
• 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
– Ins tru m enta tion techniqu es
– Su pport s ys tem  cons idera tions
– Des ig n a nd fa brica tion com m ents

• Ses s ion 4 - W ind tu nnel tes ting  a nd ca s e s tu dies

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

EXPERIM ENTAL AEROELASTICITY AG ENDA



• Stra in g a u g es
• Accelerom eters
• Pres s u re tra ns du cers

– Sta tic
– Uns tea dy

• Ins itu
• Via  s tea dy tra ns du cers ?

• Ba la nces
• LVDT/RVDT
• Inclinom eters  / α-a ccelerom eters
• Hig h-s peed film  / video

INSTRU M ENTATION
(Sta nda rd)

Transonic Dynamics Tunnel
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• Photog ra m m etry for m ea s u ring  g eom etric s ha pe

• Video deform a tion m ea s u rem ents

• Projection M oiré interferom etry

• PSP (a nd TSP)

INSTRU M ENTATION
(M odern techniqu es )

Transonic Dynamics Tunnel
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PHOTOG RAM M ETRIC ORDINATE M EASUREM ENT

• Provides  three-dim ens iona l ordina te m ea s u rem ent

• W ork s  for rela tively la rg e m odels  (HSR: 10 ’ root chord, 5’ s pa n)

• U s es  optica l tria ng u la tion w ith ca m era s  from  2 or m ore loca tions

• Requ ires  reflective ta rg ets  (HSR: 620 0 )

• Potentia lly m ore a ccu ra te tha n conta ct m ethods  
(HSR:  ca lcu la ted a ccu ra cy of 0 .0 0 0 3”, 0 .0 0 0 3”, a nd 0 .0 0 0 5” (rm s ) for x, y, & z 
coordina tes )

Transonic Dynamics Tunnel
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PHOTOG RAM M ETRIC M EASUREM ENTS OF HSR RIG ID 
SEM ISPAN M ODEL CRITICAL FOR CFD ANALYSES AND 

FABRICATION ASSESSM ENT

Photo of M odel W ith Ta rg ets

HSR Rig id Sem is pa n M odel Va lida tion 
M ea s u red Da ta  vs . Des ig ned (CAD), Upper Su rfa ce

 M a x Pos itive Error: 0 .27691”  Avera g e Error: 0 .0 30 89” 
 M a x Neg a tive Error: -0 .0 9730  Sta nda rd Dev.: 0 .0 2710 ” 

Neg a tive va lu es  indica te m ea s u red points  lie ins ide des ig ned (CAD) s u rfa ce
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M ODEL DEFORM ATION W ITH VIDEO 
PHOTOG RAM M ETRY

•Dedicated measurement systems at 5 NASA facilities
Langley: NTF, TDT, UPWT, 16-FT
Ames: 12-FT

•17 major tests in 97-98
•Near routine, near real-time demonstrated
•PSP integration underway 

Retroreflective targets on model Raw high-contrast image
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VIDEO PHOTOGRAMMETRY IMAGE AND DATA
NTF Wing Twist measurements at 3 semispan stations (η)

Polished paint targets on wing & body

η = 0.886

η = 0.334

η = 0.625
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DYNAM IC VIDEO DEFORM ATION
SYSTEM  CAPABILITIES

Reflective 
targets

Pitching
wing
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Video Dis pla cem ent Da ta , Ru n 3, Point #9 , Oct 28, 1998
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• 25 s ec. records  a t 60  Hz
dem ons tra ted

• Da ta  redu ced in ~  2 m in.
• Lim ita tions  a ppea r to be in video

record a nd da ta  redu ction s peed
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PROJ ECTION M OIRÉ INTERFEROM ETRY (PM I):

• Non-intru s ive, fu ll-field techniqu e a ble to m ea s u re la rg e deform a tions

• PM I provides  pictu res (qu a ntita tive da ta ) of m odel deform a tion

• Cu rrent ins tru m ent ca pa bilities :
– La bora tory dem ons tra ted a ccu ra cy better tha n 0 .2 m m
– Tu nnel dem ons tra ted a ccu ra cy better tha n 0 .75 m m

