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PR LI’ ACE

\~ m m iu l m t . i m ~ , uim ~ m , i I  i fl~ s~mt im Im lo ic  amid immure s t o ic s , time proble uim if predicting the
cr i t i ca l f lut ter  speed becom uies um iu re amid more coul m ir f i ca l ed A p a m i  rum ti me lack of

.ierud v mma mnmc k mm iiss l c dtr c ss ium ch imi akes it ,jlu mmo si iim iposs mhk’ i i  predict t ime uuistead~
aer id~ m.mr lmmc  t oo _ c s . the nu t m —i i mm ca r  hcl i .mvmo i mr of ~ irL~- s tumcs  cum it ig iu ratiom is leads to f resh
dii f i i _ u l i rcs iii the mmm ie r p re ta tmur m of ’ gri mum m d s mhmai i um i  t e s t s  and f l i gh t f lu t t e r  tcs t s .

~1m (l,iidl ’s paper f ici~is iii if ue ruuudc r s t a mmdm m mg ot t hese d mi fk t i l tu i ’s si mii i  t ime support of

grti iummd amid f ligh t L’ \ f i c t m c m o . c  on modern r i m ,  i it  i h i s  co rm t r i hut i o m i  ssihi h~ ol ’ great sal ue
fur ,ihi ~i i r o _ e r r m c d  N \ ID countr ies .

(; .(‘oU l’R\
( ‘ h ia mr nia mm . Simb—( ‘omnlittei’ on

Ac roci: ist ieut~ and I. rrs ic.iiI ~
,~ crod naillic s



SUMMARY

I- ‘sam ples ut no mi- h im mear ‘. ubrat iom i behaviour in ground resonance tests  of an aircraft

are shiu~ im Model test s for a SuiilI) Iitied si stein wi t h non’linear properties have been
perl urmued ti st uds time e I’l’e~ ts of f r ic t  min i and i.ick ias } m wi t h respect to ground resonance
test am id flight flutter test

Wit h s~ m m m m m m~’t r ie amid as~ mmnet rie nomi- linear st mf fm m e ss characteristic s e f fec ts  of
amm ip hitude dependent lrequencies. mode coup ling, mode asymmetries amid the cum lsequeilces

in p ar am lie ter mdcii (if ic ,mi mu mm in lb rat ium m i cst s  are poiii ted out and discussed.

In ~ase of f lutter crit ical nmodes time pruhlcmi is (if apparent damping caused by non-
linear s~ stem n properties are shown amid reco m m endations are given to reach a represen—
ta t ive (hitter clearance with respect to this norm linear sy ste m behaviour.
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\ i m N — 1 I \ i  1~ ii I F i t  I ~ iN A l l u  1mM I i ,00m NI’ ANh I ’t ,I idI I  S i l ij iA l  JUN J } ’ ,~,I ,

by

I . h A  I lii

~‘it’,,$I’,ii,s( } I~i I I I  —m mu1 , K oW— iiI ,uh!~1 (iml,JI.
I m i t um ii, I i r m u e i i s i u m ’ u m c i i  1’ lugzm~uge
8 , Monctmeri 80 , - us I, ( ierm an y

IilohJl.t.M st:HVEY

I here have been ma ny im p r ovom en t s in i t o  i j im n en t  and t e s t  me t im od s  for  ground r esonance
t e s t s  and fli g ht flutter te s ts , l im e d eterminat ion of the d ynamic  c h u a r u c t e r i s t i c  iii real
air craft structures is s t i l l  , I m i f i c u l t  mn case of non l inear system ii~~hma vm o ’ir .

