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PANELS AT "ACH NUMBERS FROM 1.2 TO 3.0 INCLUDING 

3y Maurice A. Sylvester 

ExperiKental  panel f l u t t e r  data have been obtained st Mach numbers 
f ron 1 .2  t o  3.0 fo r  buckled rectmgulm  panels and the  er'fect  of a p e s -  
sure different ia l  has been detedned.   increasing the pressure  differen- 
t i a l  w a s  e f f ec t ive   i n   e l imimt ing   f l u t t e r  02 nost of the  panels  tested. 
I k e  effects  of the var iables   in  the pmel f l u t t e r  paremeter, 

- (where M is the Mech number, q is the Qfnmic pres- 
2 

sure, E i s  Young's aodulus,  an6 t and 2 are  the  panel  thickness and 
lengtll,  respectively), were investigzted  for  buckled pa-n-eels clamped on 
the  front an& rear  edges end e crit ical  mlue of this parameter of 0.44 
is  in6icated a t  zero  pressure  differential when the gene1  width-ler?gth 
r a t io  is  0.69. Ax estirriated f l u t t e r  bomdery is presented  for  buckled 
panels clemped on f o w  eiiges  and having width-length  ratios of 0.21 t o  
4.0. Tiis bounhry shows that the panel width is  more s ignif icant  thzn 
the  paEel  length when Cle r e t io  of  width t o  ler!!Yn i s  less  than  approxi- 
mately 0.5. Parels  clmped on four edges  end  buckled i n  two half waves 
in  the  direction of flow were found t o  be par t icular ly   s-acept ible  t o  
f l u t t e r .  The results of l imited  tes ts  on sanels with  applied damping, 
curvature  and  lergthwise  stiffeners are also  gresented and discussed. 

INmODUCTION 

The possibFli-Ly of pane l   f lu t te r  a t  supersonic  speeds has been 
indicated  theoretically and demonstrated  experimentally, end continues I 

t o  cause some concern &s Kore airplanes and missiles are being  designed 
to   operate   in   this  speed  range. The results of i n i t i a l  NACA panel 
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flutter  experixents a t  &tach niunber 1.3 (ref .  1) shmed that a i r c ra f t  
panels witin practical  dimensions c m  be scbject t o   f l u t t e r ,  and that 
buckled  panels were more suscept ible   to   f lut ter  t h n  f lat  panels  or 
paneis with tens+olz. The emerinental   tes ts  were t'nerefore  extended t o  
mke a more coxprehensive stuciy of the f l u t t e r  of buckled panels. Same 
res-ats of this study, togetler with a brief review of recent  theoreti- 
ca l  work, are  reported  in  reference 2. These results  include an exten- 
sion of tke  Mach  number range from 1.2 to 3.0 as  well  as  an  indication 
of the effects  of s pressure  differential  across the panel and an inves- 
t igat ion of the  efr'ects of panel  vidth-length  ratio. 

The present  pager  furtlner m l i f i e s  some of t3e mterial i n  refer- 
ence 2, &iscusses t3e resul ts  of zests on adEitional  panel  covTigurations, 
and summarizes the resdts of e x g e r ~ e n t a l   f l u t t e r  tests on  buckled  panels. 
These results  fnclude a study of f lut ter   t rent is  of  buckled  panels clamped 
on the frmt and rear edges,  an  investigation of  sone factors  affecting 
the f l u t t e r  of buckled  ganels  clmped on four  edges, and a discussion of 
the effects  of several  modifications to the  basic  panels  or  their boundary 
conditions. 

The flutter-trend  studies of panels clamped on the front  and rear 
edges infiicate the effects  of Mach number, dyra~3.c  presswe,  panel st iff-  
ness,  length stnd width-length  ratio, and pressure  Ciifferential. This 
simplified  panel  configuration was used i n  t h e   f l u t t e r   t r e n d   s t d i e s  
since  better  control of the test  conditions  could be mintained. 

Panels  clmped on four edges and havfng  severs1  types of bxckling 
modes a s   v e i l  as various  wicth-length  ratios were investigated to deter- 
mine their f lLt ter   character is t ics  and to  indicate  the  extent  to which 
Yne results of tests on sizplified  panels may apply t o  this more prac- 
t i c a l  panel  cor3iguration. 

Tce xodifications  to  the  sanels or Yneir boundary conditions  included 
applied  dmping, tne aMit ion of lengtawise  stiffeners, an& the addition 
of "tvo-dimensiomlizing  fences"  aiong the tunnel wzll adjacent  to  the 
f ree  edges of a pmel .  A few parzels with siTFle  curvatwe,  either  perpen- 
dicular or parallel   to  the  streax f i m ,  were &:so tested. 
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M Mach rmber  

.I n number of approximate Mlf waves i n  gene1  buckled mode i n  
direction of flov 

m number of approximete half waves in  panel  buckled mode 
perpendicdsr   to  flaw 

P free-stream stat ic   gressure i n  tes t   sect ion,  Lb/sq in .  

P1 
4 chember stat ic   pressure (behind  pa,nel), lb/sq in .  

v air veloci ty   in   tes t   sect ion,   f t /sec 

P air   densi ty   in  t e s t  section,  slug/cu f t  

t panel  thickness,  in. 

2 panel  length in   direct ion of flow, in .  

W Dane1 width Eeasured  serpendiculer t o  flow, in. 

AF’PARATUS A i i  TEST METHODS 

Test   Faci l i t ies  

The panels were f lu t t e r   t e s t ed   i n   t he  Langley  sugersonic f l u t t e r  
apparatus. P a r t  02 the  panel  fliztter program was collducted with this 
tunnel  operating from atmaspheric  pressure t o  & vacuum 8s described i n  
detail i n  reference 3. Interchangeable  nozzles gave Mach numbers of 
1.2, 1.3 ,  and 1.6; and the flow conMtiom at  the test section were, of 
course,  fixed Cor each Mach number. The remainder of the  panel  f lutter 
program was conducted  with  the  twmei  modified by the  addition of a 
2500-cubic-foot a i r  storage tark with a  working nressure of 100 pounds 
per  squzre  inch. This tank was connected-to  the  nozzle  entrance  through 
an  adjustable  control  vglve, wbich prodded some conkrol  over the stag- 
cation  (and test section) flow conditions. Tnese flow conditions were 
usuelly adjusted ( in so fa r  as  gossible) t o  be cornsarable w i t h  those 
obtair-ed i n   t h e   i n i t i a l   p a r t  of the test program. The increased  stagna- 
tfon  pressure made it possible  to  extend  the  range of the tests t o  Mach 
nwi’oers 2 .O and 3.0. 
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Panel Mounting Apparatus 

NACA RM L35130 

The panel  Eomting  apparatus is shown in  f igures 1 and 2 and is  
described i n  detail i n  reference 1. Figure 1 shows the panel clamped 
i n  the tumel side wall. Although not shown i n  the figure,  provision 
was made fo r   f a i r ing  the panel and clamps smoothly into the sFde w a l l  
of the tunnel. Figure 2 shows the  panel  beveled-eQe clamps and the 
induction  pickups. Each of the four  panel clanrps could be moved 
independently of the others  to m k e  it possible  to  apply  cmpressive, 
tensi le ,  and shear  forces  (or combinations of t'nese forces)  to the 
panel  edges. Tne panei clamps coulE also be moved t o  ad ju t  for  panels 
of widely different dimensions. In testing  panels w i t h  curvature, the 
front and rear  clanps shown i n  figure 1 were repiaced  with  curved  panel 
c l a p s   h v i n g  a radiu of curvature of e i ther  l2 inches or 48 inches and 
these were faired  into  tne  tunnel  side-wall  plate as shown in   f i gu re  3.  
The tunnel s i d e - w a l l  plate  could be rotated  to   obtain  tes t   resul ts  with 
the flow over the panel from two directions  as  inacated by the  arrows i n  
the figure. The space behtnd the panels w a s  enclosed t o  give a chamber 
i n  which the  pressure  could be controlled. 

