN2 - W rd t© rrel £ cilities

Sess bN3 -Modeldesg nard ibrca ion

Sesspn4d-Wrd trreltestary ardcasestdes

— Flutter and divergence
» Flutter test case study
» Supersonic divergence case study

— Dynamic response case study

Sess bN5- Active cortrolard sn artstu ctt re tes ts
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FLUTTER
an mroeyo &Ky, O deyo0 eeLlo
§nr 1 @ap &0 Kiphp &Mp
N

“UNSTEADY” AERODYNAMICS

“INERTIALLY COUPLED WHICH WHERE | _ L(y.Y.a.art)
SUGGESTS “ MASS BALANCING” M= M (Y adrt)

Tn edon a msol ors : the resporsetoa det rba rce (e lcordmonN b exan red

A
| il =

Frequ ercy don a nsol tors : “roots ”” d rectly
kid o frequercyard dan pry trerds

frequency
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SM LARIY PARAM ETERS

Redu ce the kevelofeflortforan lyse ard tests
Ersu re dynn cscalmy >Orcon pa rsors

Ihierodynn cstudes theMach nin berand Reyrolds nin bera re
used

Mach number

e where:

o U¥
Ay

M

Uy © flow velocity
nmy ° viscosity

InAeroehsticity w e defire:

MASS RATIO

m© m
pbzrs

REDUCED FREQUENCY

FLUTTER SPEED INDEX

e where:

R, ryUyc
- Reynolds number M
ay ° speed of sound ry ° density

c = reference length

FSio (V or F)o

Uy

bw,/m

Uy © flow velocity
m © mass of wing

S ° span
r © fluid density

w° frequency
b = reference length
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AEROELASTLE MODELS

« A odeloftheaeroebhsticsysten B corstructed osn plify the
arn lsE.
 The aeroebsticn odelhas three con porert ...

— A model of the structure (e.g., finite element model) that permits
analysis of the structural dynamics.

— An appropriate model of the unsteady aerodynamic loads.

— An aeroelastic solver to predict frequency and damping behavior for
different flight conditions.
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THE AEROELASTIE MODEL

1stPracpks areused to corstri cta decreten odelof the st ct rea rd the

aerodynn Kcs.
| Mg +Cq +Kq =F l

W here M], [C], ard [K] describe then ass, dan pry,ard stfiress ofthe
st ct re; {q} refers 0 the j eren lized’coordn tes which represent

n otlonofthe st ctu re; a rd {F} represent the exterm 1bads onthe
st ct re.

Ihaeroehsticsysten s, {F} willecl detheursteadyaerodynn c bads whichare
deperdentu ponthen otion {g}, ofthestmctt re.Thus,

| F =M, +C,d +K,g l

where M,], [C,], ard [K,] represerta erodyrin ©“n ass™, aerodyrnn
“dan pry ™, ard aerodyrin c“stfiness” contribu tiors . These tem s
deperd u ponfreestrean cordimmors suchas vebcity, ders ity, a rd Mach
nin ber.

The con beredequatiorsn ay besoled as an“egervalle” probken

(M-Mpa)g+(C-Cpa)i+(K-Ka)g=0
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AEROELASTLE ANALYS B

Fdelty ofthestricttnn In odelbs keytoaeroehstican lyss ...
— A finite element model (FEM) is most desirable.

— A “dynamically similar” model could be used.

— Measured modes may be a source for a structural model.

Mary nin erca In odek foraeroebkstican lysb exstard rclde :
(M SC-NASTRAN, CAP-TSD, ASTROS, orthe “hon e g row i’ va nety)

Aeroebhstcstbilityan lys b B perfom ed for
— All altitudes of interest
— Mach numbers within the flight envelope
— Symmetric and antisymmetric modes

The an lysts corcemn ustmcl de

— The transonic regime
(difficult unsteady aerodynamics, flow discontinuities and uncertainties)

— Examination of all participating modes of vibration.
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THE “M ATCHED - PO NT”” CONCEPT

1. Inthe atmosphere, an altitude - velocity profileis set for a specified
M, .

2. From analysis, an altitude - flutter velocity profileis predicted for
the same specified M, .

3. Theintersection of these two profiles establishes altitude, velocity,
and M, conditions from which flutter boundaries are built .
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SOLUTDNMETHODS FOR THE AEROELASTLC

EQUATDNS

Ing eren | the equa tiors ofnt otloNnforthe a ero(servo)ebhstic
systen are:

IMI{G5 + [Clig} + [Kliq) = [AMe, p, K] +[B(g)]

Maryn ethods areused, wew illcors dera few ..