some examp les taken from p r e v i o u s  t e s t s  and investigat i ons may hel p to g ive a i r o m ~lem
s u y  -

l im e f ir s t example refers to a ground resonance test in a I’ 10’i Ci ‘Star l i g l m t e r ” air-
cra f t , described in Am ,A hil , Deport No. ‘39 2 , sec’ l oe f ,  iJ - ‘i’~o mult in a tiona l e comparat ive
programs have been performed to define and improve the aerod ynamic and ela stomechanica l
basis for the evaluation of aircraft aero elastic s t a b i l i t y .  Test results of’ intensive
ground resonance tests indicate the common trend of sli g htl y reducing frequency with
increasing amplitude ((Pef , i] , Table 23 and 2~i) . A strong non linear behaviour h a s
been found for a fin torsion , ta il plane coplanar rotation mode (r = ‘m ) .  ~~it i i  increasing
amp litude the resonance frequency drops from 12 .7 lIz to a minimum 01’ 10.2 lIz but in-
creases to 11.2 Hz w i th hi gher amplitudes . Such non linear effects may tie caused b y
b a c k l a sh , friction , comp lex actua tor stiffness , li quid load s , or eng ine installation.

An investigation of dry friction effects to an ailer on ro tat ion mode of a g lider
has been performed b y 0.N .E.D .A. (Hef . 2].
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Fig. 1 Influence of an Auxiliary Excitation (60 Hz) on the Aileron Rotation Mode
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Fig. 2 Effects of Symmetric Backlash to the Wing-Aileron Flutte’ Stability

In I , . 2 t l u t ’  c,,rm s u ’ I e ’ m c’ i non l inear s t i f f n e ss  c h a r a c t e r i s t i c  w i t h  b a c k l a s h  and t h e
C lii 0 ’ ( il(’ri ( L ’ s I I ,  tb ,  flu t t e r  s t a l  i i i  t 5 ol t }m is svs i_ em are S ( i O i m ’Ii -

“3-

(REF. 3)

STABLE INSTABLE I

—

~ 275 300 325 V / k m/ h ] 350

Fig. 3 Effects of Non Symmetric Backlash to the Wing-Aileron Flutter Stability (Preloaded System)

F i~~~. 3 s l i . iws  ti me ‘- imu Imara ne ters (‘or a “j i reloaded” s yst e m  or a s y s t e m  w i t h  “ a symmet r i c
st i t I mic — “  c h i m  r a t e m -  m st  ic ’1
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Fig. 4 Effects of Non Linear Stiffness to the Wi ng’Ai leron Flutter Stability

i~~~~ . 
‘
* n c ’ s ,  o l s  t i m e  n e i s t  c i i  t ical t eh a vmo im r of t h e  s’’.-tem w it h tire s h o w n  d e g re s  s iv e

t i t t m i e - s  ct iam’ ,m ct i’i i s t i c .  u i 1 5  flutter behaviour is very dangerous because th ere is

no ,tmjiI i t i i i f i ’  li m i t i m t i m , r i  oi i_ er t h e  sy s t e m  r e ac he s  t h e  m i  t u i m i am~ilmtu mI es of the shown
—t a t’ m l  i t ’s ( . t u y t I i r ’ v

A l l  t h i t’ si’ example s may illustrate’ the problems in time ~r iiiiii1 resonance test to de—
i m i l e  time a m p l i t u d e  ,Ie 1a’miI , ’m i t dynamic characteristics of a structure and if possible
to i n t l  ., r ( ’ 1 i ’ m , - ( ’ r i t , , m  V i ’  ‘ 1 m n e i i r u s a t i o f l ’ at a reference point close to operat ional
e , m i ’ l  I t o i l s  —

‘the tollowt n~ examp les t r im  a recent ground resonance test on an aircraft wi th
sS(’,’1 ,ile w m m i ~ arid underwing stores may show the limits of this linearisation technique
and 1 1 1 5 5 1  lI e consequences t , u  t i r e  t e s t  p h i  lo sop h y .

I want t o a c k n ow le dg e t h e  wo r k of Mr . J o hn  H . Co x  f rom M e c h a n i c a l  Tes t  D e p a r t m e n t
of IIAC-tia rton . wtmo Imas c o ntri b ute il consi .lerabl y to the A/C test examples which are
shown in this paper.