Panel Models 

The p.n.els used i n  the tests were thin  rectangular s;2eets of s t ee l ,  
aluminum alloy, magnesi-m, Wonel, and brass. These panels are l i s t e d   i n  
tables I t o  I V  along v i t k  the pertinent panel &imer?sions. The panels 
were clamped on e i ther  two or four edges and a drawing  of a buckled 
panel clampea on tG-o edges is shown ( w i t h  c lmps   mi t ted)   in   f igure  4 t o  
indicate  the  notation used i n  discussing  the panels. 

Nodifications to  the  basic  panels  or their boundary conditiors  are 
i l lxtrated i n  Zigures 5 t o  7. Tnese moclifications, fo r  panels clanpea 
front  and rear,  consisted of lengtiiwise s t i f feners  added t o  a  0.0165-inch- 
thick  aluminm-alloy  panel as shown in figure 5 azld "fences"  attached t o  
the  tunnel wall along the  free e%es of a 0.039-inch-thick alm3mm-zlloy 
panel as shovn i n  figwe 6 .  For panels clamped on four edges the no6ifica- 
tions  consisted'of curvlgg the  qm-el,  attaching  stiffeners  to a panel 
( f ig .  5 ) ,  attaching three viscous &ampers along t'ne center  l ine of a panel 
at 0.252, 0.502 and 0.752 (Tig. 7) ,  and bopding herd rubber t o  the  rear 
surface of a  0.025-inch-thick steel   panel.  The dampers were of the rod- 
cylinder  type  and tile -ping constant was varied by changing the viscosity 
of the o i l  between tne  rod and cylin6er. Tine curved panels wZth a radius 
of 12 inches were rolled  to  the  proser  raEius  before  being clemged i n  place 
but those w i t h  a. radias of curvzture of 48 inches were simply formed t o  the 
proper cwvEture w i t h  tne c l a q s .  . 

The dimensions of the  panels tested were such that  they would be frqe 
of the shock wave reflected fron the opposite tunnel wall. 

a' - 
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Xe-Lhod of Buckling  Panels 
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The buckling  forces were induced i n  the  panels by thermal st- resses 
result ing from heating  the  panel, by sgplication of forces  with  the 
Fanel  clamps, or by a  combinatioa  of these two xethods. When possible 
the  type arid amount of  buckle were adjusted vhen the  panel  tezperature 
was approxb-ately  equel  to  the  tunnel  stagration  temperature. This tern- 
perat t re  was about 180' F for the  original  tunnel  configuration and was 
i n   t h e  range between 80° and 120° F for  the  modified  tunnel. Examples 
of the  types  of  buckling modes tes ted are sho-wn in   f igure  8 and are 
dfscussed i n  t'3e appendix. 

Ins t ruenta t ion  

QLiick response  strein-gzge-type  pressure  cells were used f o r  pres- 
sure  Izessurenents to  ktermine  the dynaxdc pressme end the  pressure i n  
the chamber behind  the  ganel. T h i s  latter pressure w&s neasured  rela- 
tfve t o  a constant-reference  static  pressme  in  the  tunnel by connecting 
a sensit ive  press-ue  cell   differentially between the chamber and a s t a t i c  
pressure  orifice on the opposite  tunnel well. 

Motions of tine panels were detected by inductance-type  pickups which 
were  mounted i n  t2n-e  che,uiDer behind  the  panel  (see  fig. 2) . A s t r a i n  gage 
was located 3/16 of ul inch from Cne trailillg edge of one panel, midway 
between the sides, t o  indicate t'he magnitude of t he   f l u t t e r   s t r e s ses   a t  
this location. A thermocouple was taged t o  the back of each  panel t o  
indicate tk  apgroximate ganel  tezperature. 

The signals from the  pressure  cells,  incuctame  pickuss,  strain gage, 
end thermocouple were all recorded  simultaneously  along w i t h  a  60-cycle- 
per-second  timing  sigaal  by s recording  oscillograph. 

Testing Techmique 

The panel was clamped i n   p l s c e   i n  the tunnel  side-wall  plate, mow-ted 
i n   t h e   t u n e l ,  and the mount and type of buckling were adjusted and noted. 
T4-e chwber  cover w s s  then p,rt in  place and the  valve f o r  adjusting cbmn- 
ber  pressure was ogened t o  give a cham'Der pressure which was estimate6 t o  
give  a  sufficient  pressure  differential  across  the  panel t o  supgress  f lut-  
ter. A ser ies  of rum w a s  then =de, decreasing  the chamber pressure by 
discrete   s teps   in  each  succeeding  run until f l u t t e r  w a s  obtained and the 
positive  valae oI" the measured gressure  differential  required  to  prevent 
f l u t t e r  was determined. A similar  series of t e s t s  was then made t o  deter- 
m i n e  the  negative  value of the rceasured pressure  differential   required  to 
prevent  f lutter.  W-ec3Latel.y pr ior   to  each f lu t te r   t es t ,   the   pane l  was 
heate& t o  the  temperature  (usually  tunnel  stagnation  temperature) a t  which 



the  buckling mode had been  previously adjxted. This w a s  done so tha t  
tine stresses,  induced i n  the  panel  by  teroperature changes during tlne run, 
would be minimized. 

The panels were observed  before and a f t e r  each tes t   to   es t ina te   the  
raximum panel  buckle  depth and during each t e s t   t o  note  the panel f l u t t e r  
characterist ics and to  detemine which way (i .e. ,  towards or away from 
the  stream) the panel  buckled  during  the  run. 

Tne term "panel f l u t t e r ,  '' as u e d   i n   r e f e r r i n g   t o  the present  experi- 
mental results,  includes a l l  sustained  panel  vibrations of suff ic ient  
amplitude and persistence as to reasonably  indicate an unstable  panel con- 
figuration. Some types of these panel   f lut ter   osci l la t ions are described 
Elnd i l lustrated  in   reference 1. 

RESULTS AND DISCUSSION 

DE resul ts  of most of t'ne f l u t t e r  tests on bGclrled pmxels are l isted 
i n  tables I t o  I V  aiong with the  associated  test   section flow conditions 

are  presented i n   f i g w e s  9 tkxough 14 and are discussed with the aid of 
several  ?anel  parameters an6 the Sressure  differential  across the Fanel. 

