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A multiweb  wing  structure,  representing an airplane or missile  wing, 
was tested  under  simulated  supersonic  flight  conditions  to  determine  the 
transient  temperature  distribution.  The  aerodynamic  loads  played an hpor- 
tant  and  unanticipated  role,  however,  in  that  the  model  experienced a 
dynamic  failure  near  the  end of the  test.  The  test  is  discussed  and  the 
conclusion  reached  that  the  model  failed  as a result of the  combined 

are analyzed and are shown to  be in reasonable  agreement  with  calculated 
values. 

- .  action  of  aerodynamic  heatin@,  and  loading.  The  temperature data collected 

I 

As part of an  investigation of the  structural  effects  of  aerodynamic 
heating,  the  Structures  Research  Division of the Langley Laboratory  is 
testing  complex  structures,  representative of airplane  or  missile  wings, 
under  aerodynamic  conditions  simi-lar  to  supersonic  flight.  The  first  such 
test  had  as  its  purpose  the  experlmental  determination of the  transient 
temperatwe  distribution  throughout a small multiweb  wing  structure. Only 
temperatures  were  measured on the  model during this  exploratory  test;  how- 
ever,  the  aerodynamic loads played an inportant  and  unanticipated  role in 
that  the  model  experienced a  dpamic failure  near  the  end of the  test. 
The  test  program is now proceeding  to  additional  models on which  temper- 
atures,  strains,  and  static  pressures  are  being  measured. 

Because of the  interest  exhibited in the  failure of the  model,  this 
paper has been  prepared  to  describe  the  test  and  indicate  the  probable 
causes of failure.  The  temperature-distribution data collected  are  also 
presented  and  compared  with  calculated  results. 
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C 

h 

H 

k 

t 

T 

TO 

TAW 

TS 

W 

T 

specific heat, Btu/(lb (OF) 

heat-transfer  coefficient,  Btu/(sq  ft)  (sec) (OF) 

stagnation  pressure,  psia 

thermal  conductivity,  Btu/(ft)  (sec) (OF) 

tFme frm start of air  flow, ~ e c  

time of initial  conditions in temperature  calculations,  sec 

model  temperature, OF 

initial  model  temperature, OF 

adiabatic wall temperature, OF 

stagnation temperature, OF 

specific  weight,  Ib/cu ft 

skin thickness, ft 

1 

Preflight Jet 

The  test was conducted in the  preflight jet of the  langley  Pilotless 
Aircraft  Research  Station  at  Wallops Island, Va. This facility is a blow- 
dam type vind tunnel  that  imorporates a heat  accumulator for stagnatFon 
temperature  control.  (See ref. 1.) Various nozzles can  be attached to 
provide a range of Mach  numbers and free-jet  axeas i n  which  to test models. 
A nominal Mach nuuiber two, 27- by 27-bch nozzle was used  for  this  particu- 
lar test.  Stabilized aerodynimic conditions  can  be  maintained  at  the  exit . 
of this  nozzle for about 9 seconds after a 2-second  starting  period. 

Model 

The model designated MIJ-1 was a samewhat  idealized  section of a multi- 
web  wing  having no taper in plan form or thickness ratio  (see fig. 1) and . - - 
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r a 5-percent-thick,  symmetrical  circular-arc  airfoil  section.  The  model 

1 .& 8 

was of 40-inch  chord  and span and  had  0.123-inch-thick  skin, six O.072-inch- 
thick  internal  webs  and  solid  leading-  and  trailing-edge  pieces )-?- inches 

wide,  all  made of 24S-T3 aluminum  alloy.  The  webs  were  spaced 9 inches 
apart  and  solid  steel  bulkheads  were  located  at  each  end of the  model, 
the  root  bulkhead  being  welded  to a mounting  fixture.  Doubler  plates  were 
added  near  the  mounting  fixture  to  strengthen  the  root  connection.  The . model was designed for ease of construction  and  testing;  thus,  the  configu- 
ration  used  is  not  necessarily an efficient  multiweb  structure. 

4 

Instrumentation 

Model  temperatures  were  measured  by 22 iron-constantan  thermocouples 
installed  in  the  skin,  webs,  and  leading- and trailing-edge  members at.the 
locations shown in figure 2. Thermocouples  were  peened  into small holes 
drilled  in  the  metal  and  the  remaining  cavities  were  filled  with  Sauereisen 
cement.  The  leads  extended  down  inside  the  model  and  were  carried  out 
through  holes in the  root  bulkhead. 