Nc’n l inear Effects in A/C Ground Resonance Test

The non l inoar i t i e s which will he Ilcusse il here are effects of backlash and friction ,
unll uenc ing the d ynami c sys tem behaviour. Fig. 5 gives a sketch of the simplified vi-
bration system.

:11
Fig, 5 Sketch of the Simplified Vibration System
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or  I c m i  t i - i u i !  I t , ’ m m m , ,’ . lIt, s ’s  s t e r n  ~~
I’ i u , I  t l e n -  a m  4’ m l i inm m ge.ml wiu’rm t Iii ~ ( ‘ m i i i  in g  i s  moving.
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Fig, 6 Effect of Input Power on Resonance Frequency for Wing Yaw-Mode

F ig. ( s h o w s  m e a s u r e d  d e c r e a s e  of t h e  resonance frequencies with forcing level f or the
w i n i  vow mode (c ,mrve A ) After a back and forward sweep of the wing a change in fre-
qu e n c i es  have been found (curve II).

t h i s  t r end o f  f r e q u e n c y  d e c r e a s e  is g iven by increasing effects of short movements
m m  r Io- h e a r in g , c h a n g i n g  t h e  s t i f f n e s s  an mI damp ing of t h e  sy s t e m .  It  should  be m e n t i o n e d
h ere, that time f r i c tion coefficient for teflon in static and g liding condition is about
the same. i h a t  means that time part time movements during one vibration cycle are limited
fo r ’  ‘ i l i r - t i t i r I L s y s t e m  moments h i gher timan the friction moment . fly this reason an auxiliary
e x c i t a t i o n  an- mentioned before cannot “break” this friction.

Effects of a preloami in w i n g  a l t  d i r e c t i o n  to the  wing yaw mode can he seen in the
time h i s t o r i e s  o f  time actuator forces , F i g.  7a .

-~~~~~ ‘-~~~~~~~~~~
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Fig, 7 Time History of the Actuator Force
Wmng Yaw Mode Excited with — 90 N on Outboard Pylon Station

n m t i m  m, .m I i n m ” i t . ~ .1 ; ‘ m , ‘ l a , m l ( w i l l . .  s i m n . ( . m - i m n i m n . l )  t I . ,  m e n - .  I m a l i c , ’  a m p l i t u d e s  ~‘it h rme-am ’ l~ l i t ’

— m r . ’  m ’  i i .  m t a t  l I l t  m i u m e m i t  a r m ’  i , - h t c , ’ i m s  s lio ~~ii in  l i ’ .. 71. 11 m m ,‘s non expected i , e i , , m v u u , u :  t n i t
i i’ t-i~.l a i in c  1 I’ v u , - ‘ l . t  C i’d g 1 i i i  m m i ’~ c - i  I m c  t ~‘m t i m  l u r e  I m a d .

I i , ,  r i o  — s m m t m f l i t i i t , n- I l l  t I m e s  c i , , t r l i c t e m i s t  i c  i n - . m f l d i c , t t e . i  In the wave l ore, o f  l i t . ’  —

1 ’ . . m  I m c t , i , m t a m  l i i i ’  mn F i i .  e l i .  l i m e  m - m i , - m c ~ c. i t ’ _ ,fl i m i _  m’e l at i v  m c ,v em en ts  i n  t i m e  w m m . ~
p m ’ s . . t m b e - m r  i l L  I t u ’ i c t  m m i i i  c.~~m p 1 i o~ ( t h i t , r ’ e h  i i ,’ s c e u m i  t i  be 1 imit c ’ I t u t  tine wing I om’w’~m u .1

— c m l  l o t  h u n  c y c l e .

t i m  m i , ,  ‘- s n i m m , , ’ t r ’ i c  c m n - , ’  w i t h o u t  I t r e l o a t l  t i m e r e  a re  g l i d i n g  e f l ’ e c t s  i n  h o t b m  d i r - e c t i u m i s
m l  — i i i  ii i he .  m’ — v s t e m  ~l~im Iu 1 r ig and  r edct c e !  amp ! u t u i le  s , s e m -  F 1 g . 71..