(% a_, and p )  and the  pertFnent  panel  parameters. Some of tinese results 

. 
late the results of t e s t s  on buckled  panels clamsed on the  front and! rear 
edges  and is also used, i n  conjunction with the  panel width f l u t t e r  param- 

e te r ,  ({E :TI3 A t o  discuss  the results of t e s t s  on buckled  panels 

clamped on four  edges. These parameters were introduced in  reference 2 
and are  nondimensional  groupings of aerodynamic and s t i f fness   factors .  

W' 

The positive and  negative values of  the measured yessure  differen- 
t i a l  required  to st09 f l u t t e r  on panels w i t h  no curvature  prior  to 
bucklir4 were not,  in  general,  equal. The difference  in  these  values w a s  
not  consistent and  appeared t o  be largely  the res-dt  of iagerfections  in ' 
the 2anels and the i r  edge conditions.  In  order  to  eliminate some of the 
scatter i n  the data due t o  these hqerfections,  the  values of the neasured 
pressare  differentiel   required  to  stop  f lutter were averaged. (For example, 
i f  the  negative aEd gositive values of the measured pressure  differential 
requfred  to  stop  f lutter were -0.20 and +O .10 pound per square inch,  then 
the average  values would be io. 15 pound Ger square  inch. These averaged 
values are l i s t e d  i n  the tables and  used i n  discussing  the results. 
%cause  of the   sca t te r   in  the pressure  differential data, the  general 
magnitude  of these data and t'ne trends shown should be emphasized rather '  
t1-n the  actual  values of the pressure  differential. 

4 - 



Zuckled Pmels Clamped  on the Front and R e a r  Edges 

The resu l t s  of the s tuaes   t o   i nves t iga t e  tine effects  of  panel stiff- 
ness,  panel  length, p a e l  width-length  ratio, Mach nunber,  and a pressure 
dirferent ia l  on the   f lu t te r  of buckled pmels  clmped on t'ie f ront  and rear 
edges a re   l i s t ed   i n   t ab l e  I along w i t h  the  pertinent  panel  parmeters. 

These panels were buckled in the one-bAlf-wave type of buckle 
(fig.  8(e))  and. the  buckle  depth,  within the limits tested, did not  appear 
t o  have any s ignif icant   effect  on the   f l u t t e r  results. Tnis f ac t  i s  sham 
by a comparison of   the  f lut ter   resul ts  of tests on panels 7a, 7b, 8a, 8b, 
12a, 12b, 18a, 18b, 28a, 28b, 42a, 42b, 4 3 ,  43b, 49a, and 49b. Each of 
these  panels WBS tested  with two different  values  of  the  estimated  ratio 
of buckle  depth to  length, d/2, and the  corresponding f l u t t e r  results 
indicate t"mt these changes i n  the buckle  depth had no zppreciable  effect 
on the  psnel  f lutter  chracterist ics.   Nevertheless,  the r a t io  of buckle 
depth t o  lengkh was maintained e6 constant as possible  throughout the 
f l u t t e r  tests on this  panel  configuration. 

Uoservations of t he   f l u t t e r   t e s t s  and an- investigetion of t h e   f l u t t e r  
records  indicated that the  pfedominsnt l l u t t e r  mode on buckled  panels 
clamped on the  front and rear  edges was generally of the  "oil  canning" o r  
modified  traveling Wave t E e  (i .e. ,  re la t ively low frequency,  high  ampli- 
tude  oscillations  occurring between the two buckle extremities with  the 
front  portion  of  the  pan-1 leadLng the resr portion).  Emever,  higher 
order modes occasionally  occurred  or were superposed on the lower fre- 
quency motfie, psr t icular ly   for   panels   with  re la t ively low values of the   f lu t -  
ter parameter. I n  e f e w  cases, w h e r e  the  pressure  differeatial w a s  suff i- 
cient  to  suppress t'ce large  amplitude nodes, a relat ively low amplitude, 
high  frequency tme f l u t t e r  w a s  superposed, l i ke  a ripple,  on the panel 
buckle mode shape. 

Pressure  differential.- The ezfect of a pressure differential on the 
f lu t t e r   pa rme te r  of  buckled  panels clamped on the front  and rear edges 
end k v i n g  a  width-length r a t i o  of 0.69 is  sham i n  figure 9 .  Tce data of 
figure g(a) Ere for  pan-els of severalmaterials,  those of figure g(b)  are 
for pmels  wit'n different  lengths, and those of figure  g(c) are for  panels 
tes ted a t  Mach nmbers from 1.2 t o  3.0. The datz were obtained by varying 
the  pressure  differential   in discrete steps-m-d  the  points  plotted  in  the 
figures  represent  the lowest pressure  differential  a t  which no f l u t t e r  
occurred. The f a c t  t:mt these points  are  not true boundary points i s  not 
of great Fmporta-n-ce because  the  size of the  pressure  differential  fncre- 
meets were less than  the -ultimate scatter of the data. Conservative 
boundaries ere  feired t o  include  these data and represent  the  approximate 
division between Ye  f lu t te r   reg ion   be lm  the  boundaries  and t'ne no- 
f lu t te r   reg ion   to  the r igh t  and  above. These bomdaries  indicate that a 
pressure  differential  i s  e f f ec t ive   i n   e lh ina t ing   f l u t t e r  on these panel 
cocfigurations and t'mt the magnitude  of this pressure  differential  

- 
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decreases as the f l u t t e r  parameter  increases. No flutter w a s  obtained 
in  these  panels a t  a pressLme different ia l  greater than W.31 pound per 
square  inch. L 

The flutter  bomderies  for  panels of several   materials  (f ig.   g(a)),  
for  panels of different  lengths  (fig. g ( b ) ) ,  and fo r  panels  tested a t  
Mach  n-ambers 1.2 t o  3.0 ( f ig .  g ( c ) )  are  identical  for  vslues of the 
Dress-ne  differential  less  than  apgroxirmtely 0.10 pound per  square  inch. 
Tnis coincidence of the  bomdaries  indicates that, fo r  the variables 
stufied,  the  panel  flutter  parameter i s  an accepta'ble  correlating  factor 
a t  t i e  lower  values of the  pressure  differeatial. The panel   f lut ter  param- 
e t e r  eoes  not  epgear to  correlate  the Nhch nuxber data sa t i s fac tor i ly  a t  
values of the  presswe  differential   greater  than agproximately 0.10 pound 
per  square  inch. This f a c t  is skom i n   f i g m e   g ( c )  by the discrepancy 
between the Mach nunber 1.2 and 1 .3 . to  3.0 f l u t t e r  boundaries a t  the  higher 
values of tine pressure  differential. This Mscrepancy is  caused by a 
re lat ively Low-mglitude high-frequency type f l u t t e r  which was superposed 
on the buckling Icode shape end which gersisted  to  higher  values of the 
pressure  differential  than did Yne "oi l  canning*'  type f l u t t e r .  

The boundaries of f i gme  9 also  infiicate a c r i t i c a l  value of the 
f lut ter   Farmeter  (at zero  pressure  differential) of 0.44 ebove which no 
f l u t t e r  was obtained for  these pa-nels having  a  width-length ra t io  of 0.69. 
The analysis of reference 4 indicates a c r i t i c a l  value of the f l u t t e r  
parameter of 0.545 for  buckled  ganels v i th  &n infinite width-length r a t io .  
An attempt was therefore made t o   o b t a i n   e ~ e r i x e n t a l  6ata on panels 
having  width-length  ratios  greater  than 0.69 i n  orcler t o  more nearly d 

approxbate the condition of in f in i te  aerodynamic aspect  ratio which was 
assumed i n  the analysis of reference 4. 