Test  conditions  were  determined f rom measurements of the  stagnation 
pressure  and  stagnation  temperature of the  jet.  Stagnation  pressure W&S 

nected  to  pressure  transducers.  Stagnation  temperature was measured  by 
Chrdmel-alumel  thermocouples  mounted on a rake  downstream of the  heat 

I 

b measured  by  total-pressure  tubes  located in the  settling  chamber  ana  con- 

- accumulator. 

All data  were  recorded on three 18-cha11~1 oscillographs  synchronized 
so that  matching  timing marks were  recorded on all films. Films  were  read 
in an oscillogram  projector and the  deflections so measured  were  converted 
to  temperatures  or  pressures by using  the  individual  calibration  curves of 
the  recording cknnels. Model  instrumentation was supplemented  by a 
16-millimeter  motion-picture  camera  running  at 24 frames per second. This 
camera was not  equipped  with  any  special  timing  device  or  synchronized  with 
the  recorders. 

n 

Accuracy 

The  over-all  reliability of the data is  affected  by  several  sources 
of error  that  include  the  installation  and  characteristics of the sensing 
elements,  measuring  circuits,  recording  elements,  and  reading  device. In 
addition, all measurements  were of a transient  nature so that  the cmbined 
response  rate of the  pickups  and  recorder  must  be  considw,ed.  The  esti- 
mated maximum errors in individual  measurements are as  listed  below  along 
with  the  time  constants  for a step  function  input.  These  values  were 
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obtained by adding the errors  of the various contributing  factors  but, 
since it is unlikely that errors from a l l  sources were a maximum simul- 
taneously,  the  probable  error should be substantially  less  than the fol- 
lowing: 

Accuracy 

e . 6  ps i  Stagnation pressures 

Time constant 

.03 sec *1lC0 F Model temperatures 

1.0 sec *16' F Stagnation  temperature 

0.03 sec 

The Mach number, as determined by cal ibrat ion  tes ts ,  w8s 1.99 2 0.01, 

Errors due t o  the thermocouple Fnetsllation have not been included 
above, but they are believed  to be mall since the thermocouples w e r e  cam- 
pletely surrounded by metal. In  addition, the thermocouples may not have 
measured the aversge Skin temperature  Since there Was 8 smalJ tempera- 
ture  difference (less than 60 F) through the thickness.  Consequently, 
the sk in   themcoqles ,   loca ted  a t  the midplane of the skin, should  record ' 

the average  skin  temperature within 1' t o  2'. 

Description of Test 

The model was mounted ver t ica l ly   in  the Je t  a t  a nominal angle  of 
a t tack of 00 and w i t h  its leading edge 1 inch dawnetream of the nozzle 
e x i t  plane. (See figs. 2 and 3. ) The -1 extended completely through 
the jet  with t h e   t i p  extending 4 inches above and the  root 9 inches below 
the airstream. Thus, about  two-third8 of the span was within the Jet   wi th  
the bulkheads asd root  connection  being  outside the jet .  The top of  the 
model was s tab i l ized  by guy cables  attached  near  both  the  leading and 
t r a i l i ng  edgee. 

The average aerodynamic conditions  obtained  during  the test were: 
Mach number, 1.99; stagpation  temperature, 556O F; and stagnation  pres- 
sure, 115 psia. These conditions are discussed in greater deta i l  i n  the 
next  section. c 

AB the je t  control  valve was opened, the  stagnation  pressure  built 
up quickly,  reached  the  desired  level  in less than 2 seconds,  and then 
fluctuated about that level for the remainder of the   t es t .  The model 
survived  the  startLng  shock  without sign of trouble and apparently  remained 
s ta t ionary  unt i l  about 7.5 seconds after the Je t   s ta r ted .  A t  this time a 
vibratory motion  began  and the model was soon destroyed. The first evidence 
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of trouble was buckling of the  skin  panels near the  leading  edge.  These 

At 8.1 seconds,  the  cable QUYS at  the  top had shaken  loose  and a buckle 
had  settled in the most rearward skin panel  which  then  failed  at  about 
8.8 seconds.  The  trailing-edge  piece  blew  away  at  about 9.0 seconds  and 
was followed by successive  disintegration  until cmplete destruction  at 
about 9.9 seconds. 

e buckles  appeared  and  disappeared  rapidly,  moving  toward  the  trailing  edge. 