‘i . , m m ’  — , ‘v e r e  i i  I & ‘c t  s i i  f rj c  t ror m and h a c k l a n - b i  h a v e  been f o u n d  f o r  t h e  s t o r e  m o d e s .

I ~~~~~~ 
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4 b O l T  STORE P ITCH

Cl CO OTCOnC P I TCH

INPUT POWER (NM/si

Fig, 8 Vibration in Frequency of Low Frequency Modes
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(q = 1,3 % Structural Damping Included)

O s i t h  i n c r e a s i r m g  a m 1 m l i t u d e s  the damp ing reacimes a m a x i m u m  and d e c r e a s e s .  This  Lueha v—
i , , , t m  • i , ’u u i ’ t n n - t r a t e s  t h e  m i s l e a di n g  effects upon  t he  s y s t e m  d a m p in g  e xiu r e s s e d  in % g and
i t  t h e m , ,n st r a t e n ’  t i m e  r e a s o n , wim y f r i c t i o n  damluer are not allowed to suppress flutter.

.5 mm , I I I .  l y t 1 cal  a i t l u r o a c h  of t h i s  s y s t e m  b e h a v i o u r  w i t h  t he  so c a l l e d  m e t h o d  of “liar-
m o n m c  1.itue~m r-isa ti o n ” w a s  performed. An example of the calculated resonance amplitudes
and fre,1uencies compared to test results are shown in Fig. 15.

S _______________________________________________ ~o T
F R I C TIO N  MOMENT. 

I
0. 076 NM ~ ‘

~~ ~l1 0
>1 I~~~o I I
2 j

~ 
, I , — - I F — — - - 3 2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
A