Width-length rat io . -  The effect  on the   f lu t te r  Daremeter  of increasing 
the  panel  wiCth-iength r a t io  from 0.69 t o  1.85 and 3.38 a t  M = 1.2 i s  
shown ir, figure 10. The estimated  flutter  boundaries, based on the l b i t e d  
h t a  available,  indicate  tnat  the  critical  value of the f l u t t e r  parameter 
is increased, a t  a l l  values of the pressure  differeztial   tested,   as the 
width-length r a t i o  i s  increased frm 0.69 t o  3.33. This increase i n  the 
c r i t i c a l  value of the f l c t t e r   pa rme te r  i s  &bout 15 percent a t  lov values 
of the  pressure  differential an6 resul ts  i n  somewhat bet ter  agreement 
between the experhental   results and the two-dimensional theory of refer-  
ence 4. Tiie increase i n  the cri t ical   valae 02 the  experjlr,ental  panel 
f l u t t e r  parameter may not be ent i re ly  due to   an  increase  in   the aerody- 
nmdc  aspect  ratio, however, and the following  observations should be of 
a id  i n  evaluating the experimental results. 

O'cservctions of the tests and an inspection of the   f lu t te r   resu l t s  
apgear t o  indicate  that tge displacexent of the   f lu t te r  bomdmy caused by 
increasing  the  width-length  ratio from 0.69 t o  1.85 i s  mainly due t o  aero- 
dynmic  effects,   sime tke f l u t t e r  motes of these panels were preclminantly . 
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of a  two-dimensioml mture .  This resu l t  is further emphasized by t e s t s  
a t  Mach nmber 1 . 3  on a pmel  of width-length  ratio of 0.69 (panel no. 39, 
table I (b) )  w i t h  fences  six  inches high zttached to the tunnel wal l   dong 
the  free edges of t'ie panel  (fig. 6 ) .  Cmparison of the  result  of t'nis 
t e s t  w i t h  t'ne f l u t t e r  bom6.ary a t  M = 1.3  (fig.  g ( c ) )  f o r  panels  without 

fences (W/Z = 0.69) a t  (/E g'1'3 4 = 0.372 shows th&t tine increase 

i n  the  pressure  differential  recuired t o  s top   f lu t te r  i s  of the same order 
of mgnitude as that indicated in figure 10 when the  width-length  ratio is 
increased  fron 0.69 to 1.85. The ef fec t  of the  femes should be largely 
aerodpaqic  since  the  buckling mode is unaffected. 

4 

The further displacenient of the   f lu t te r  bounda,ry in   f igure 10, as 
the  width-length  ratio was increased  to 3.38, is caused by a combinatiofi 
of aerociynamic and buckling  modifications  since no two-dlEensiona1 f l u t t e r  
w a s  obtained on panels w i t h  this width-length  ratio. 

An attenpt was made to   ob ta in   an   in i t ia l  buckling mode of the one- 
half-wave  type on each  panel  tested but this became  more d i f f i cu l t  es the 
width-length r a t i o  was increesed.  (See  eppendix.)  Observations of the 
f l u t t e r   t e s t s  showed t h a t  the  tendencies of the  buckling mode t o  became 
more  complex and Srregular as the  width-lergth  ratio was ircreased  affected 
the  f lut ter   character is t ics  by causing f l u t t e r  to occur on localized  areas 
of the  panel  independent from other  areas. 

D y n a m i c  pressure.- A d s t i o m 1  t e s t s  on buckled  panels clamged a t  the 
front and rear edges were made i n  the modified tunnel  to  investigate  the 
e f fec t  of aynamic sressure and  determine  whether i t s  ef fec t  was progerly 
accounted fo r  by the  panel  flutter  parameter. The resu l t s  of these  tes ts  
are  presented  in  figure l l w h i c h  shows the effects  of dynamic pressure on 
the  panel  f lutter parameter a t  zero  pressure  Sfferential .  The resu l t s  
are  presented  in the Ton? of f l u t t e r  end no-flutter  points  for  four  panels 
baving varLous s t i f fnesses  and a constant  wicth-length  ratio of 0.69. The 
c r i t i c a l  value of the f l u t t e r  garameter  determined in   f igure  9 at  zero 
gressure  differential is slso indicated on figure 11. The agreement is 
good between this c r i t i c a l  value of 0.44 (based on data f o r  a llmited 
range of dynanic pressures) and the data points  for a much wider  range of 
dynamic gressures. This agrement further. substmtiates  the use of 
the  panel   f lut ter   garmeter   as   a   correlat ing  factor  for this panel 
configuration. 

The data presented  in  f igwes 9 and 11 indicate that, at zero  pres- 
sure  differential  and f o r  the range of variables  studied, the panel 
f l u t t e r  parameter  nay be adequate t o  describe  the  flutter  trends of I 

buckled  sanels clamged  on the  front and rear  edges. In addition, a criti- 

ca l  value of t'o~ panel   f lut ter   parmeter ,  [(JG f 3  4 = 0.44, is 
c r  - 
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indicated for these panels  having a width-length r a t io  of 0.69. It is 
o'ovious from an  inspection of the  panel  f lutter parameter that increasing 
the Mach  n*un'oer (at constant  Qnamic  pressure) or panel  stiffness and 
decreasing  the  Qnamic  sressure or panel  length are a l l   e f f e c t i v e   i n  
reaucing  the  tendency to   f l u t t e r   s ince  the vel= of the   f lu t te r  parameter 
would be  increased. I n  order t o  indicate the effect  of Mach nmber a t  
constant  altitude or density the Mach nunber date. of figure  g(c) have 
been replotted and are  discussed in  the  following  section. 

Mech  number .- The ef fec t  of Yach nunber on the   f lu t te r  of buckled 
panels clamped a t  the  front and rear edges a t  an  equivelent  pressure a l t i -  
bade  of 22,500 f ee t  i s  shown in   f igure  12 where the  s t ructural   s t i f fness  

parameter, E is plotted  against  the Mach number. This value of the 113 t 
2' 

a l t i tude  is  eq--1 to  the  equivalent  pressure  altitude a t  which the Mach 
number 1.2 &ta were obtained. The experimental data a t  the  higher Mach 
nunbers vere adjusted  to t h i s  a l t i tude  w i t h  the  relation 

, where the subscript r re fers   to  tine actual 

experimental  conditions. The f l u t t e r  boundary, calculated from the 
c r i t i c a l  value of the f l u t t e r  parameter indicated  in figure 9, is also 
plot ted  in   f igure 12. These experinental data indicate that there m y  
be a s l igh t  cietrixentel  effect due t o  increasing the Mach  number from 
1.2 t o  3.0 at  constant  altitude o r  density  since  the  valle of the 
s t ructural   s t i f fness  parameter  required to   prevent   f lut ter  i s  increased. 