Velocity “root - locus” plots

Theodorsen's method

the “V-g” method (a.k.a. American method)
the “p-k” method (a.k.a. British method)

Wesole the “geren I’aeroehsticsetofequa tiors; however, we
n ustcors der

relationship between “circular” frequency and reduced frequency
harmonic motion is assumed
relationship between Mach number, velocity, altitude, flow conditions
eigenvalues are complex -- frequency and damping are found

for “separated”’ equations, the solution must agree
the presence and form of damping
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THE “V-G” M ETHOD

e Theegermvaliefom ubhtionkids ©twopolyron v b ..
— one associated with the real terms
— one with the imaginary terms

ji"._ .I!I:I!I.R + 1...":";_1 E’R + lE'I [:I
- |Dg +iD1 Eg +iE; |
hard
Ste o0 unstab]%Z crossing
ps a hump M |
g Velocity
9
50

— 0. establish structural, physical properties
> — 1.assume M & altitude \
—> — 2. assume k, determine the aerodynamics

.solveforZ: Zo=(w,/w)? ; Z,=9Z4
mode 4

. plot V vs. w (w is known from Z) —
. Repeat steps 2 through 5 for crossing mode |

frequency

1
2
3

— 4. plotVvs.g (Vis known from k) node 3
5 =
6
!

. Repeat steps 1 - 6 for “matched point” Velocity
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AEROELASTLE ANALYS B

« Vebcity-Dan pry (V-g)drgnn sarefourd mthe regu b tiors .
Method 1 pem 1 theassun ptoonofl) 3 (3%)dan pry

> 0.03

DAMPING

(4)

ALTITUDE/DENSITY xxx
MACH NUMBER XXX

STRUCTURAL
DAMPING

by ANR D G G G mw TP T G G Gse Susd W GED e IS IR EES GEe St v % s e G

(1)

VELOCITY

DIVERGENCE
3)

() METHOD 1
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FREQUENCY

AEROELASTLE ANALYS B

 Vebcily- Frequercydrgnn sareakofourd mn
the regu bk tiors (AC 256291)

ALTITUDE/DENSITY xxX
MACH NUMBER XXX

(1)
(2)

(4)

DIVERGENCE

| L
1 T

VELOCITY V., 1.2V,
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THE “p-k M ETHOD

H.Hass § (1971) descrbed itindet il. Fron |,

Mg} + [Cliqs + [KI{q} = [AlMew, p, k)] + [B(q)]

or,

2 | "qu'2
{g%%[M]pi -I—[D]%P‘F(l +1.§:'[E.] - DTED [Ak)] — Ha [%pj [DE]J{q} =0

(0) Defwresysten corst nis.
—>r—> (1) Assun ek ,detem meaerodyrun ccon porerts [AK) ].
(2) Sohve orp=g + k
(3) Does assun edvabeofk agreew mh predctedk (n agmnrytem ) ?
(4)No? rtmbstp (1)
(5) Yes ? corveryedk provdes V,(,ard frequercy (1 portondegnrn )
(6) chooserew Myardr , rett mto (1)
(7) pbtthe corvery ed roots vs .V
(8) flltterfourdatzerodan pry @rnbgous o theV-g (k)n ethod)
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CHOOSNG NATURAL VBRAITDNMODES

e Choosmy then odes orfltteran lyse 1 ay be ““ta ibred”, based
uponexpererceardava lhble resou rces .

— For example, consider the primary structural modes for a
transport aircraft (AR =8; L = 30°)

17 Wing Bending 21Hz [ 6. Inboard Aileron 19 Hz
2" Wing Bendin 6.5 Hz 7. 2™ Wing Torsion 22 Hz
8. 4™Wing Bending 25 Hz
3" Wing Bending 14 Hz 9. 3“Wing Torsion 30 Hz
Outboard Aileron 17 Hz | 10. 5" Wing Bending 35 Hz

1.
2.

o s

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
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FLUTTER ALLEVIAT DN

 Hownayweeln mteaeroehstic rstbilities, orsu ppress the
crtica lvelocity a rd Mach nin bertoaccept bl kvek?