- 

The  process  described  is  illustrated in figure 4 by six frames 
selected from the  motion  picture,  and  the  remains of the  model  after  the 
test  are sham in figure 5. The  times  given in figure 4 and in the  above 
description  were  obtainkd  by  correlating  the  movie  with  the  recorders  by 
means of the  times at which  the  various  thermocouples  failed and should 
be  considered  approximate. 

- 

Aerodynamic D a t a  

The  variation of stagnation  pressure  with  time  is  given in figure 6. 
Since  the  stagnation  pressure  fluctuated  during  the my test  conditions 
were  never  stabilized;  however, an average  value  of  the  test  stagnation 
pressure was determined  by  inteerating  the  curve of H against t between - t = 1.5 and t = 8.0 seconds. 

In  figure 7, the  stagnation-temperature  curves  show a time  variation, - but  this  variation  is  attributed  to  the  relatively Slow response of the 
stagnation  thermocouples. A more  unsatisfactory  feature is the  spread 
indicated  by  the  stagnation  thermocouples. The accuracy  with  which  these 
thermocouples  report the average  stagnation  temperature of the  jet  is 
mown since no surveys  have  been  made  at  the  nozzle  exit.  For  lack of 
better  data,  the  arithmetic  average of the  individual  stagnation  thermo- 
couples was used  as  the  test  stagnation  temperature. 

The  average  test  conditions  are  listed  below  along  with  other  perti- 
nent  aeroaynamic  data: 

Angle of attack  (nominal),  deg . . . . . . . . . . . . . . .  
Mach  number . . . . . . . . . . . . . . . . . . . . . . . .  
Stagnation  pressure,  psia . . . . . . . . . . . . . . . . .  
Static  pressure,  psia . . . . . . . . . . . . . . . . . . .  
Dynamic  pressure,  psi . . . . . . . . . . . . . . . . . . .  
Stagnation  temperature, OF . . . . . . . . . . . . . . . . .  

Free-stream  velocity,  ft/sec . . . . . . . . . . . . . . . . .  
- . mee-stream  density,  slugs/cu  ft . . . .  . . . . . . . . .  

Free-stream  temperature, OF . . . . . . . . . . . . . . . .  
Speed of sound, ft/sec . . . . . . . . . . . . . . . . . . .  

Reynolds  number . . . . . . . . . . . . . . . . . . . . . .  

. . . . .  0 . . . .  1-99 . . . .  115 . . . .  15.0 . . . .  41.5 . . . .  556 . . . .  107 . 1.17 x 103 . 2.32 x 103 
2.22 X 10-3 
42.3 x 106 
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Model Temperatures 
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The temperatures measured at 22 locations on the model are plot ted 
against time in   f igure 8 which also contains  calculated results t o  be 
discussed later. Data are presented for only eight seconds of' the run 
shce  a l l  thermocouples be- t o  give  erratic readings shortly  thereafter,  
In these and a l l  other plots,  time is reckohed from the instant that air 
began t o  fh tkough the jet .  All curves show a f la t  portion a t  the 
beginning of the t e s t  while the j e t  is starting; after the full t e s t  con- 
ditions are  attained, the temperatures rise more or  less rapidly, depending 
on their  location. A t  the end of the test, a l l  temperatures were climbing 
a t  a substantial  rate so that the  temperature  distribution was st i l l  tran- 
sient  and far frm the steady s ta te .  

The skin temperatures w e r e  the highest model temperatures  recorded, 
as would be expected. A t  any given time, the skin temperature  decreases 
from the leading edge to   t he  trailing edge since  the  rate a t  which heat 
is transferred from the boundary layer t o  the model decreases w i t h  dis- 
tance fram the leading edge. A decrease  along  the span f'rcan tap to  bot-  
tom is also  in  evidence and IIBY be due t o  an uneven dis t r ibut ion of tem- 
perature in  the jet, although heat conduction into the heavy base may 
have sane effect  on thermocouple 13. 

