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SUMMARY - 

An analysis i s  made and charts are  presented fo r  the determination 
of regions of e f f ic ien t  application of f l a t  balsa-core sandwich and 
s t  if fened-panel construction for  a large range of design requirements'. 
Optimum sandwiches were found t o  have r e l a t ive ly  low values of the r a t i o  
of core thickness t o  face thickness. 

The choice of the proper type of construction for the compression- 
carrying upper 'skin of an airplane wing i s  affected by many factors such 
as cost, ease of production, and s t ruc tura l  efficiency. Although numer- 
ous types of construction have been proposed, the most common in  the past 
was the longitudinally stiffened compression panel. Extensive studies 
(references 1 t o  10) have been made of the compressive strength of 
st iffened panels with the resu l t  t ha t  the proportions of such panels 
can readi ly be chosen t o  give the maximum s t ruc tura l  efficiency tha t  
can be obtained with t h i s  type of construction. 

Efficiency studies of the type used fo r  the s t i f fened panels lead 
logical ly  t o  the conclusion tha t  no one type of construction i s  univer- 
s a l l y  the  most e f f i c i en t .  For example, i n  & comparison of st iffened- 
panel with multiweb wing construction, Gerard showed i n  referience 11 
that  for  th in  wings carrying high bending moments, the multiweb wing 
construction i s  more ef f ic ien t  . 

One type of construction, a s  yet not evaluated, i s  the end-grain 
balsa-core sandwich. Simple physical reasoning does not indicate i n  
advance the range of loading conditions fo r  which the sandwich i s  most 
e f f i c i en t .  Consequently, some quantitative studies must be made i f  the 
region i s  t o  be determined for  which t h i s  type of construction i s  more 
e f f i c i en t .  

In the present paper an analysis i s  made t o  determine the respec- 
t i ve  regions of application i n  which the sandwich and the s t i f fened panel 
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represent t he  more s t ruc tu r a l l y  e f f i c i e n t  construction when used a s  a 
compression cover f o r  a wing s t ruc tu r e .  The e f fec t s  of transverse a i r  - 
load and shear s t r e s s  due t o  to rs ion  i n  t he  wing on the  s t rength of t he  
s t ruc ture  a r e  not considered. It is  assumed t h a t  the  curvature of t he  
wing surface i s  s l i gh t ;  therefore,  f o r  the  purpose of t he  analysis ,  t he  
wing s t ruc ture  i s  ideal ized i n to  a long rectangular box. The maximum 
s t reng th  and buckling s t rength of t he  sandwich compression cover a r e  
assumed t o  be equal and t h e  s ide  support provided for  the  st iffened-panel  
compression cover is assumed t o  contribute nothing t o  i t s  s t rength .  The 
e f f e c t s  of these assumptions a r e  discussed i n  the  evaluation of t he  
r e s u l t s  of the  analysis .  

SYMBOLS 

width of box beam, inches 

f l exura l  s t i f f ne s s  per un i t  width of beam cut from sandwich, 

depth of box beam, inches 

Ef Young's modulus of e l a s t i c i t y  of sandwich face material ,  taken 
r ,  t as 10,500 k s i  i n  analysis  

Gc shear modulus o f i e l a s t i c i t y  of sandwich core material,  taken 
as 20.1 k s i  i n  analysis  - .  

hc thickness of sandwich core, inches 
- 
h distance from outside skin  surface t o  ax i s  of center of 

g rav i ty  of s t i f fened  panel, inches 

r i b  spacing of box beam with stiffened-panel compression 
cover, inches 

M bending moment ca r r ied  by box beam, inch-kips 

Pi compressive f a i l i n g  load per inch of stiffened-panel width, 
kips per inch 