The &shed l ine  Ebove the exgerimental data was detemined frm the 
theoretical  analysis of reference k and is  included  here  for  the sake of 
comparison. The theoretical  curve is fo r  a two-dheasioml  panel whereas 
the  experimental  results are f o r   f i n i t e  width panels  having a widt'n- 
lengt'n r a t i o  of 0.69. The sharp  upturn in  the  theoretical  curve a t  the 
lower Mach nube r s  is czused by the use of steady-state  linearized air 
forces which become in f in i t e  a t  a Mach  n-umber of 1.0. 

Suckleci Panels Clamped on Four Edges 

Experimental  studies on s h p l i f i e d  panels clamped a t  the front and 
rear edges are useful  in  investigating fhtter trends and providing 
experimental h t a  for  comFarison w i t h  existing  theories. However, f l u t t e r  
t e s t s  on panels clamped on four edges are needed t o  determine the  extent 
t o  which the resfits of stu6ies on s h p l i f i e d  panels may be applied t o  the 
more practical  panel  configuration. The resul ts  of some tests on panels 
clmFed on four edges  and having width-length  ratios of 0.21 t o  4.0 as 
well as several t n e s  of buckling modes are listed i n  table 11. These 
results are discussed  and campared with those of simplified  panels i n  the I. 

following  sections. - 



Type or" buckling.- The resul ts  of t e s t s  on three  buckled  panel con- 
figmations clanped on four edges are  shown i n  fig-me 13 and these results 
are coxpared wi th  the f l u t t e r  boundary (repoduced from f ig .   g (c) )  for 
panels of the same length clamped on the  front and rear  edges. me one- 
and  tvo-half -xave and  Eiagonal  types oI" buckling  (figs.  8(b), 8 (c )  , and 
8(d),  respectively) were easily  obtained on genels clamped on Tour edges 
which :had wid-lk-length rat ios  of  0.83. (See appendix.) The f l u t t e r  
garmeter i s  again  plotted  against   the  gressure  differential  and the 
bounbry and data points  indicate t'ie pressure  dLfferential  required t o  
s top   f lu t te r  at a Mach  number of 1.3.  Somdaries are not *awn f o r  panels 
clamped on four edges because of the sce t t e r   i n  the Limited data available. 
The data for  pmels  clmped on four edges shaw, however, that s. pressure 
d i f fe ren t ia l  was effective  in  scppressing  f'l 'utter and the  value  required 
did not  exceed 0.87 pound per  square  inch f o r  tine panels  tested. =s 
with disgonal m d  two-half-wave t m e s  of buckling  require a greater  pres- 
sure  differe??-tial   to  stop  f lutter zhan au panels  buckled i n  one half' wave. 
In aadition,  panels D 

-mgner vaLues of the I lu t t e r  parmeter.  l n - - f ,  ILutter was obtained OI? 
mch pmel vhich Co-dd De buckled i n  t&o half waves and no  Lipper s t i f fEess  
bom&&y for  these  panels was obtained  witbin  the limits of the  tes ts .  

The erret ic   var ia t ion  in   the  pressure  different ia l   reqcired t o  pre- 
vent f l u t t e r ,  even on ganels of comperable s t i f fness ,  is thought t o  be 
the resu l t  or" unavoidable  and undetectec5 iqe r fec t ions  i n  the  symetry of 
the buckling node and varictions  in  the m o a t  of  buckling. Tests 
involvi-ng  measurable variations  in  these  conditions indicated thzt, 
increasir!! the amout of buckling  or  destroying the symmetry of the two- 
half-xave  type of buckling-apeared to have a s tab i l iz ing   e f fec t  on the 
s t i f f e r   pme l s  clzzzped on four  edges. Tne influeme of' Yne tJTe and 
Eqount of buckling on  %ne f 'lu-lter  results of the thinner  par-els  appeared 
to  be l e s s   c r i t i ca l .  This i s  probably due t o  the fac t   tha t   the   s t i f fness  
of these  thin  panels i s  relatively  insignificant i n  comparison with Yle 
effect  of the  tensioll  induce& in  the  panel by the pressure   a f fe ren t la l .  
The data of figure 13 offer  sme  evidence thet, due to  the  probable  bene- 
f ic ia l  e f fec t  of tension, Ynese ganels  with  lo^ values  of  the f l u t t e r  
parmeter may be f lut ter-free a t  lower  values of the  pressure  Sfferelztial  
than_ i s  %he case  for some of the  s t i f fer   sar ,e ls .  

Tne resul ts  of f igure 1-3 also  indicate that a t  iAe higher ValGes of 
Ci?e flutzer  garaxeter the bmkled gaoels clvrrped 011 four edges  and  having 
uidth-length  ratios of 0.83 m y  be  cor;-siderably  nore  suscegtible t o  
f l u t t e r  than buckled  panels  clamsed on the front and rear  edges. 

'Panel width-length  ratio. - The ef fec t  of  panel  width-length r a t i o  on 
tine f l u t t e r  of buckled  panels clamped on f o w  edges is  sham i n   f i gu re  14. 
The data vere  obtained a t  a Mach nmber of 1.3 and a t  zero  pressure 
different ia l  for panels  with  width-lengtic  ratios  of 0.21, 0.25, 0.50, 



0.83, 2.0, and b.0. i'anels havbg width-length  ratios of 0.21, 0.25, 
0.50, and 0.83 were 11.62 inches long and those  having  width-length  ratios 
of 2.0 and 4.0 were 5.81 and 2.91 inckes  in  length,  respectively.  In 
order to indicate  the  type of g m e l  buckling mode, the symbols n and m 
are introduced.  (n is  the number of half waves i n  the  direction of the 
stream ?law and m is  the cumber of half 'Naves perpendicular to   the 
stream fkm. Approximate values of n and m a re   l i s t ed  a t  tine top of 
the  figure and indicate that the  buckling modes usually  consisted of a 
nlzber of half waves running in  the  direction of the  greater  panel dimen- 
sion. T.e buckling xodes uere  usually  obtained by heating the panel  but 
i n  a f e w  ewes t?e type of buckling zo6e w a s  changed by applying edge 
forces.  Additional  discussion on the ty-pes of buckling modes obtained and 
factors  affecting their formation is included in   the  appendix. 

.. 

The abscissa of figure 14 is  the seme as the  ordinate  except that 
the  panel  length has been  replaced by the  panel width. The s t ra ight  
l ines  rediating from the  origin  are  l ines of cunstant  width-length r e t io s  
and moving axzy froE  the  origin on these  lines  represents  an  increase  in 
pmel   s t i f fness   s ince  the Xach  number end dynamic presswe were constant 
for these  tests.  Although s d d t i o n a l  &ta are needed to  estEblish  the 
estimated  f lutter bounikry  pore definitely,  it i s  apparent tht the Dane1 
w i d t l :  i s  significant when the  panel  width-length r a t io  is reduced s-dfi-  
ciently.  For e m p l e ,   f o r  panels  with  width-length  ratios  greater thaE 
apgroxixately  0.8,  iiecreasir!  the length would be effective  in  el iminating 
f l u t t e r .  However, Tor pmels  w i t h  width-length  ratios less than  approxt- 
rrately 0.5, decreasing the w i d t h  would apsear t o  be a more effective 
method of reducing the possibi l i ty  of fi,Jtter. . 