The interior  temperatures  are always less  than that of the adjacent - 
skin and at the end of the test were increasing a t  their  highest  rate, 
whereas the rate of increase of the skin temperature had begun t o  drop. 
The interior  temperatures  also exhibit a longer lag between the 6-t of 
the test and the  begiming of the temperature rise.  Fkthermore,  the dis- 
tance frm the  surface  affects  the  temperature so that the lowest in te r ior  
temperature a t  €my given  time is found a t  the center of the web just back 
of the thickest pofnt  (thermocouple 16). The above effects  are t o  be 
expected and re f lec t   the  time required  to conduct  heat  over  varying dis- 
tances frm the surface t o  the interior,  as well as the variation of heat 
transfer w i t h  distance from the leading edge. 

Teruperature - The-His to ry  Calculations 

Two types of temperature  calculations  are  considered in this section: 
(1) simple calculations of skin temperatures at  those  locations that are 
practically uaaff ected by heat conduction t o  the fnternal  structure and 
(2) detailed calculations of the temperature  distribution  for a c q l e t e  
chordwiee cross  section of the model. The results of the skin-temperature , 
calculations did not  agree  well with the  tes t   resul ts ,  and, when Fnvesti- 
@iated, th i a  discrepancy  wss,found t o  be due t o  theoretical  values of the 
adiabatic wall temperature being soanarhat higher  than  the values indicated 
by the tes t  reeults.  Adjusted  values of TAW w e r e  then  used in the more - 
detailed calculations and generally good agreement was obtained between 
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- the measured and calculated temperatures at both  the  skin and interior 
thermocouple locations. A discussion of these  calculations follows. 

- Skin temperatures (calculation A) . - Skin tpmperatures were calcu- 

1 heat flow by conduetion t o  other parts of the model, and radiant  heat 
lated assuming that temperature  variation  through  the  skin  thickness, 

transfer could  be  neglected. 'The point  heat  balance between the  heat 
absorbed by an element of the  skin and the  heat  transferred frm the 
boundary layer  results in the following  differential  equation: 

I 

dT h h "+-T=- 
d t  CWT CWT 

TAW 

The heat-transfer  coefficient h and adiabatic wall temperature 
TAW were calculated from the  turbulent-flow formulas given in  refer-  

. ence 2 using parameters  determined from local flow conditions jut outside 
the boundary layer. Local flow conditions were calculated by a shock- 
expansion analysis of two-dimensional supersonic flow around a circular- 
a rc   a i r fo i l  i n  a uniform j e t .  The variation of stagnation  pressure  during 
the test had a negligible  effect on the heat  transfer except  during  the 
start ing phase so that the  start ing phase was neglected and the average 
test conditions were used for  the remainder of the test. The values  thus - obtained for h and TAW vary across  the chord of the model  and are 
shown as the theoretical curve in  figure 9. 

- \  me  specific  heat c of 24s-T5 aluminum alloy was assumed t o  be 
constant  during  the test. The structural  parameters  appearing in  eqm- 
t ion ( X )  a re  as follows: c y  0.23 Btu/(lb)('F); w, 173 1b/cU ft; 
T, 0.0104 f t .  

In this  analysis,  the terms - and TAW are  constants so that h 
CWT 

the  solution of equation (1) is 

\ \ h(t-to) - 

where To is the temperature of the  skin  e lqent  a t  the time to. In 
" evaluating  equation (2), To vas taken.as 5O0 F, the average  temperature 

of the m o d e l  just before  the  test,  while to was taken  as 0.7 second t o  
allow f o r   t h e   m i a t i o n  of t e s t  conditions  during  the  starting phase. 

The results given by equation (2) f o r  skin thermocouples located 
- sufficiently  far from any internal  structure t o  be unaffected by heat 

- 
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flow along  the skin, xumbers 2, 4, 6 ,  10,  11, 12, '13, 15, 17, 19, and 21, 
have been plotted in figure 8 and are marked calculation A. These resu l t s  
are seen t o  be  consistently higher than the experimental resul ts .  The 
source of disa-eement m u s t  be i n  the  heat-transfer  coefficients or 
adiabatic wall temperature o r  both;  therefore an Investigation was made 
t o  determine the source of t h i s  discrepancy. 