! '  

f ac tua l '  face thickness of sandwich panel, inches (tfmin + Atf) 
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t minimum face thickness tf of sandwich required f o r  adequate 
fmin 

to rs iona l  s t i f f n e s s  of box beam, inches 

A%, difference between ac tua l  thickness tf and minimum required 
thickness tf of sandwich, inches 

min 

t~ ac tua l  skin thickness of s t i f f ened  panel, inches 

t ~ m i n  
minimum skin thickness tS of s t i f fened  panel required f o r  

adequate to rs iona l  s t i f f n e s s  of box beam, inches 

Ats difference between ac tua l  thickness tS and minimum required 

thickness t of s t i f f ened  panel, inches 
Smin 

average thickness of cross-sectional  area per inch of s t i f fened-  
panel width, inches 

average thickness of r i b s ,  inches 

weight per square foot  of compression cover ( including r i b s  
i n  the  case of st iffened-panel  compression cover), pounds 
per square foot  

'cr buckling s t r e s s  of sandwich (assumed equal t o  buckling 
compressive load divided by cross-sectional  a rea  of  faces ) ,  
ks  i 

I D W I Z E D  STRUCTURES COMPARED 

I n  t he  present study the  wing was ideal ized in to  a long rectangular 
box beam (see  f i g .  1) of depth d and width b, having a t  l e a s t  a sk in  
thickness tsmin established by requirements of to r s iona l  s t i f f n e s s ,  

and subjected t o  an end moment M. The tension (bottom) cover was assumed 
t o  have zero thickness but had a cross-sectional  area  equal t o  t he  area  
of the  compression ( top)  cover. Transverse a i r  load on the  compression 
cover and shear s t r e s s  due t o  to rs ion  of  t he  box were not considered fo r  
the  present analysis .  The two types of compression cover compared fo r  
t h i s  beam were a Y-stiffened panel supported by r i b s  and a balsa-core 
sandwich. 

The s t i f fened  panel cover of the  box beam was considered t o  be made 
of longi tudinal  7 5 ~ - ~ 6  aluminum-alloy extrudbd s t r a igh t  -web Y-sect ion 
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s t i f feners  strongly riveted t o  f l a t  a lclad 7 5 ~ ~ ~ 6  sheet; the r i b s  were 
spaced a t  equal intervals  L along the box. The Y-stiffened panel was 
chosen because it was found t o  be the most e f f i c i en t  of the various 
types of s t i f fened panels tes ted by the Langley Structures Research 
Laboratory of the National Advisory Committee - for  Aeronautics. Each r i b  
was assumed t o  have an average thickness tr of 0.4 of the skin thickness 

( f a i r l y  heavy r ibs ) ,  and i n  a l l  cases the weight of the compression 
cover was calculated as  the sum of the weight of the r ibs  and of the 

' st i f fened panel. The r i b  s t i f fness ,was assumed t o  be such tha t  the 
coeffickent of end . f ix i ty  c for  the panel would be equal t o  unity. 

The sandwich cover for  the box beam was considered t o  be made of a 
7.-pound-per-cubic-foot end-grain balsa core with a lc lad  735-T6 faces 
of equal thickness. The length and construction were assumed t o  be 
such tha t  the sandwich would a c t  l i k e  an in f in i t e ly  lang f l a t  plate  ., . 

.simply supported along the unloaded edges. 

RANGE OF PROPORTIONS INVESTIGATED 

The range of proportions investigated was c h ~ s e n  i n  an e f f o r t  t o  
cover the region i n  which most designs u t i l i z ing  sandwich or  st iffened- 
panel construction might be expected t o  f a l l .  For the box, a depth- 

width r a t i o  !& of 0.12 t o  0.60 was selected t o  correspond' (with not 
b 

l e s s  than 40 percent of the wing chord i n  the box) t o  a wing thickness 
of approximately 5 t o  23 percent. A r a t i o  of depth t o  minimum skin ' 

of 25 t o  800 was selected ( t o  correspond, fo r  exampleb thickness - 
t 
Smin 

t o  a 25-inch-thick wing with a skin thickness of 1 inch down t o  0.032 
inch).  For the sandwich a range of ra t ios  of core thickness t o  face 

hc of 10 t o  100 was investigated. For the s t i f fened panel thickness - 
t f - 

the proportions investigated were those covered by the design charts of 
reference 12. 