• PM I vers u s  Video M odel Deform a tion (VM D):
– Pres s u re s ens itive pa int vers u s  pres s u re ta p a na log y
– Cu rrent s ta te- VM D ha s  g rea ter a ccu ra cy, rea l-tim e perform a nce
– PM I produ ces  s pa tia lly continu ou s  da ta ; identifies  fea tu res

“u ns een” by VM D

• Fa cility-dedica ted s ys tem s  exis t a t La RC 14x22 a nd TDT
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PM I M EASUREM ENTS IN THE TDT

• “Sm a rt” control s u rfa ces :

– Im prove pres s u re dis tribu tion
– Dela ys  tra iling  edg e s epa ra tion
– Increa s es  lift a nd redu ces  dra g
– Im proves  pitching , rolling  m om ents

• Sha pe m em ory a lloy (SM A) a ctu a tion:

– Tra iling  edg e a ileron-- em bedded w ires
– Tra iling  edg e fla p-- em bedded w ires
– Indu ced w ing  tw is t-- SM A torqu e tu be

Sm a rt W ing  ins ta lled in TDT

Sm a rt W ing  is  a  joint res ea rch effort betw een NASA, Northrop-G ru m m a n, DARPA, a nd AFRL
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• Continu ou s  s u rfa ce vs . point inform a tion

• Tes t m ediu m  requ irem ents

• Dyna m ic ca pa bilities

PRESSURE SENSITIVE PAINT
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• Sidew a ll

• Floor

• Sting

• Ca ble

M ODEL M OUNT SYSTEM S
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• Adva nta g es
– Redu ces  cos t
– Redu ces  ins tru m enta tion / concentra tes  ins tru m enta tion
– Im proves  s a fety, pa rticu la rly com pa red to ca ble-m ou nt

• Dis a dva nta g es
– Fu ll-s pa n s im u la tion (a ero + s tru ctu re)
– Bou nda ry la yer intera ction
– Tu nnel w a ll poros ity

SIDEW ALL M ODEL M OUNT
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• Sim u la ting  ca rry-throu g h s tru ctu re

• Sim u la ting  rig id-body DOF’s

• Accou nting  for bou nda ry la yer effects

– Splitter pla tes
– Sta nd-offs *

SIDEW ALL M OUNT CONSIDERATIONS

* G a tlin, G reg ory M . a nd M cG hee, Robert L.:  Experim enta l Inves tig a tion of Sem is pa n M odel Tes ting  Techniqu es .
J ou rna l of Aircra ft, Vol. 34, No. 4, J u ly-Au g u s t 1997.
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SPLITTER PLATE APPARATUS

Tu nnel w a ll

Splitter pla te

δ

δ

Flow

M odel
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OSCILLATING  TURNTABLE

Purpose
Provides controlled, high-frequency 
oscillation of rigid semi-span pressure 
models up to 40Hz and +/- 1 deg

Benefits/Payoffs
Unsteady pressures and loads 
data from models mounted on 
the OTT will be correlated with 
unsteady computational fluid 
dynamics (CFD) codes for code 
validation and enhancement

Tra ns onic Dyna m ics  Tu nnel
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PHOTOG RAPH OF THE OSCILLATING
TURNTABLE DURING  BUILD-UP

Transonic Dynamics Tunnel
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OSCILLATING  TURNTABLE

• The Os cilla ting  Tu rnta ble (OTT) is  a  s idew a ll m odel m ou nt s ys tem
w hich w ill provide controlled, hig h-frequ ency pitching  os cilla tions  
of s em i-s pa n w ind-tu nnel m odels

• Des ig ned to a ccom m oda te typica l TDT m odels
– HSR rig id m odel

• W eig ht ~ 30 0  lbs
• Pitch inertia  = 250 ,0 0 0  lb-in2

• 20 Hz
• 1°  a m plitu de

– 10 ° a m plitu de a t 1 Hz for both m odels

• Em ploys  a  pow erfu l hydra u lic a ctu a tor, com pu ter control s ys tem , 
a nd fa il-s a fe bra k e to ens u re precis e perform a nce a nd s a fe 
opera tions