"Indicated" values of h and TAW.- If the test had run long enough, 
the  skin  temperatures would haxe stabil ized and conclusive  values of TAW 
could have  been obtained. But, since this was not the case, same other 
approach had t o  be  used. When h/cm and TAW are constants, equa- 
t ion (1) is a linear equation In the variables T and dT/dt. "Indicated" 
values of h and TAW can  then be obtained f'rcmn a plo t  of T against 
dT/dt, a straight l ine  that intercepts  the T axis a t  TAW and has a 
slope the magnitude of which is the quantity  cw/h. 

Constant test  conditions were nearly  obtained, s o  the above method 
should be applicable  to the experimental  temperature histories. The data 
?om all skin thermocouples,  except 7 and 14 which may be  influenced by 
heat conduction into  the nearby web, were so analyzed by using the method 
of least squares t o  f i t  a straight l i n e   t o  the experimental  points.  Fig- 
ure 10 is a sample plot  of T against dT/dt and sham that the method 
is indeed applicable since the  test  points  follow a straight l ine.  The 
resu l t s  of this analysis are  plotted in  figure 9, along wi th  the  theo- 
r e t i c a l  values, as a function of distance frm the leading edge. The 
group of points 20 inches f r o m  the  leading edge give  values  obtained f r o m  
the thermocouples (10, 11, 12, 13, and 15) distributed  along the span of 
the model, but individual points have not been identified sFnce there 
were no significant trends. 

The "indicated"  heat-transfer  coefficients  agree well w i t h  the theo- 
re t ical   values  on the leading half of the chord;  whereas the agreement 
for the  adiabatic wall temperatures is not so good. For both,  the  results , 

are rather e r ra t ic  in the trailing half, a resu l t  that can be at t r ibuted 
t o  the s ize  of the madel. The model was so large that the t r a i l i ng  half 
was i n  a region of nonuniform flow and thus  the data in t h i s  region are 
somewhat questionable. This uncertainty is also reflected by plots of 
T against dT/dt for  thermocouples 17, 19, and 21 i n  that they exhibited 
much  more sca t te r  than is shrlxn i n  figure 10. 

The poor  agreement  between theoretical  and '*hdicated" adiabatic 
wall temperatures on the leading half of the chord, and thus  recovery 
factors, may be par t ly  due t o  the uncertainty  involved i n  the determiration 
of the  average test stagnation temperature (see f ig .  7).  The "indicated" 
recovery  factors  obtained on the leading half of the model (0.68 to 0.76) 
a re  even lower than tha t  expected in laminar flow, and laminar flow should 
not  prevail an the model except near the leading edge because of the high 

. .  . .  
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- local Reynolds numbers and the  inherent  turbulence of the je t .  If the 

- ture,  values between 4500 and 490° F. are  obtained;  these  values are below 

theoretical  turbulent flow recovery  factor (0.894) and the  "indicated" 
adiabatic wall temperature are used to determine the  stagnation tempera- 

the minimum measured stagnation temperature.  Therefore, some mlmown 
factor in the  tes t  a-pparently resulted  in a low recovery  factor.  Radiant 
heat  transfer from the model is one source of low recovery  factors  but 
this effect  was investigated and found negligible. 

It is pertinent  to note, in  addition, that calculated skin tempera- 
ture  histories f o r  such a short   tes t  can be made t o  agree  well w i t h  the 
experimental data by any one of several combinations of adjustments t o  
h and TAW. The curves for T against t, in the time  range of inter- 
est,  are  apparently rather insensitive t o  changes in h and TAW; how- 
ever, if such  curves are examined on a plot of T against dT/dt, the 
differences may be clearly  seen. The above leads to   the conclusion that 
calculation A did not  agree  well w i t h  the   t es t  data because the  theo- 
retical   adiabatic w a l l  temperature was higher  than that indicated by the 

. test data. 