RESULTS AND DISCUSSION 

Determination of regions of e f f ic ien t  application of sandwich and 
s t i f fened panel.- The e f f i c i en t  regions of application of sandwich and 
s t i f fened panel were calculating, for  each 
s e t  of assumed and for  each type of 

7 ,  
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construction,  the  maximum moment-carrying capacity M corresponding t o  
a given weight W of compression cover. The r e s u l t s  of these  calcula-  
t ions ,  which were ca r r i ed  out a s  described i n  appendix A f o r  the  sandwich 
and i n  appendix B f o r  the  s t i f fened  panel, a r e  given i n  f igure  2. In  
t h i s  f igure  t he  weights of sandwich and of s t i f f ened  panel a r e  p lo t t ed  
agains t  the applied bending moments. The range of values of  the  bending- 

moment parameter of the  curves f o r  minimum values of ------ and - a i s  
t ~ m i n  b 

l imi ted t o  t h a t  covered by the  extensive st iffened-panel  data  of r e f e r -  
ence 12.  Figure 2 shows t ha t ,  generally,  a s  the  bending-moment parameter 

M d increases,  each sandwich curve for  a given value of --- 
( t ~ m i n  
crosses t o  the  l e f t  of the  corresponding st iffened-panel  curve i n  the  

lower range of values of M . Hence, the  sandwich i s  more su i t ab l e  

( tsmin P 
f o r  appl ica t ions  i n  which the i n t ens i t y  of loading i s  r e l a t i v e l y  low and 
the  st iffened-panel  construction,  f o r  cases i n  which the  i n t e n s i t y  of 
loading i s  high. 

The crossing points  of the  curves of  f igure  2 have been summarized 

i n  f igure  3 f o r  a range of values of  M 6 from 1 x 10 k s i  t o  

6 ( tsmin)3 1 4  x 10 k s i .  The curves of f igure  3 then represent  combinations of 
d values of - -------- , and M 
b' t 

f o r  which the most e f f i c i e n t  sand- 
Smin (+~rnin) 

wich and most e f f i c i e n t  stiffened-panel construction have equal  weight. 

I f  the  design value of i s  l e s s  than the  value given by a curve 

(%nin) 
d d passing through the  point  represented by given values of  5 and -, 

ta 
-Urnin 

then no st iffened-panel  s t ruc tu re  l i g h t e r  than a sandwich s t r uc tu r e  of 
the type considered can be designed from the  char t s  of reference 12.  I f  

is  g rea te r  than the  value given by a curve a t  given values of 

( t~min  )3 
d and - and if a st iffened-panel  design t o  ca r ry  t h a t  moment can 
b 

t ~ m i n  
be obtained from the  char t s  of reference 12, then t h a t  panel design w i l l  
be l i g h t e r  than the corresponding sandwich construction.  Below and t o  
the r i g h t  of the  region of the  curves of f igure  3, f o r  a l l  values of 

covered by the  proportions considered i n  the  design char ts  of 

(tsmin)3 
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reference 12, no stiffened-panel s t ructure  can be designed t o  be l i g h t e r  
than a sandwich design of the  type considered. Above and t o  the  l e f t  of  
the  region of the  curves of f igure  3, again within the  range of values 

of covered by reference 12, the  stiffened-panel construction 

( t h i n  
\ / 

can be designed by reference 12 t o  be the  l i gh t e r .  I n  both of these  

regions, however, only a l imi ted range of values of M comes 

( t ~ m i n ) ~  
within t he  range of proportions of reference 12. Beyond t h i s  range of 

values of -, an analysis  t o  determine whether sandwich o r  

stiffened-panel construction is  l i g h t e r  would require  extension of the  
design char t s  of reference 12; accordingly, t h i s  analysis  has not  been 
made. 

Proportions and buckling s t r e s se s  of sandwich.- The r a t i o  of core 
thickness t o  face thickness required t o  meet the  given design conditions 

d - , and with minimum weight a r e  presented i n  f iguie  4 
b' t smin  ( t smin) 
and the  corresponding c r i t i c a l  s t r e s se s  a r e  presented i n  f igure  5 .  Also 

shown i n  f igures  4 and 5 a r e  t h e  values of a t  which the  

( t ~ m i n  P 
crossing of the  sandwich and stiffened-panel curves of f igure  2 occurs. 