Panel f l u t t e r  can  occuz throughout t'ne unstable region  as  indicated 
by the &%a points ir, figure 14. However, i ts occurrence may be  of a 
sonewbat s t a t i s t i c a l  nature on actual  aircraft  panels  since  such  factors 
as variations i n  the  type  and m o m t  of buckling  and a pressuze  differen- 
t i a l  may reEuce o r  elimimte  the  unstable  region. For instance,  the data 
p lo t t ed   i n   f i gwe  14 for  panels  with w/2 = 0.83 show that these  panels 
are   f lut ter-free a t  lower values of the flutter parmeter when they  are 
buckled i n  one 'nalf wave (round  syxbols ) than when they  are  buckled i n  
Wo halt waves (square  symbols). The beneficial   effect  of a pressure 
different ia l  on panel   f lut ter  has been  discussed i n  previous  sections. 

Danping.- T-he ef fec t  of viscous damping forces  applied a t  cliscrete 
points on a panel  (fig. 7)  was investigated  for  panel no. 81. This 
0.027-inch-thick s t ee l  panel was i n i t i a l l y  buckled i n  two hall" waves and 
wzs f lu t te r   t es ted  a t  Mach  number 1.3 w i t h  values of the damping coeffi- 
c ient  (for each  -2er) of zero, 15.6, and 33.0 pounds per  foot per 
second. These bmping  coefficients  are  for low relative  velocities 
between the &per rod and cylinder. A t  the  relative  velocities  present 
E w i n g  f l u t t e r  of the panel  the tiemping coefficient is reduced to  the 
oreer of 1 t o  2 pomds  per foot  per seconii. The results of the  tests,  



l i s t ed   i n   t ab l e  11, show tkt f o r  c = 0 (panel no. 8a) f l u t t e r  was 
obtained  over a pressure  differential  range of fo  .26 pound per  square 
inch and tht increasing tlrle api-ng  coeff ic ient  to c = 15.6 pounds 
per  foot  per second (p.=nel no. 81b) essentially only reduced  the f l u t t e r  
frequency  smewhat. However, vhen the -ping coefficient was increased 
still fur ther   to  33.0 pounds per  foot  per second  (panel no. 81c),  the 
f l u t t e r  on the  panel w a s  elininated. 

The resul ts  of t e s t s  on a s t e e l  gam1 ( t  = 0.025 inch) with  l/k-inch- 
thick ’nard rubber bonded t o  the  panel  surface  offer no evidence that the 
overall   effect  of this material w a s  beneficial. (Cmpare the pressure 
different ia l   required  to   s top  f lut ter   for  panels number 79 and 82, 
table 11. ) The hard rubber  increased  the -ping  by a factor of & for  

first node vibrations w i t h  amplitudes of the same or&r as the panel 
thickness. 

2 

These results  suggest that a considerable amou??t of damping is 
required  to elininate f l u t t e r  on these  panel  configurations which a re  
well  within  the  unstable  region. 

Curvature.-  Steel  panels  with  thicknesses of 0.0085, 0.018, and 
0.030 inch and hving r ad i i  of curvature of 12 and 48 inches were f l u t t e r  
tested  with  the  curmture  both  perpendicular and para l le l   to  the stream 
flow. The resu l t s  of these tes t s   a re  listed i n  table I11 md were 
obtained a t  a Mach  number  of 2.0 w i t h  the dynamic pressure  equal  to  an 
average of 9.67 pomds per  square  inch. These results  include  the  range 
of pressure  differential  over which f l u t t e r  occurred,  the  range of pres- 
sure   different ia l  over which t e s t s  were made, and the  fliltter  frequencies. 
The remarks on the panel  buckle  indicate tlAt the  thinnest  panel was 
buckled i n  a complex m n e r  but th&t the two thicker  panels were not 
noticeably  buckled. Although the  l ini ted data do not w a r r a n t  a detailed 
discussion of the  results,  the  following  gezeral  observations may be of 
in te res t  . 

- 

Increasing the curvature  perpendicular  to the stream flaw appeared 
t o  be beneficial  since the panels  becane l e s s  l ike ly  t o  buckle and f l u t t e r ,  
and t he   f l u t t e r  which did occur was relat ively mild a d  tended t o  involve 
only localized  portions of the  buckled  panel. Most of the f l u t t e r  was 
obtained on these  panels at  negative  values of the pressure  differential. 
This is  probably due t o  the  fact  that a negative  pressure  differential 
tends t o  c&use the  panel t o  buckle  whereas  a  positive  pressure  differen- 
t i a l   ac t ing  on the concave surface  tends  to  put  the  panel  in  tension. No 
f l u t t e r  was obtained on the 0.018 and  0.030-inch-thick s t e e l  panels w i t h  a 
radius of curvature of 12  inches a d  on the 0.03O-inch-thick panel w i t h  a - radius or” curvature of 48 inches. 



ithen the above Sanels were rotated goo and tested with the  curvatme 
perallel to the stream, f l u t t e r  was encomtered on t i e  two thinner panels 
having ei ther  a 12-inch or  a 48-inch radiu of curvature. This f l u t t e r  
was extremely  violent and  caused a perm&nent s e t   i n  t i e  par-els. It 
appeared %hat the   f lu t te r  occurred when tlie combined effects  of the  pres- 
sure differeEtia1 and static air forces  acting on the panel were suffi- 
c i en t   t o  overcome the s t ructural   s t i f fness  and cause the front  portion of 
the panel to buckle zway from the strean and the rear   port ion  to  buckle 
somewhat towards the stream. (It might be pointed  out that this type of 
buckling is similar t o  the tvo-haif-wave  type  of  buckle i n  a panel w i t h  
no c-mvature which was a lso   par thular ly   suscept ib le   to   f la t te r .  ) The 
0.030-inch-thick steel panel did not  buckle  during the t e s t s  and no f l u t -  
t e r  vas obtained on panels of t h i s  thickness  having  either  radius OP 
curvatwe. 

Effect of Lengthwise Stiffeners on 

the F la t te r  of a Buckled Panel 

The results of tests on e panel w i t h  lengthwise  stiffeners  (see 
figure 5 )  are listea in   t ab le  I V .  This panel  configuretion w a s  tes ted 
over a w i d e  rarge of pressure  differential  for  each of several  buckling 
mocies involving  both  the  individual panels and the s t i f feners .  It was 
noted that the  st iffeners 'md the  effect  of causing  the  buckling  forces 
t o  be applied  eccentrically.  Stiffener  heights of 0.40 and 0.27 inch 
were csed fo r   t e s t s  w i t h  the  panel-stiffener  configuration clamped or? 
four eaes  an6 stiffener  heights of 0.2'7 and 0.12 inch  for the t e s t s  
with the panel clamped front  and rear. A m i l d  local ized  f lut ter  w a s  
encountered on a section of oce of the panels when the stiffener  height 
was 0.40 inch  but no other   f lut ter  was obtained on this panel con-tigu- 
ration. These results  indicate  that the addition of s t i f feners  to a 
0.0165-inch-thick Dural panel had a beneficial  effect  since  panels w i t h  
the same dimensions ( 2  = 11.62 inches, w/2 = 0.83) without s t i f feners  
would be w e l l  within the flutter  region and would f lut ter   readi ly .  