Temperature distributions  (calculation B) . - A temgerature history 
for  a complete chordwise cross  section of the model was obtained from a 
calculation that took  into  consideration  the  conduction of heat  along 

was divided  into  eight segrtents w i t h  the dividing  line between segments 
being chosen so that heat conduction  along the skin a t  these  points could 

for  each of the segnents by using a numerical process similar t o  that of 
reference 3.  For this numerical calculation, the sepents  f o r  the  solid 
leading and trailing edges w i t h  the  attached skin were each  subdivided 
into 16 elements whereas the other  sewents  for skin and web canbinations 
were each  subdivided in to  12 elements. The theoretical  values of h were 
used in  these  calculations; however, TAW was taken  equal t o  446' F (an 
average  value  indicated by the   t es t  data) t o  improve the agreement between 
t e s t  and calculations. The thermal conductivity of the 24s-T'3 aluminm 
alloy was taken as a constant 0.0188 Btu/ft/sec/OF. 

- the  skin and d a m  in to  the internal  structure. The model cross  section 

., be considered  negligible. Temperature distributions were then  calculated 

In figure 8, the temperature  histories  thus  calculated  are compared 
t o  individual  experimental  histories  for thermocouples located in the 
skin, webs, and leading- and trailing-edge men ibe r s .  Fairly good agree- 
ment between calculated and e q e r h e n t a l  values can be  seen f o r  both the 
skin and in t e r io r  temperatures. The better agreement between the m e a s -  
ured skin  temperatures and calculation B than w i t h  calculation A can  be 
attr ibuted  to  the use of an  adjusted Tm rather than t o  the inclusion 

overestimated; this overestimation may be due t o  thermal resistance of . 
the  riveted jo in ts  or ma;y possibly be due t o  the  use of approximate values 

- of heat-conduction effects. The interior  temperatures are consistently 

- 
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o f  the  thermal  properties of the material,  particularly  the  thermal  can- 
ductivity. The value of specific heat used appears s&f iciently  accurate 
as evidenced by the good agreement between indicated and theoretical  heat- 
transfer   coeffkients .  - I  

. -  
. -  

For the leadlag-edge segment, as shown in  f igure 11, temperatures 
are given far both 4 and 8 seconds for  the  center  line of the  solid  sec- 
t ion and for  the skin. The  two experimental  points s h o w  f a i r l y  good 
agreement w i t h  the  calculations,  although  interior  temperatures are over- 
estimated,  possibly  because of some thermal  resistance  overed by the 
joint  between the  skin and the  solid  section. Although calculated  center- 
lfne  temperatures for the solid  section w e r e  p lot ted  to  compare d i rec t ly  
w i t h  the  experimental  values, the calculated  surface  temperatures  directly 
above this   point  never exceeded the center-line  temperature by  more than 
l 5 O  F. 

. .  

Similar temperature distributions  for  the  skin and web combination, 
t h i r d  f'rcxn the leading edge, are given i n  figure 12 for  both 4 and 8 sec- 
onds. The combined thickness of skin and web flange, where they are i n  
contact, a s  used in  the computations. Fairly good agreement exis ts  
between the calculated and experimental  temperatures,  but, as discussed 
previously  in  regard  to figure 8, calculation E overestimates  the  true 
web temperatures. 

Figure 13 shows the chordwise distributions at 4 and 8 seconds for  
the  skin  tanperatures and the  temperatures a t  the  center line of the 
solid leading and trailing edges and of the webs. The t e s t  data are  seen 
t o  be i n   f a i r l y  good agreement with the calculations.  Figure 13 i l lus -  
t ra tes   the   e f fec t   o f the   in te rna l   s t ruc ture  on the skin  temperature dis-  
t r ibut ion and that, even a t  the lower temperatures shown a t  4 seconds, 
appreciable  differences  exist between the  surface and inter ior  tempera- 
tures. 

Model Failure 

The model was designed t o  withstand s t a t i c  aerodynamic loads imposed 
by angles of a t tack up t o  2.5' and, although no special  consideration had 
been given t o  i ts  dynamic characterist ics or the induced thermal stresses,  
the model was expected t o  eurvive the test. The limited information 
obtained  about  the  failure has since been  analyzed,  but  the  exact  cause 
of fa i lure  has not been established; additional tests, however, are in 
progress t o  investiejate  further the observed. phenomena. Certain con- 
clusions have been  reached about the nature and probable  causes of fail- 
ure, however, and they w i l l  now be  discussed. 
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- The primEuy cause of fa i lure  must have  been the  rapid  heating  or  the 
model would have sham sane sign of distress earlier in the   t e s t .  The 
immediate cause of' fa i lure  was apparently  skin  buckling. - 

One effect  of rapid  heating on the model is a reduction of material 
properties  such  as  strength and s t i f fness .  The short time the m o d e l  was 
exposed t o  elevated  temperatures, however, could  cause only small reduc- 
t ions  In these  material  properties; thus, this e f fec t  must have  been of 
secondary  importance w i t h  regard to the failure. 