I n  f igure  4 the  par t  of each curve t o  the  l e f t  of the  cusp corresponds 
t o  a face  thickness equal t o  t he  specif ied minimum value required f o r  
t o r s iona l  s t i f f n e s s .  For the  pa r t  of each curve t o  the  r i g h t  of t he  cusp, 
the  face  thickness required f o r  minimum weight i s  g rea te r  than t h a t  
specif ied a s  necessary fo r  adequate to rs iona l  s t i f f n e s s .  These curves 
show t h a t  r e l a t i v e l y  low values of the  r a t i o  of core thickness t o  face  
thickness a r e  required fo r  optimum sandwiches. 

With the  r a t i o  of core thickness t o  face thickness known, t h e i r  
individual  values can be obtained by use of an a l t e rna t e  form of equation 
(~1)  of appendix A:  
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and t he  equation 

h, = t c f q  
hc where W is  given by f igure  2 and - by f igure  4. 
t f 

I n  general, f igure  5 shows t h a t ,  a t  the  proportions corresponding 
t o  the  boundary between the  regions of e f f i c i e n t  appl icat ion of sandwich 
and st iffened-panel  construction, the  s t resses  a r e  i n  the  p l a s t i c  range. 

Proportions and average f a i l i n g  s t r e s se s  of s t i f fened  panel.- The 
proportions of the  s t i f fened  panel required Lo meet the  given design 

conditions - and a r e  the  optimum proportions from char t s  
t ~ m i n  (tsmin) 

and t ab l e s  of reference 12.  Unlike the  sandwich, only a negl igible  weight 
advantage ever resu l ted  i n  the  stiffened-panel construction from using a 
skin thickness greater  than the  specif ied minimum required f o r  t o r s iona l  
s t i f f n e s s .  The skin  thickness ts was therefore  always taken equal t o  

'~min 

The average f a i l i n g  s t r e s se s  of t he  s t i f fened  panels a r e  given by 
the  char ts  of  reference 12. 

Limitations of analysis . -  Inasmuch a s  the  present analysis  contains 
simplifying assumptions, consideration should be given t o  the  l imi ta t ions  
o r  inaccuracies t h a t  they produce. Some of these simplifying assumptions 
should cause the  sandwich t o  appear l i g h t e r  than it ac tua l l y  would be 
r e l a t i v e  t o  t he  s t i f fened  panel; other assumptions cause the  s t i f f ened  
panel t o  be favored over the  sandwich. A perfect  balance between the  
two, however, and hence an e n t i r e l y  accurate evaluation of the  r e l a t i v e  
e f f i c i enc i e s  of sandwich and s t i f fened  panel, is undoubtedly not achieved 
over t h e  e n t i r e  range of proportions investigated.  Qual i ta t ively ,  however, 
the  r e s u l t s  of the  analysis  cannot be expected t o  be changed appreciably 
by any refinements. It i s  only t he  exact  location of the  boundaries 
between regions of e f f i c i en t  appl icat ion of the  two types of  construction 
t h a t  may be changed by refinements. 

One assumption which i s  pa r t i cu l a r l y  unfavorable t o  the  sandwich i s  
t h a t  t he  buckling s t rength and t he  maximum s t reng th  a r e  equal .  Actually, 
a t  l e a s t  f o r  some proportions, the  maximum st rength of a sandwich can be 
subs t an t i a l l y  greater  than i t s  buckling strength; however, because most 
of the  e f f i c i e n t  sandwich designs ( t h a t  i s ,  the ones which determine t he  
locat ion of t h e  boundary between regions i n  which the  sandwich or  the  
st iffened-panel  construction i s  the  l i gh t e r )  buckle a t  high s t r e s se s  i n  
the p l a s t i c  range, the maximum strength and buckling s t rength a r e  probably 
very near ly  the  same. 
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The f ac t  t ha t  the nethod of analysis used for  the sandwich (refer-  
ence 13) may be s l igh t ly  unfavorable t o  the sandwich i n  regard t o  the 
evaluation of i ts  transverse shear s t i f fness  is  suggested i n  reference 14.  
Again, however, f o r  the proportions which es tab l i sh  the boundary between 
the sandwich and s t i f fened panel the difference i n  buckling strength 
associated with the different ,  assumptions of references 13 and 14 is 
negligible.  This difference i s  especially negligible i n  comparison with 
the empirical reduction used i n  appendix A t o  bring the theore t ica l  
r e su l t s  more nearly in  l i ne  with experiment. 