— Eliminate sources of elastic, inertial, and/or aerodynamic coupling

— How?

‘“Mass babkrce”-- addorredstrbuten ass o n ove the
cyg .forward

Modify the vibr toncha n cters tcs
— tailor the natural frequencies
— Increase structural damping

Eln mtesources ofaerodyrnin c“forcory”suchas vortex
sheddmy ort rbu kerce fron kady con poren .

Active su ppress bpnvie the fly htcontrolsysten .
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TEST PROCESS

« Con n urecators
— Include facility personnel in the process starting with model design
— Have periodic meeting / frequent contact
— Ensure tunnel operators are informed about test plans / objectives
e Testph mmy
— Address test procedures
— Prioritize
« Testcorduct
— Typical test procedures
— Predictive techniques

— Attitude
“Plase ren ove bose cha rygewhenexatiry the tes tsectiori’;
Alvays check ; check behrd you rself, check a lvays
— Surface appearance / integrity
— Loose screws, bolts, nuts
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TEST PROCEDURES

ks stonckir,corceecon n U ncators

Proceed cautiously - charye testcorditiors s bw ly

Beg ma tsa fe cord mors
— Low Mach number
— Low dynamic pressure
— Low tunnel start pressure

Cors derobjectives mcha iy test*““pa th”
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SPO LERMOUNTING POSTITDNS

o

Floay
l Spoder
/_ _\- riz= 01
== 04L
fi= OE7
1 =020 —

g 2
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NODE LINES

— ArRlLl

— a— Expatinneri
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Spoikerheg hteflect

(W=3.0")
Flrer
140 —R hs , in.
» ? o 000
L=t { ay ,Jj ———0O 025
100 - —a 0.0
&0.75
Dynamic 2 - b 100
pressue,
-
st H\\—T-:-rs,i:-n
40 in==hilty
o =
0 | | | | |

2 & 7 &2 9 10
hi=c:h nurbar
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SPO LER HEGHT EFFECTS

(W=3.0")
I'IE_ : M.

o OO0

O 0.25

13- —— 0.3

N
Hz 9
=y

o | | | | |
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SPO LERW DTH EFFECTS

(h=0.5")
140 iy in.
&0
1 ———01.5
—_—y 2.
e - T
100 - ]
p=t
of A
= 1) .
401 | | | |
= ¥ = 1.0
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A T (D

R LN

%IOQQ 843

SPO LERW DTH EFFECTS
(h=0.5")

= ———n0 1.3
o 2.0
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SPO LER LOCAT DN EFFECTS

140~

120 5 Ej
100
H. @ 1= 0.45
pst ek —n )= 087
o N= 0.90
el
I |

40 L |
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FLUTTER RESULTS COM PAREON

(Clean wing)
140 _
E:{FEI'IITEI'I
120 -
100 |-

&
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FLUTTER SUBCR IT CAL RESPONSE

Symmetric Antisymmetric
4x109 = . -
O Free o roll 0
-I:I 8 0 O Fixed inroll -
s O p® Mue | O
O
R a L O
.o O O
q! e, . O n
> S
psfig 0o
I g =235 psf o G219psf
1 = o
\L ) l/
0 _| 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] _| 1 ] 1 ] 1 ] 1 ] 1 ] 1 ]
180 190 200 | 210 220 230 | 240 180 190 | 200 | 210 | 220 230 240
q, q,
psf psf
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SUBCR I CAL RESPONSE

S M =05 - M =05
L q, =12.35psi L g, =12.95 psi
gl T =806°F . T =-261"F

T =

M
N N S B
UIW[J \\\_ LW m‘\_\
T N102 L N N 100
80

L
0 80 0
Srequency (Hz) Jrequency (Hz)

amplitude

M=03;T=-252"F M=035:T=-117"F

M=03;T=-117
M=07;T=-117

M=05;T=-261
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MMOFLUTTER NSTABLIY PREDLCTDN

! 1
— Minimum min
s (G) value w 4 G

'

AFW 232 psf
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CLEARANCE REQU REM ENTS

Cors tu clonoffl tterervebpes a re described mMAC 256291
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FLUTTER : FLGHT TEST METHODS

« Seven IMethods Exstto Exciie Stri ctt n IModes Durry Flg htTes ts

==
-~

Planform Modification

Amospheric Turbulence

fg’ T~
ﬂ ) ==
< -

R

Inertia Exciter

/72

Pyrotechnic Bonker

Pilot Induced Oscillations

Control System Input
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FLGHT FLUTTER TESTING

testcordmtone suggested.