– Boeing  777 m odel
• W eig ht ~ 165 lbs  
• Pitch inertia  = 65,0 0 0  lb-in2

• 40 Hz
• 1°  a m plitu de

Transonic Dynamics Tunnel
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DRAW ING OF THE OSCILLATING  TURNTABLE

OTT Side View

MTS Rotary Vane Actuator Servovalve

Roller Bearings

Support Cart

Test Section Wall

OTT Support Rails

Transonic Dynamics Tunnel
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OTT TOP VIEW

OTT Support Rails

Test Section Wall

Station 72

Transonic Dynamics Tunnel
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OTT IN RETRACTED POSITION ON EAST 
PLATFORM

Plenum Shell

OTT

OTT East Platform

Test Section

Transonic Dynamics Tunnel
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A-6 M ODEL CARRY-THROUG H
STRUCTURE SIM U LATION

Transonic Dynamics Tunnel
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X-29 SIM U LATED DEG REES OF FREEDOM

Ca bles

Ca bles

Lift
ca ble

Roll
ba rs

Transonic Dynamics Tunnel

87



• Adva nta g es
– Sa m e a s  s idew a ll, plu s :
– Idea l for g rou nd-w ind loa ds
– Relieves  s om e s treng th cons idera tions  

a s s ocia ted w ith g ra vity

• Dis a dva nta g es
– Sa m e a s  s idew a ll

FLOOR M OUNT

88
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PHOTOG RAPH OF ARES TESTBED

89
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• Adva nta g es
– Fu ll-s pa n a erodyna m ics
– M inim ized tu nnel interference a ffects
– Sim plified ins tru m enta tion a rra ng em ent rela tive to ca ble m ou nt

• Dis a dva nta g es
– Fu ll-s pa n s im u la tion (s tru ctu re)
– Increa s ed cos t

STING  M OUNT

90
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AFW  M OUNT SYSTEM

Transonic Dynamics Tunnel

91



• Adva nta g es
– Rea lis tic fu ll-m odel s im u la tion

• Aerodyna m ics
• Fu ll-a ircra ft s tru ctu ra l properties
• Rig id-body dyna m ics

• Dis a dva nta g es
– Hig h cos t
– Hig h tes t ris k

CABLE-M OUNT M ODELS
Transonic Dynamics Tunnel
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F/A-18 E/F FLUTTER CLEARANCE M ODEL

Transonic Dynamics Tunnel
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F/A-18 E/F FLUTTER CLEARANCE M ODEL

Tra ns onic Dyna m ics  Tu nnel
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Tra ns onic Dyna m ics  Tu nnel

LOCK HEED ELECTRA IN TDT
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• Cons ta ntly a s s es s  ris k : “If m odel da m a g e occu rred, cou ld w e ju s tify ou r 
a ctions ?”

• Alw a ys  eva lu a te rela tions hip to a irpla ne developm ent prog ra m

• Be a w a re tha t M >0 .95 k now n to be “s qu irrelly” on ca ble m ou nt

• K eep com m u nica tion clea r a nd concis e: “u s e exa ctly the s a m e w ords  
ea ch tim e”

• “Es ta blis h a s  m u ch rhythm  in the tes t  procedu re a s  pos s ible”

• “Prog ra m ” the tes t rou tine into the tu nnel opera tors

• Increa s e tu nnel s peed a t cons ta nt ra te for “flu tter s w eeps ” if 
pos s ible

• Check  s nu bbers ys tem  a t M =0 .4 a nd 0 .8, bu t not a bove 0 .8

• Alw a ys  u s e bypa s s  va lves  in conju nction w ith s nu bbers ys tem

• Lis ten to des ig n eng ineer & m odel m echa nics  in eva lu a ting  tes t 
s a fety