Also unfavorable t o  the sandwich i s  the as'sumption tha t  the com- 
pression cover i s  f l a t ,  while actual ly  i n  a wing a certain amount of 
curvature of the upper surface is t o  be expected. Because the sandwich 
i s  thicker than the unsupported sheet of the  s t i f fened panel, curvature 
w i l l  be r e l a t ive ly  more effect ive i n  increasing the strength of the 
sandwich than tha t  of the s t i f fened panel. Eence, curvature would permit 
greater decreases i n  the weight of sandwich than i n  the weight of 
st iffened-panel construct ion. 

An assumption which is  favorable t o  the sandwich i s  t h a t  the accuracy 
of the theory of reference 13  for  predicting the strength of the sand- 
wiches considered herein i s  not diminished by loca l  wrinkling f a i lu re  of 
the face material within the range of s t resses  considered. This assump- 
t ion  is most l i k e l y  t o , b e  val id  fo r  the e f f i c i en t  sandwich proportions 
which have r e l a t ive ly  thick faces. The limited t e s t  data tha t  a re  ava i l -  
able (see reference 15) would suggest t ha t  f o r  a l l  proportions considered 
loca l  wrinkling of the faces does not occur. 

The assumption which is l eas t  favorable t o  the stiffened-panel con- 
s t ruct ion is  tha t  the side support provided for  the panel contributes 
nothing t o  i ts  strength.  Actually, suf f ic ien t ly  sturdy side support 
increases the strength of the s t i f fened panel in  two respects: F i rs t ,  
it ra i ses  the i n i t i a l  buckling strength by conyerting the panel from a 
column t o  a plate  (par t icu lar ly  when the i n i t i a l  buckling is of an over- 
a l l  ra ther  than a loca l  type); s econd ,~ i t  increases the margin between 
the buckling and ultimate strengths, because the side supports and some 
effective.width of the panel adjacent t o  the supports can continue t o  
carry load even a f t e r  the panel has buckled. 

'Phe a rb i t r a ry  assumption tha t  the r ib s  have an average thickness of 
0.4 of the  skin thickness i s  probably unfavorable t o  the s t i f fened panel. 
The,fact t ha t  t h i s  r i b  thickness i s  on the high side i s  suggested by the 
resu l t ing  optimum r i b  weights (10 t o  30 percent of the cover weight) 
which are  con side red^ t o  be f a i r l y  high.despite Farrar 's  conclusion based 
on e l a s t i c  analysis (reference 16) tha t  fpr  optimum conditions the weight 
of the r i b s  should be one-half tha t  of tb stiffened-panel cover. 
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CONCLUDING RFIMAFKS 

Although a number of refinements and extensions of the present 
analysis suggest themselves, such as  the investigation of the e f f ec t s  of 
curvature and of normal a i r  load, the likelihood of substant ial  changes 
in  the indicated boundaries between ef f ic ien t  regions of application of 
f l a t  balsa-core sandwich and stiffened-panel construction appears rather  
remote. In general, the present analysis shows tha t  the s t i f fened panel 
does not become re la t ive ly  ineff ic ient  u n t i l  ra ther  extreme design 
conditions are reached, f o r  which the structure is  a l i g h t l y  loaded, 
deep, and narrow box beam with a thick skin. Such a box (or  se r i e s  of 
boxes) can be achieved by the use of multiple shear webs; accordingly, 
another poss ib i l i ty  t o  be investigated is  the re la t ive  eff ic iency of 
multiweb construction with a sandwich cover. . 

The analysis of t h i s  paper should not be construed as  appreciative 
or  depreciative of a given type of construction. The choice of any ty-ge 
of wing construction involves the weighing of a number of factors,  and 
the present type of analysis should be considered chief ly a s  an a i d  in 
the more accurate evaluation of the one rather important factor,  the 
s t ruc tura l  efficiency. 