— Sweep rate may be changed to complete test within the altitude
band.

— Large dive angles may not permit completion of the sweep.

— Averages of data can be obtained, but several passes through the
band may be required for a statistically significant data set.

e Testports flownma divew ith excit tondore by the pibta re
usua llyappledaboutoreaxs ata tm e.

 Frequercydwelk n ay be perfom ed ma dwe 1fa su 1t b ke forced
excittionsysten 5 st lled.

« Caren ustbe tkenmndive procedu res 1o gua r Nntee tha ta ms peed
Ecrer ent a re corrolied.
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SUPERSONE D VERG ENCE M ODEL

Flow el

Splitter
plate

55% 65%
50% = 60%:

Ii}}}}}};ﬁ'ﬁ

I'\"t\\.\\

S rﬁ:’/ ::*r:::'ﬁ. al

‘l
™, 11 W!Wﬂﬁffff
-'_ H l: -""/

L

‘1‘!#}:};{/[”-’”"

fﬂ ;‘n ———————

\|
\
:

Al

Pneumatic-clamping piston i Pitch-stiffness

|
Pivot axis = | element
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PITCH STFFNESS ELEM ENTS

Tap e hir
I I:-'-:|:tll'..-!'!|.I

P 44 ™ P e dappor
A H1%] 15
HHTE

Meed-r-d HEg--r
HEPOr braciy

' n
B b 1040k ple b H IS4 4 e “ﬂm
O NG PR TSR M
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FINITE ELEM ENT MODEL

Wng plate elemenis -\

IR
P ""' i.'ﬁf-"""-"ﬂ'f-l'fl
.....".-.-".. E"..i- ‘o il gl i l’-"ﬂ'
.-—-'.Tr-".-'.‘-".r‘..i-".-"il" < W
*“*“*"‘" poryief

e s ..-il"' i ..J':.l" ..'.‘.ll’.-:.':ﬂ'ﬂ'

Fich b=am elem enﬁ/‘m‘ \ Agd pluielemen &

Ao e
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STRUCTURAL DYNAV C PROPERTES

Fe=gion ol no
e S bl =
/ b
FEEp R ek Ard mng s amb s meds
Iy=%1HI ly=43HE
Im="4&IHI Bende LI Im= = HE
—— Emperimene
—= Al ik o
1
bz ofld g AT e Third wineg < ambeer mesde
ly= IOOHT Ly = |2 HE

Im= I0CHI = | HI
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TYPCALANALYSEBE RESULTS

120
{010

Al

iz &0
40

20

0

LS

Second wArg camber mode
‘{- First wing cam Eer mode

- _ Divergence
'l.r'-.'lnu-nlrnhrnndﬁ—\ [ iresta bl ik

| | [l |

Wing-plchmode

First and
secod witg
/—camt-er o des

| I | |

0 2 10 13 20 23

p,1b -secdint
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ANALYT CAL DVERG ENCE BOUNDARES

Pitch stiffness effects

(4% think airfoil, pivot at x/c=0.65)

1000 —
200 - //
Fitch stifhess
alamant " a-""'f
500 [
150 ¥ Momiral e
q. psf Mamiral L
. S
<00 0.50 % Nomiral -
0.13 X Nominal ————"
200 =0t
| | | |
0 1 7 3
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ANALYT CAL DVERG ENCE BOUNDARES

Pitch-pivot location effects

(4% think airfoil, nominal pitch stiffness)

2000 ~ /

1600 4

Fiwot locaton
r

1200 wky=055 ¢ o

q, psf _f,f“
| | | |
0 1 2 3 4
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ANALYT CAL DVERG ENCE BOUNDARES