TESTING  PRACTICES FOR
CABLE-M OUNT M ODELS

4496



CAUTIONARY RECOM M ENDATIONS

• Open-loop tes ting
– Cons ider a  s im ple “du m m y” m odel & other tes t config u ra tions
– Condu ct extens ive s ta bility a na lys is :

• As  pa rt of w ind-tu nnel m odel des ig n proces s
• Prior to a ll ca ble-m ou nt tes ts  w ith a s -bu ilt config u ra tion

– G ive s pecia l a ttention to nos e a tta chm ent re. dyna m ic loa ds
– M ea s u re s ta tic a nd dyna m ic properties  of s nu bber s ys tem  (if u s ed)

• Clos ed-loop tes ting
– Va lida te u s ing  s im u la tion da ta  from  a na lytica l pla nt m odel
– Develop “ea s y on” procedu res  for new  control la w s
– Lim it a u thority of feedba ck  control s ys tem s  to “s a fe” va lu es

45

Transonic Dynamics Tunnel
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• M odel s ize

• Sca ling

• M ou nt s ys tem s

• Sa fety fea tu res

• Rem ote ca pa bilities

• Ins tru m enta tion

M ODEL DESIG N
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• Prim a rily a  fu nction of w ind-tu nnel tes t s ection s ize

• Som e old ru les  of thu m b for tra ns onic tes ting :
– M odel s pa n / tu nnel w idth ? 0 .40
– M odel pla nform  a rea  / tu nnel cros s  s ection ? 0 .15
– M odel cros s  s ection a rea  / tu nnel cros s  s ection ?0 .0 1 to 0 .0 15

• Cons ider CFD a na lys is  to a s s es s
– Block a g e effects
– Tu nnel w a ll interference effects

M ODEL SIZE

10 0



SCALING
(Atla s  I LPF exa m ple)

Forebody m odelw a s s ca led to M =0 .9 a nd q=30 0 lb/ft2 by leng th, tim e, a nd
m a s s  va ria bles .  Leng th w a s  s ca led ba s ed on block a g e cons idera tions  to

Lw
Lv

= 0 .10 .

Frequ ency (tim e) s ca le w a s  derived from the Strou ha l nu m ber equ iva lence







fL

V w
=







fL

V v

fw
fv =

LvVw
Lw Vv

= 10  Vw
Vv

= 4.5.

M a s s  ofthe m odel w a s  ba s ed on the nondim ens iona l m a s s  ra tio defined a s







m

ρL3 w
=







m

ρL3 v

m w
m v

=Lw
3 ρw
Lv3 ρv

= 0 .0 0 1ρw
ρv

= 0 .0 0 225.
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SCALING  CONSIDERATIONS

• M odel a eroela s tica lly s ca led to one point in tu nnel envelope

• Sca ling  is  ea s y -- a ccou nting  for off-s ca le tes t conditions  is  
difficu lt

• Accou nting  for off-s ca le properties  in the m odel is  equ a lly difficu lt

• M a tched-point a na lys is  m ore im porta nt tha n typica lly recog nized

• Adju s tm ents  in a na lys is  to a ccou nt for m odel va ria tions  im porta nt

10 2



R-134a  CHARACTERISTICS

• Hea vy g a s :  ~  4 tim es  dens er tha n a ir

• Low  s peed of s ou nd:  a R-134a  ? 0 .5 a Air

• For equ iva lent dyna m ic pres s u res :
– RR-134a  > RAir

– Pow er requ iredR-134a   <  Pow er requ iredAir

• Adva nta g eou s  for a eroela s tic s ca ling
– Hea vier m odels
– Slow er tim e s ca le (low er frequ encies )
– Frou de, M a ch nu m ber, a nd m a s s  ra tio s im u la tion

Tra ns onic Dyna m ics  Tu nnel
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• Tip boom s

• M oving  m a s s es

• Va ria ble s tiffnes s

• Pins

• Ba ck -u p s tru ctu re

M ODEL SAFETY FEATURES

46

Transonic Dynamics Tunnel
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PANEL FLUTTER M ODEL ARRANG EM ENT

• M oving  pla te s ys tem  w ithin ca vity in s plitter 
pla te

– Rem otely a ctu a ted externa l a rm s
– Rem otely rem ova ble interna l s u pports
– Flow  diverting  devices ?