P&nels nuinber j6 and 59, table IIa, are similar t o  the individual 
panels between the s t i f feners  of the  panel-stiffener  conbination (i.e., 
2 = 11.62 inches, w / 2  = 0.21) except that a l l  four edges are r igidly 
clamped. The resalts of tests on these panels show that no f l u t t e r  w a s  
obtained on panel no. 59 which had tne same thickness (0.165 inch) as 
the  stiffened  panels. However,  when the  thickness  vas  reduced t o  
0.0115 inch (panel no. 58), lrild local ized  f lut ter  was encountered. 
These limited results  indicate that the  individual  panels between stiff- 
eners may have f lu t te r   charac te r i s t ics  very Each l ike those of similar 
panels clamped  on four eiiges. 

a 



Panel  Flutter  Stresses 

Several  failures  occurred on the  thirmer pnels during the f l u t t e r  
t e s t s .  Tcese fa i lures  were usually a t  tne t r a i l i ng  edge of the  panel 
and appeared t o  be  the  result of accelerated  fatigue of the  materiel 
since  the  panels  fluttered  for  ocly a few seconds.  Emever,  the f a c t  
tha t  most of the  panels were not  pernm-ently deTomed by the   f lu t te r  
stresses  indicates that panel   f lu t te r  is not  necessarily immediately 

. destructive and may be of concern  mainly from a fatigue  standpoint. 

me f lu t t e r   s t r e s ses  mzasured 3/16 of an inch from the  t ra i l ing 
edge of panel number 39 showed that the magnitude of the s t r e s s  w a s  
dependent on the i n i t i a l  amount of buckling i n  the p&nel. Wnen the 
value 02 d/2 w a s  apgroxhately 0 .O.Og, the measu-red stresses were of 
the  order of f10 ,OOO to f15,000 pounds per  square  inch  and fo r  
dl2 0.003 the  stresses were about  f6,000 pounds per  sq-are  inch. 

CONCLUSIONS 

The present  report  gives  results of e-erimental f l u t t e r   t e s t s  
> on buckled  rectacngular panels.  In  the  case of pmels  clamped on four 

edges, for  which case  the  buckle  depth w a s  found t o  be significant,  
resul ts  were based lrstinly on the nost c r i t i c a l  buckle  depth, that is the 
l ea s t  value that could. be  maintained. The following  conclusions  appear 

I t o  be ju s t i f i ed  on the basis of these  results: 

1. A pressure  differential  was effect ive  in   e l imirmting  f lut ter  and 
for  the  panels  tested  the  required  value did not  exceed 0.87 pound per. 

* sqmre  inch. 

2. A t  Low values of the  pressure  differential, the panel   f lut ter  

parsmeter, (/= +, (where M is the M.mh -nnmber, a_ 'is the 
9 

dynanic pressure, E is Young's modulus, and t and 2 are the panel 
thickness and length) is probably  adequate to  describe  the  f lutter  trends 
of panels  clmped on the  front and rear edges  and  buckled  p?edominantly 
i n  the one-half-wave  type of buckle. A c r i t i c a l  value of the   f lu t te r  

panels k-hich  have a width-length  ratio of 0.69. 
' perameter of 0.44 is indicated a t  zero  pressure  differential  for  these 

3. Increasing  the  panel  width-length  ratio from 0.69 t o  3.38 
increases  the  critical  value of the   f lu t te r  parameter by about 16 per- 
cent a t  lm  values of the press-me  differential. 



4. Calculations based on the panel   f lut ter  parameter show that 
increasing  the Mach  number from 1.2 t o  3.0 at  constant  altitude  or den- 
s i t y  has a slight  adverse  effect (at zero  Fressure  differential) on the 
f l u t t e r  of buckled  panels clamped on the  front and rear  edges. 

5.  The f l u t t e r  data of buckled  panels clamped on four edges exhibit  
considerable  scatter because of the  variation  in  the  type and amount of 
backling. 

6. Panels  clmped on four edges and buckled i n  two half waves i n  
the  direction of the  stream flaw appear to be particularly  susceptible 
t o   f l u t t e r  and increasing  the  stiffness of these  panels was not  effective 
i n  eliminating  f lutter a t  zero  pressure  differential  within  the limits 
of the  tes ts .  

7. The panel  width becomes significant when the  width-length r a t i o  
of buckled  panels  clanqed on four edges is  reduced sufficiently.  For 
sanels  with  width-length  ratios  greater  than  approximetely 0.8, decreasing 
the  length is effect ive  in   e l i l r inat ing  f lut ter .  However, f o r  panels wit'n 
width-length  ratios less Ylan approximately 0.5, decreasing the width 
would appear t o  be e. more effective pethod of reducing  the  possibility of 
f l u t t e r  . 

8. Panel f l u t t e r  i s  not usually imediately  destructive and w i l l  
probably be of concern  mainly from a fatigue  standpoint. 

Langley Aeronautical  Laboratory, 
National Advisory Committee fo r  Aeronautics, 

Langley Field, Va., September 16, 1955. 

. 

\ 

I 
" 



APPENDIX 

? M L  BUCKLF: MODE SHAPES 

The following  discussion is  based on observations  of  the  panel 
buckling  behavior  during  the  present tests and  indicates  the  types  of 
buckling modes obtained as w e l l  as factors  affecting  their   fornation. 
Further  insight  into  the  rather  complicated  panel  buckling phenorcenon 

- m y  be gained from standard  textbooks on the subject  such as reference 5.  

The test ing procedure  required that the  temperature  of  each panqeel 
be increased by 20° t o  looo F before  each run. This heating of the 
panel usuzlly  caused it t o  buckle  and was a f a c t o r   i n  determining  the 
types uld amounts or" backling tested. Tkse heat w a s  applied as uniformly 
as  possible  (with a heat Lamp) but  the  conduction of heat away fram th  
panel t o  the relatively  cool clamps resulted i n  sharp thermal gradients 
aear the edges of the  panel. These thernal gradients  undoubtedly 
in-Fluenced the type of buckling mode formed par t icular ly  on short   or  
m r r o x  panels w h e r e  a relatively  large  portion of the panel was  a-Ffected 
by the  gredient. 

- ' Panels  clmped on the  front and res r  edges were buckled  predoni- 
nantly in   t he  one-half -wave tme of buckle sho-vn in   f i gu re  8 (a) . This 
type of buckling mode w a s  eas i ly  induced i n  these  pulels when the width- 

as req'rlired by the  testing  procedure. The mount of  buckling  could  then 
be essily  adjusted (by moving the  panel clamps)  without a l te r ing  the . type of buckling mode significantly.  However, it beceme increasingly 
d i f f i cu l t  t o  obtaizz the one-half-wave buckle as the  panel  width-length 
r a t io  w a s  increased  to 1.85 and 3.38. This d i f f icu l ty  w a s  par t ly  due 
to  the tendency of the thermal stresses  to  buckle the panel i n  a number 
of half waves runnicg in   the  direct ion of the  greater  panel  diEensior. 
hperfections  in  the  panels and Yneir edge conditions  also affected the 
type of buckling node for  these w i d e  panels. In order to maintain the 
desired half-wave  type of buckle 011 these  panels, it w a s  often  necessary 
to  increase  the  mount of buckling by apslying  cmpression  forces  with 
the panel clamps. 