Another, and more important,  effect of the  rapid  heating is that 
substantial  thermal s t resses   a re  induced in the model by the  nonuniformity 
of th i s  heating. These thermal  stresses  are the only significant  stresses 
present that could. cause skin buckling. An adequate the rm1   s t r e s s  analy- 
sis of the model would involve more temperature data than are available 
and require  very  tedious and lengthy  camputations;  therefore, only approxi- 
mate analyses, using the methods of reference 4, have been made. These 
analyses showed that, in the spanwise direction,  the maximum di rec t   s t ress  
in   the  sk3n was near the leading edge and had a magnitude of about 30 per- 
cent of t h e   c r i t i c a l  spanwise  compressive s t ress .  These spanwise d i rec t  
s t resses  are the result of the temperature  differences between the inter- 
nal structure and the skin. In the chordwise direction, compressive 
stresses  axe induced  because that portion of the model outside  the jet, 
including the heavy s t e e l  bulkheads, res t ra ins   the thermal expansion of 

.. the hot skin of the model. Calculations show that these  stresses  could 
be of the same order of magnitude as t h e   c r i t i c a l  chordwise  compressive 
stress (ref .  5 ) .  Orders of magnitude only a re  mentioned  because  of the 

determining  the restraints which influence the c r i t i ca l   s t r e s ses .  Further 
evidence that chordwise canpression  caused  the  buckling is that the  buckles 
were long and narrow, the type produced  by transverse compression of long 
phtes. If spanwise  compression had been the cause, a ser ies  of small 
circular  buckles would have appeared in each skin panel. T5e above  con- 
siderations  thus show that chordwise  compressive stresses,  due t o  
restrained thermal expansion,  were the  probable  cause of skin buckling 
but  they do not  provide any indications of wby the failure occurred in 
the  vicinity of the t r a i l i n g  edge. (A study of the thermal  buckling of 
flat plates is reported in r e f .  6 . )  

" approximations  involved. in  calculating the s t ress   dis t r ibut ion and in  

The f a i l u r e  was a dynamic phenomenon Fn that the  buckling was not 
steady. The buckling  started near the leading edge (the  region of maxi- 
m m  heating) and then seemed t o  appear and disappear in several  locations 
before  sett l ing in the most rearward panel. This latter buckle may not 
have been stationmy  despite the f s c t  that the film so indicated,  since 
the  buckling  frequency  could  have  been  such that the camera shared a 
stationary  condition. Other vibrations were also in evidence  for the guy 
cables a t  the top of the m o d e l  w e r e  shaken loose, but no data are avail- 
able  to  indicate the mode or  frequency of such  vibrations. 

L 
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The  dynamic aspect of the  failure  indicates that the model experience& 
some form of f lu t te r .  The visible evidence shows that the  principal  effect 
was more of a localized  f lutter than an mer-all torsion  or bending-type 
f lu t te r .  Such considerations  point t o  panel f l u t t e r  8s a possibility. 
Some recent experimental data on panel flutter {ref. 7) show that a buck- 
led  panel is more apt t o  f l u t t e r  than an unbuckled  one, a condition that 
t i e s  in with the  test   results.  The data of reference 7 are not directly 
applicable t o  the  present test, but it is  of interest t o  Fnvestigate the 
panel  flutter parameter of the model. If the distance between webs is 
used as the panel  length,  then the panel f lu t te r  parameter f a l l s  far off  
scale in the stable  regiun of the p l o t s  in reference 7. A panel  length 
i n  excess of half the model chord would be required t o  get a panel f l u t t e r  
parameter of small enough magnitude t o  f a l l  in the  transition  region of 
figure 7 of reference 7. Thus, the case for panel f l u t t e r  is not on very 
firm ground although some form of f lu t t e r  was most l ikely a factor in the 
failure. 