. , , >  8 . ..', > I  - ) ,  1.: 

Langley Aeronautical Laboratory 
National Advisory Committee fo r  Aeronautics .i ' r ( 1  , ' :  "-3 

Langley Field, Va., July 16, 1951 . s I . # ! , .  . 
'. 2-, I 3 ' I :  : 



APPENDIX A 

MINIMUM-WEIGHT ANALYSIS OF BOX Bl3AMS 

W I T H  SANDWICH COMPRESSION COVERS 

Derivation of Equations for  Weight and Strength of Sandwich - 
- - - - - - - - - - - - - - - - - - 

The weight per square foot of a sandwich compression cover i s  given 
by the equation 

where 

W t o t a l  weight per square foot of sandwich, pounds per square 
foot 

thickness of balsa core, inches 

minimum allowable thickness of aluminum-alloy face material 
(equal t o  one-half skin thickness required t o  provide 
adequate tors ional  s t  i f  fness t o  box), inches 

differencebetweenactual  face thickness and t , inches 
fmin 

The numbers 0.101 and 7 are,  respectively, the density of aluminum-alloy 

I 
faces i n  pounds per cubic inch and the chosen density of balsa core i n  
pounds per cubic foot.  

In order t o  expedite the computational work, t h i s  equation.was divided 
by tsmin, and 2t  and atf were replaced by t h e i r  equivaleiits fa in  

t ~ m i n  and AtS t o  give the equation 
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The moment-carrying capacity of a box beam having a balsa-core 
sandwich compression cover i s  given by the equation 

where 

M 

%r 

applied bending moment, inch-kips 

buckling s t r e s s  (assumed equal t o  buckling compressive load 
divided by area of faces of the sandwich), k s i  

width of box beam, inches 

depth of box beam, inches 

minimum skin thickness required for  adequate tors ional  
s t i f fness ,  inches 

difference between actual  skin thickness and minimum required 
skin thickness t 

%in7 inches 

In order t o  make t h i s  equation more readi ly usable, both sides were 

divided by (tSminy t o  give the equation 

b Replacing - by its equivalent t yields the following equation: 
Smin d 

'i; 

Development of Sandwich Curves of Figure 2 

Design chart for the sandwich compression covers.- A design chart 
based on theory of reference 13 (similar t o  f i g .  6 of t h i s  reference 

$ 



but covering a wider range of proportion$) was prepared. In the  prep- 
2 2 

a ra t ion  of t h i s  new design chart ,  the  parameters st B ' and - 
b 2 ~ c h c  b2tf 

of t he  design char t  of reference 13  were replaced, respectively,  by 
t h e i r  equivalents 

and 

obtained by subs t i tu t ing  f o r  B i t s  equivalent ~~t~ (hc + tf) and for  

tf i ts  equivalent 1 t i  + ) and rearranging terms. 1n these 
tsmin 

parameters G, and Ef are ,  respectively,  the  shear modulus of e l a s t i c -  

i t y  of the  sandwich core material  i n  kips per square inch and Young's 
modulus-of e l a s t i c i t y  of the  sandwich face mater ia l  i n  kips per square 
inch. The buckling s t r e s se s  along the  ordinate of t h i s  chart  were 
multiplied by an empirical  reduction fac tor  of 0.86 ju s t i f i ed  by a com- 
sa r i son  ( f i g .  6 of t h i s  paper) of the  o r ig ina l  buckling-stress values 
given by t he  char t  with the  extensive experimental buckling-stress values 
given i n  reference 15. In  making t h i s  comparison of theory and experi-  
ment, values of Ef of 10,700 k s i ,  Gc of 19.0 ks i ,  and Poisson's r a t i o  

pf of 0.33 were used. 