• Ca vity pres s u re va ria tion ca pa bility
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• Controls

• Stiffnes s  va ria tions

• Fu el va ria tions

• Freepla y va ria tions

M ODEL REM OTE CAPABILITIES

47

Transonic Dynamics Tunnel
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• Clos e m onitoring  of fa brica tion by a eroela s ticia ns

• Aerodyna m ic integ rity

• G VT of com ponents

M ODEL FABRICATION
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G ROUND VIBRATION TESTS

• The G VT is  u s ed to identify ...

– frequ ency, da m ping  , a nd dyna m ic res pons e cha ra cteris tics

– ‘m ode’ s ha pes  a s s ocia ted w ith s tru ctu ra l res pons e

• G VT m ea s u rem ents  verify a nd refine s tru ctu ra l a na lys is

• G VT m ea s u rem ents  m a y provide a n a lterna tive to rig orou s  a na lys is

• The fu nda m enta l elem ent of the G VT is  the a ccelerom eter (or s tra in g a g e)
• Notes  :

– A s u rvey w ith a  roving  a ccelerom eter w ill m inim ize the nu m ber ofm ou nted 
a ccelerom eters

– Accelerom eters  a re direction a nd pos ition dependent
– Reciprocity a llow s  the “s ha k er” to be m ou nted (a lm os t) a t a ny loca tion 
– Theory a s s u m es  linea rity -- elim ina te freepla y a nd verify linea r res pons e 
– Rig id body m odes  m u s t be identified -- s u s pens ion of the a ircra ft or defla tion 

of s tru ts  m a y be u s efu l to is ola te the rig id body res pons es
– Orthog ona lity, [f]T [M ] [f] = [ I ] a nd linea rity, {F}=[K ]{x}, s hou ld be verified
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• The G VT is  perform ed by m ea s u ring  the res pons e to a  k now n inpu t

– I - Inpu t is  provided
throu g h a  “s ha k er”
or “Im pa ct ha m m er”

– O - Ou tpu t is  m ea s u red
throu g h a  “roving ” or
“m ou nted” a ccelerom eter

• M oda l cha ra cteris tics  (frequ encies  a nd m ode s ha pes ) a re m ea s u red from  
inpu t s ou rces
– A “s ha k er” provides  s ine s w eep, s ine dw ell, a nd ra ndom  inpu t

– An “im pa ct ha m m er” provides  tra ns ient inpu t

• Inpu t a nd ou tpu t devices  a re pla ced to m ea s u re a ll res pons es  of interes t

G ROUND VIBRATION TESTS
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• The res pons e of the s tru ctu re is  the s u perpos ition of a ll m odes  . . .

– The s ine s w eep w ill loca te res ona nces ;
the s ine dw ell excites  s pecific m odes . 

– The ra ndom  inpu t w ill m ea s u re a ll m odes  a nd frequ encies  s im u lta neou s ly.

– The s ine tes t m ea s u res  s pecific pea k s ; 
the ra ndom  tes t m ea s u res  the com plete res pons e .

– The s tru ctu re m u s t be is ola ted; vibra tions  from  u nw a nted s ou rces
(s u ch a s  fixtu res  a nd rig id body m odes ) m a y be pres ent.

– Stru ctu ra l da m ping  is  identified by the s ha rpnes s  of the frequ ency 
res pons e

ω

|A|

G ROUND VIBRATION TESTS
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EXAM PLES OF SHAK ER ATTACHM ENTS
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F-16 G VT FOR STORES CLEARANCE
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A-10  G VT FOR STORES CLEARANCE
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F-16 G VT W ITH SOFT SUPPORT
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SHAK ER SUPPORT FOR A-7 G VT

115



59

ACCELEROM ETER INSTALLATION FOR F-18 G VT
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