. length  ratio was 0.69 s ince  this  Eode occurred when the panel w a s  heated 

Pm-els clernped on four edges with  width-length  ratios  of 0.83 were 
b c k l e d   i n  one-half-wave,  two-half-wave, and diagonal tmes of  buckling as 
shoTsTTl i n   f i g u r e  8 (b), 8(c), and 8 (a), respectively. The one-half-wave type 
of buckle was induced in  the  panels when they w e r e  heated and the two-half- 
wave tme of bdckling mode  was obtained  by  agplyir-g  cmpressive  forces  to 
the  panel in   the   d i rec t ion   para l le l  t o  the stream flow and tensi le   forces  
in  the  gerpenacular  direction. The mode shepe i n  w h i c h  the  buckles ran 
diagonally  ecross the panel w a s  obteiced  by  sheering two opposfte  panel 

m. 

- 
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clamps w i t h  respect  to each  other. As the  width-lengfn r a t i o  of panels 
clamped on four edges w a s  r edxed   t o  0.50, 0.25,  and  0.21  or  increased  to 
2.0 end 4.0 there was an  increase i n  the nmber of half waves forned when 
the  panel was buckled by heating. These pmels  tended t o  bxckle in sev- 
eral   half  waves which ran in the direction of the  longer  panel  dimension 
and  which had a half wave length  roughly  equal  to t i e  shorter  panel 
dimension (f ig .  8 (e) ) .  Tnese higher  order  buckling Eodes were sensitive 
t o  unavoidable irregularit ies  in  the  panel and i ts  edge conditions, were 
often  withoat symmetry of shape, and were diI"fic,llt t o  maintain et a given 
number of buckles  during a series of tests. Attempts t o  adjust the amount 
of buckling  usually resated i n  a change i n  the amber of half waves also.  

The previous  discussion  applies  to  the  type of buckling nodes 
obtained  with no airflow over  the  panel and zero  pressure  differential 
between the two panel surfaces. These two factors, of course,  modified 
the  buckling mode shapes  during  the f l u t t e r  rms b u t  no attempt was made 
t o  deternine  these  modified  buckling  configurations. 
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nl 

(--- t o  > +1.66) 
+l.hG 

\ 

(€-1.@5 t o  +1.10) Comp1.e~ und 
-1.05 t o  +1.011 Irregular 

Not buckled 

-.92 LO +.9b No f l u t t e r  Not buckled 

"Vnlues i n  parentheses  indlc8tc range of presfiure different ia l  where f l u t t e r  occurred; valueti not   in  pnrentheoee  indlcute range 
of prestrurc d i f f e r e n l a l  for which tests were made. 
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rW6LE IV.,- EXPERIXENTAL FLUTTER DATA FOR ALWM ALLOY 

PAECEL W I T H  LENGTEWISE STIFmXRS 2 = 11.62 INCHES; 

w = 9.62 INCJBS;  t = 0.0165 INCH 

St-if  fener 

cps c l a q e d  i n .  

Range o f  €4-mber 
Panel M % P, f lu t te r   f requencies ,  edges height, ~ b / s q  in.  slug/cu f t  

98 

No f l u t t e r  2 .12 . 00092 6.32 1 . 3  101 
No f l u t t e r  2 -27 .00102 6.12 1.2 LOO 
No f l u t t e r  4 - 27  .00102 6.12  1.2 gg 
e130-340 k 0.40 0.00102 6.12  1.2 

&Localized f l u t t e r  . 
! 

.. 
I 

I 

I 



Figure 1.- Tunnel zest section showing panel instal led  in  the side-wall 
plate as seen through an opening i n  the opposite side w a l l .  
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Figure 2.- Close-up vLew of the side-wall plate with panel removed  showing 
localxion of induction pickups and beveled c 1 . q ~ .  

u1 t? 
ul 
1-1 w 
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Induction pick-up 

- Beveled clamp 



Curved 
panel 

Radius of 
curvature h a 

I2 in. I.Olin. 3.5 in. 
48 in. .22in. 2.3 in. 

Figure 3 . -  Schematic drawing of curved panel Ins-tallation. 
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Panel 

-4 
Figure 4. - Notation used in describing panels. 
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Figure 5.- Sketch of panel with lengthwise stiffeners. 
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Tunnel wall section 
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Damper rod mass 
Panel mass 
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Figure 7.  - Schematic drawing of buckled 2aae.L with viscous dampers. 
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(a)  One-half-wave type buckle,  panel 
clamped  front  and rear 

(b) One-half-wave type buckle, panel 
clamped on four  edges 

(C) Two-half -wave type buckle,  panel (d) Diagonal type buckle, panel (e) Several- half - wave type buckle, 
clamped  on  four edges  clamped on  four edges panel  clamped on four edges 

w 
Figure 8. - Panel s ta t ic  buckling-mode shapes. I" 
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I 
( b )  Panels of various lengths. ( c )  Par1e:l.s a t  several Mach numbers. 

M = 1.2; (1 = 6.1.2 lb/q in .  2 = u..& in. * 
i2 

Figure 9.- Effect of a pressure dif.rerent-izi1 on the  f lut ter  ptflatueter of buckled panels I? 
clapped on the fron-t and reac edges. w/Z = 0.69. UI 
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k Pressure differential required to stop flutter, tb/sq in. 

Figcre 10. - ETfect c r  widtl.--length ratio on the flutter  paxne-ler for 
buckle5 pmels c1PIIIT;ed on the front and r e m  edges. M = 1.2; 
q = 6.12 Ib/sq in.; 7. = 3.25 in. 



"_ 

I ~n 

' " I  1" I I  Material t 

0 Aluminum alloy 0.031 
Aluminum olloy .040 

0 Aluminum olloy ,051 

A Magnesium .064 
.8 

0 4 8 12 16 20 24 
q,lb/sq in 

Figure 11.- Effect of' dynamic pressure on Lhe p a e l   f l u t t e r  parameter at 
zero  pressure  differentid.  for buckled panels cltmped on the  front 
and rear edges. w/l = 0.69; 1 = 11.62 in.; M = 1.3; 
p = 0.000l'pq slug/cu ft. 
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. 0 No fluiter 
Flutter 

- Two - dimensional theory 

/ of reference 4 --- 
” 

-\ /-- 0 
“”” 

0 

\ Boundary determined from 

0 1.0 ’ ?  1.4 ‘ 1.8 22 2.6 3.0 

M 

Figure 12. - Effect of Mach  number on  panel. f l-utter at xero  pressure 
differential .  Buckled panels clamped  on the  front and rear edges. 
w/Z = 0.69j 2 L: 11.62 in.;  equivalent  prcanure alt i tude = 22,500 ft. w 
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0.21 5 I 
0.25 4 t 

0 Panel buckled by heating 
050 2 I 
0.83 I I 
2.00 I 2 

I I t I t 1 1400 I 4 

symbols - no flutter 
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Figure 14.- EfTect oT pmelv i i i th - length  r z t i o  at zero  pressure 
d i f f e ren t i e l .  Bl,ickled panels clarped OG f o - z  edges. 16 = 1.3; 
a_ = 6 . 3 2  LII/SC: in .  
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