Optimum proportions of the  sandwich compression covers.- For a 

Ats s e r i e s  of chosen values of - from zero t o  some estimated value 
t ~ m i n  

. hc greater  than zero, r e l a t ed  values of the  proportions --- and - A%4 
t t 

'min ',in 
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ri 

were obtained by use of equation ( ~ 2 )  for  a ser ies  of chosen values of 

the weight parameter - . Buckling s t resses  ocr of sandwich com- 
'%in ,, - ,  

pression covers of these propo&tib;ls were obtained from the previously 

described desigm chart for  chosen values of and a. The optimum 

~ m i n  b 

,-1 8 : .  . 
At, proportions of - 
s 

hc were then determined by use of and 
min mln 

equation (A?) for each yalue of by graphically maximizing the 
t%in - '. <. > , , I , ,  2 

At, : , + bending-moment parameter with respect t o  -. ; I  - , :": ; 4 , . , 8  , , < -  

- i f .  - I  : r . , . -81 'I P r w t ,  , , < -  8 . , I '  i 8 . I 
~ - t~ ' * .  ;, , ,  ! 8 : 

. . # ,  c :: . % < r , , f  - I  ' .. : .  
Parameters i n  terms of which the sandwich curves of figure 2 were 

plotted.- The maximum values of the bending-moment parameter 
l - , ~ . ~  i 2 1 . '  I , "  , . , , .  . i . ' * , s ; $ : ,  , , , > I  . , * : ; . J  

. .  1 ~ - . ; * i t ,  

and the corresponding values' of the weight parameter - were used 
'%in 

as.coordinates t o  p lo t  points on the stiffened-panel curve of figure 2. 
.,l>l.. \ J I . . :  ,.) *,> 
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MINIMUM-WEIGHT ANALYSIS OF BOX BEAMS W I T K  

STIFFENED-PANEL COMPRESSION COVERS 

Derivation of Equations for Weight and Strength of Stiffened Panel 

In the following derivation of equations for  the s t i f fened panel, 
the skin thickness tS of the s t i f fened panel i s  always assumed t o  be 

equal t o  the minimum skin thickness t required for tors ional  
'min 

s t i f fness .  This assumption i s  jus t i f ied  by an investigation ( the de ta i l s  
of which are  omitted here) which showed tha t ,  over almost the en t i r e  
range of proportions covered i n  t h i s  analysis, increases i n  skin thick- 
ness over tha t  required f o r  tors ional  s t i f fness  caused increases i n  the 
panel weight rather  than decreases. Moreover, i n  the limited regions 
in  which decreases i n  panel weight Pesulted, these decreases were 
negligible.  

The weight per square foot of a longitudinally s t i f fened compres- 
sion cover of a box beam (including the weight of r i b s )  i s  given by the 
equation 

where 

. rs 
.: . 

- 
t 

t o t a l  weight per square foot of s t i f fened panel plus r ib s ,  
pounds per square foot 

average thickness of panel, or cross-sectional area per inch 
of panel width, inches 

average thickness of r i b s  ( r i b  i s  assumed t o  extend over f u l l  
depth of box), inches 

r i b  spacing, inches 

The number 0.101 i s  the density of the aluminum a l loy  faces in  pounds 
per cubic inch. In  order t o  f a c i l i t a t e  handling of the equation, both 
sides were divided by tSmin to  give 
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p- 

t~ min min min 

and t h i s  equation w a s  rewri t ten  

- t 
-- 
t t t Pi L 
Smin Smin Smin Smin 

where 

compressive f a i l i n g  load per inch of panel width, kips per 
inch 

It i s  assumed t h a t  the  r i b  s t i f f ne s s  i s  such t h a t  the  coeff ic ient  of end 

Pi f i x i t y  c is unity3 therefore,  i n  t h i s  equation - as wel l  a s  - pi 
L t ~ m i n  

now represent the  well-known s t r u c t u r a l  loading parameters f o r  a com- 
pression panel. The r i b s  were se lected t o  have an average thickness of 
0.4 times the  minimum skin thickness and the  equation became 

W -- 
ts min 

The moment-carrying capacity of a box beam having a long i tud ina l ly  
s t i f fened  compression cover is  given by the  equation 

where 

bending moment ca r r ied  a t  f a i l u r e  of  panel, inch-kips 

distance from outside skin  surface t o  ax i s  of center of 
gravi ty  of panel, inches 