The indications  are that the  failure was the  result  of the combined 
effects of aerodynamic heating and loading. The rapid aerodynamic heating 
induced thermal buckling of the model skin which in turn led t o  &n unstable 
aeroelastic  condition. The final result  WBB a dynamic failure that may 
have been a form of localized  flutter. The tes t   c lear ly  demonstrates that 
there is much t o  be learned about the  individual and combined effects of 
aerodynamic heating and loading on aircraf%  structures and that, when these 
effects   me not simultaneously considered, factors which vi ta l ly   affect  
the structural integrity of an aircraf t  may be overlooked. 

coNcLusIoms 

A multiweb wing structure has been tested under aerodynamic condi- 
t i ons  repreeenting flight a t  Mach number 2, stagnation  temperature of 
556O F, and stagnation  pressure of l l 5  peia, with the fo l l a r ing  results:  

1. Model temperatures  rose  rapidly  during  the t e s t  a8 a result  of 
aeroaynamic heating. The skin near the leading edge experienced the most 
rapid heat-, w i t h  the  rate  decreasing toward the  trail ing edge. The 
temperatures of the  internal  structure lagged  'behind those of the  adjacent 
skin panel8  because of' the  distance through which heat had t o  be conducted 
to  these  parts. The heat sinks formed by the  internal  structure lowered 
the skin temperatures in their  immediate vicinity. 

2. Detailed calculations of the temperature distribution on a can- 
plete chardwiae cross  section of the model are found t o  be in  generally 
good agreement with the test data ff an "indicated"  adiabatic wall tempera- 
ture, somewhat lower than that predicted by theory, is used. 
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- 3. The model failed  near  the end of the test as a result of the com- 
bined  action of aerodynamic heating and loading. The rapid aerodynamic 
heating  apparently induced  thermal  buckling of the  model skin which in 
turn  led t o  an unstable  aeroelastic  condition. The final r e su l t  was a 
dynamic failure that appeared t o  be some Porn of f lutter.  

4. Much remains to be learned  about  the  individual and combined 
effects  of aerodynamic heating and loading on a i rc raf t   s t ruc tures  and, 
when these  effects  are  not  considered  simultaneously,  factors which vitally 
af‘fect the  s t ructural   in tegri ty  of an a i r c r a f t  may be  overlooked. 

Langley Aeronautical  Laboratory, 
National Advisory Committee for  Aeronautics, 

LEtngley Field, Va . , m y  13, 1953. 
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(a)  Chordwise section d o n g  jet  center  line. 

Thermocouple, 

"" 

(b) Side view with near skin removed. 

Figure 2.- Locations and nmbers of thermocoqles. - 
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Figure 3. - Model in place at nozzle exit p r i o r  to t e s t .  
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v 
(a) t = 8.1 sec. L-79266 

t 

(b) t = 8.8 aec. L-79267 
Figure 4.- Progressive failure of model (taken from motion picture). 
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( c )  t = 8.9 sec. L-79268 
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( e )  t = 9.7 sec. L-79210 

-qizJ7 
(f ) t = 9.8 sec. L-79271 

Figure 4.- Concluded. 
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. 

(b) Pieces attached t o  mounting fixture. v 
Figure 5.  - Remains of model after t e s t .  L-74845 

I, 



NACA €tM L53F27 21 

.) 

H,psia .  

140 

I20 

100 

80 

60 

40 

20 

0 2 4 6 8 IO 

t ,  sec 

Figure 6. - Variation of stagnation pressure during  test. 
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Figure 8.- Variation of model temperatures during t e s t .  



24 NACA RM L53E27 

4 5 
Test 

- "" Calculation A 
--- Calculation B 400r 

300 

T, O F  200 

too 

0 2 4 6 

t, sec 
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Figure 8.- Continued. - 
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Figure 8. - Continued. 
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Figure 8. - Continued. 
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(g) Thermocouples 18 and 19. 

Figure 8.- Continued. 
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Figure 8.- Concluded. 
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Figure 9.- Chordwise variation of adiabatic wall tenrperature and heat- 
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Figure 10. - Plot f ram which "indicated" values of adiabatic w a l l  tempera- 
ture and heat-transfer coefficient can be obtained f o r  thermocouple 2. 
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Figure 12.- Skin and web temperature distributions. 
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Figure 13.- Temperature distribution of entire cross section. 
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