I 

4FREQUFNCY~ I

- 24

2 - 

~~~1LI L T E ~~T

/ CALCUL AT iO N

<c( ~~~ 8/ AM PL 1T U O~~

I I

0 —i- - ~
-----.-- - I

0 2 4 6 8
EXC [‘( Al I O~~ [‘ , “ ‘  10

Fig, 15 Resonance Amplitude and ‘Frequency vs Excitermoment

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



—

The a c tual  amoun t o f backlash and friction of such a system can be determined by
quasi static measurement of the “hysteresis diagram ” , see Fig. 16.
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Fig. 16 Hysteresis Diagram

This stiffness characteristic is measured with an exciter moment acting on the store
( f requency 0.02 Hz). The diagram of store rotation (curve A) and rotation of damper part
1 (curve B) reveals the amount of hacklash and friction of the actual system.

Effec ts of Friction and Backlash to Data Analysis of Flight Flutter Tests

Different excitations have been used in the model test in order to study the e f f e cts
to the data analysis with different me thods [Ref. 5, 6]
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Fig. 18 shows the increase of relative movements in the friction coupling with in-
creasing excitation , affecting the system damping and resonance frequency.
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Fig. 19 Time History of a Test with Sweep Excitation

F i g .  19 i l l ust r a t e s  the dynamic  response of the  s y s t e m  to a f r e q u e n c y  sweep inpu t.
Relative motions in the fricti on coup l ing ap pear , when the e x c i t a tion frequency is
running through the system resonance. 
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Fig, 20 Time History of a Test with Sweep Excitation
Fi g. 2(1 shows the dynamic response of the same system excited witim higher f orce

level. There are considerable time variant effects to the system damping and resonance

frequency.
In a fli ght flutter test with artificial frequency sweep excitation and superimposed

rand om excitation there is a combination of the shown behaviour for random and sweep
exci tat ion.

A m ix of dif t ’orent effects 0f t h e  friction moment and dm ffer ent resonance frequen-
cies in the response signal are the consequence .

Di gital data analysis with statistical methods is based on the assumption of a linear
system. Chang ing resonance frequencies with amplitude will produce an apparent damp in g ,
which is not existent in the system. As shown before in Fig. 111 , a f r i c t i o n  momen t is in-
troducing similar misleading effects of apparen t damtting .

Fig . 21 is arm example of data analysis of a random excited model test with “backlash” .
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c r e - i m s m m m g  etfect ive stiffness w i t h  amp litude is causemi by time amount of frictoorm and
I i ( o c k l a s l m . I im ~ m i n i n m u i m  ( i f  t h e  e t I ( ’c t mv e  s t i f f n e s s  ~~s a further Tmportant condition in
ru n- .I ie c  t t o  ç t Im r amc tel” Van ’ t a t  i l i l t  I f l  time “I inicar ” calculation. 1 it o s minimum effective
s t i l f n es s  i s  s t r o n g l y depe n d e m i t  on c h a n g e  in f r ic t i o n  arid hacklasim . ~ ithout friction
moment , the e ,h f ectiv e s t i l i n e s s  within time iiacklashm range would be zero. In order to

have ml rm’)Ir en_en tat x ye warm ion , di il ’ erencos wi tb in the Itrom luc t m o n  l i n e  and wea r
e ffect— mu’-t It o covered.

Asymmetries in the stiffness characteristic caused by preload give a change in
effective stiffness compared to the symmetric case.

Vibration measurements somewhere within the backlash range cannot he used to assess
t h e  range of necessary parameter variation in the vibration calculation or to verify
the calculations . In such a case the separate determination of the hysteresis diagram
is a v a l u ab l e  s t e p .

bl ue Aircraft (~round Resonance Test in t h e  s tore  yaw mode and wing yaw mode h~ns
shown , that a test aitproach to the boundary condition “large amplo tude ” as di s cu ss ed
before , could not be reached.

The model tests with harmonic excitation , with random excitation and with frequency
sweep excitation can provide necessary informatio.is on the behaviour of the non linear

system.

TIm e effects of these non linear system properties to test methods used in ground
resonance tests and the data evaluation in flight flutter tests have been demonstrated

in the model tests.

- 
- A s shown in the different examples , the non existent apparent dampin g in the data

ana lysi s cau sed by amplitude dependent resonance frequencies and misleading e f f ec ts
friction dep icts a very serious problem in the flight flutter test.

A s y m m e t r i e s  in the  modes , pre lo lm d e f f e c t s  and c ros s ing  f r e q u e n c i e s  of the store
yaw mode with store pitch mode are causing additional pr ob l e m s  in mo de se para t ion and
damping. 
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Arm esse u m t imt l step wm t l m  respect to t’lutten ’ stability or fatigue o w to determine
whmet }mer or not t he se  nmo nm l i n e a r  f e a t u r e s  are importan t in t i m e  S l u t  tn : ’  tu eh a v io ur  of
time Alt ’ . l u !  Im,w ium g aspect~ Im a vi- to  lii- c o m m w  m t i c ’  u e m I

• modes r e l e v a n t  for f l u t t e r

• m o d e s  c o u p l i n g  w i t h  r e l e v a n t  f l u t t e r  modes

• asymmetries sum modes affecting time f l u t t e r  speed

effects of a p p a r e n t  damp ing in time data  anal y s i s

Itecummendationm s to ac imieve a rejure sent a tive flutte m- clearance in case of severe non
linearities are :

• c a r e f u l  pa ramete r  i d e n t i f i c a t i o n  in static tests

. calculatioum s with corresponding parameter v a r i a t ion s

• wind tunnel tests to find out the influence of asymmetries and non linear
f e a t u r e s  to f l u t t e r

• nou o l i n e a r  ana l y t i c a l  i n v e s t iga t iou .s

ground resonance tests and fli ght flutter tests with a modified test airplane
( r e d uc e d  d a m p i n g  and b a c k l a s h )  to  cover  t h e  w o r s t  c o n d i t i on .

_ _ _ _ _ _ _ _ _ _
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