Airfoil thickness effects

(Nominal pitch stiffness, pivot at x/c=0.65)

1200
1000
600
q, psf K00
< (0

200

/

Fa

Aitfril aka ne

o

i

-H"-
Hzt plate e

i‘

Fthizk -

stttk
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SUBCR I CAL RESPONSE M EASUREM ENTS

(4% think airfoil, pivot at x/c=0.65)

10

0

O
Sofk
zhffhe ==
bM=20a i
9
9E = Jg = {?.
385 psf 742 p=f I
| | | _\15 y
200 01 G0

q, psf

sl

Mominal
shffme 5=

M=25b
M=20
P =30
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SUPERSONEL D VERG ENCE RESULTS
(4% think airfoil, pivot at x/c=0.65)

1000 —
Fich
skffhess
a0 —
MHominal
GO0 —
a, psf
400
Soft _H_,_.,ﬂ-"”
200 —
| | | |
0 1 % 3 B
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A,
ft « Ib/deg

400

300

200

100

D WVERGENCE PREDLCTDN

SOUTHWELL METHOD PREDICTIONS

M=0.4

ap=21.92 Ib/ft2
A =-458°

4 3 12 16 20
A/q, ft3/deg

200
qp = 25.98 Ib/ft?
- o
150f- A=-60
100 |-
50
o)
o)
I | |
0 2 4 6 8 10 12

A/q, ft3/deg
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DRAV NG OF ATLAS-ILPFMODEL

LR LY

35
¥ ¥
! 14 5°
b
120" dia. D= 165"
d ¥
e — | —

159



L/D CONFEGURAT DNS

+| F

+}

+}

affsm Floyy
7
------- - =
““““““ |
LD=08
5 B
b -
-------- i
vbD=0.28
. LD=41.0
Exension skirt —,
s ot s |
| o ]
T e
hiode 2 LD=1.2
phiot point

1
:
;’ :
hiode 1

phiot poirt
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MODEL NSTRUMENTATDN

F iz h st=in
gauge

Fich and yas
strain gauges

Crynamic pressume
tEnsducers

M
/

]

Fich and yaaw
accelerometers
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ATLAS-CENTAUR SMULATDN

Transonic Dynamics Tunnel

Support beam Forward variable weight
Aft variable weight Payload insert
Weight bar P 4 V
T Y

i Ex iR
BiS="mm o [ —

Brake\ Pivot point
Sting support

Wind Tunnel
ENTERPRISE 162
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DES L N PHLOSOPHY

Mode 1
0
hade Shape
T Vehicle
————— Mlodel
B
: 4 Vehiclk node
24
hiode |
0 4 p fwiot
point
-2
i [
s WMel o
Mode 2
ar
£~ vehicle node point
4 |and mode| pivot point
I
2
|:| —
T
4
-4 | 'y |

1500 4000

|
00 0 500

XK, N
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ATLAS-CENTAUR STFFENNG RODS

Mode shape,
Vertical rods out
stiffening rods N\ \
.
Sting support e \_
sector Mode shape,
e rods in
: ::@‘——7 r ——=
St[ng Model X
Pivot
point
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NORM ALEED M ODE SHAPES
Vertical Stiffening Rods Installed

Mode 4

Sing Mods 2
SIpport ;:osiﬁ:-n_\L poEtion
N o|[ap

lede 1
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FRST MODE L/D EFFECTS

Without vertical stiffening rods
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R B £ B

SECOND M ODE /D EFFECTS

Without vertical stiffening rods
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FRSTMODE a EFFECTS

With vertical stiffening rods

1.1

1.2
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SECOND M ODE a EFFECTS

Without vertical stiffening rods
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SECOND M ODE a EFFECTS

Without vertical stiffening rods
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0
LA

A0
LIS

0

STING SECTOR RESPONSE

W

0 10 =20

f, Hz
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NORM ALFED RESPONSE OF STING SECTOR

1.0

Q10 He respange
O 26 Herespange
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FRSTMODE STFFENNG ROD EFFECTS

L/D=1.0 configuration

& Rods in
Rods ot -

A0 Nad
(7] B B o W o
.DE{,_/D—W
04
0z

0 I | | I |

§ 7 & 9 10 14 1z

173