In  order t o  f a c i l i t a t e  handling o f  t h i s  equation, both s ides  were divided 

by (tsmin)3 t o  give 



which, by use of the equality 

L~ 
b min - = -  

t 
%in 

d - 
b 

was converted t o  

M 

'min b 'min 

Development of Stiffened-Panel Curves of Figure 2 

NACA TN 2514 

A - 

Optimum proportions of the stiffened-panel compression covers.- 
Optimum dimensional proportions of the stiffened-panel compression 
covers were obtained from design charts of reference 12 for  a ser ies  of 

P2 P, 
- l. I 

chosen values of the loading parameters ------ and - within the 
'smin L 

range of the charts.  - For these proportions the required values of 
-- 

5 h - and - were then obtained from tables  of reference 12.  
t ~ m i n  smin 

Optimum r i b  spacings of the box beams with stiffened-panel compres- 
sion covers.- The optimum r i b  spacings were determined by use - - of equa- 

W t ion  (~4) by graphically minimizing the weight parameter ----- with 
t%in 

P. P. 
respect t o  2 for  each of the selected values of for  a chosen 

L t ~ m i n  

a number of values of -. 
smin 
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Parameters in terms of which the stiffened-panel curves of fig- 

ure 2 were plotted.- Values of the bending-moment parameter M 
3 

obtained by use of equation (~8) and the corresponding minimum values 

of the weight parameter - were used as coordinates to plot points 
t 
Smin 

on the stiffened-panel curves of figure 2. 

C.. 1.r 
; . : -:t 

. . 
.. = ,  <+! 

. .! 
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Figure 1.- Idealized s t ructures  used f o r  comparing sandwich and s t i f f ened  
panel construction. 

Ib/sq f t  
in. 

x. ksi 
(tsrniJ3 

d ( a )  i; = 0.12. 

Figure 2.- Variation with applied moment of weight of sandwich or  s t i f fened-  
panel  construction required f o r  the  compression cover of a box beam of 
given r a t i o  of depth t o  width. 
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Ib/sq ft 
in. 

xl ksi 
( t~min)~  

d (b) b = 0.20. 

Ib/sq f t  
in. 

ksi 
(ts,iJ3 

Figure 2. - Continued. 
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- M t k s i  
(tsmin13 

( d )  d = 0.40. 
b 

A, ksi 
(tsrnin13 

Figure 2.  - Concluded. 
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Figure 3.- Chart f o r  determining whether t he  weight of balsa-core sandwich 
o r  of Y-stiffened panel p lus  r i b s  i s  l e s s  f o r  a given design. 

I . % ,  *., , , ' ;.I . : . " ' a ?  < -?.,' ,.f.* , ' t , : .  '..' I ' j i ,  I I ,  , > .,., - '4.. 

w . ? *  9") ' ,*? 1 2  % 
I I . .  

' . t i  ,., . 
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M, ksi 
t 

. y '  
(tsrninI3 

(a) d = 0.12. 
b 

ksi 
('srninT 

I . .. ,. *-'..* ---.. 
d - (b) - = 0.20. 

I;:$ @ b 

Figure 4. - Proportions of sandwiches to meet given design conditions with 
minimum weight. The value of 

M 
at which the crossing of the 

("smin)' . a  ..: 1 
sandwich and stiffened-panel curves of figure 2 occurs is indicated by 
a short line cutting the curve. f l  
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M .-. ksi 
. ('srnin) 

A. ksi 
(+srninI3 

igure 4. - Continued. 
E 
ma 



uc,, ksi 

d ' ( e j  - = 0.60. 
b 

Figure 4. - Concluded. 

J A, ksi 
, 

(t~rnin)~ 

Figure 5.- Buckling s t resses  of sandwiches t o  meet given design conditions 

with minimum weight. The value of 
M 

a t  which the crossing of 

(t %in) ' 
the  sandwich and stiffened-pane1,curves of f igure  2 occurs i s  indicated 
by a short  l i n e  cut t ing the curve. 
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cr,,, ksi 

L, ksi 
(t~rntn)~ 

d (b) - = 0.20. 
b 

d ( c )  - = 0.30. 
b 

Figure 5.  - Continued. 
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( d )  d = 0.40,. 
b 

ksi 
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b 

Figure 5 ;  - Concluded. 
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' 
Face Core 

thickness thickness 
(in.) (in.) 

TY pe 
of 

failure 

0.0 12 I - 
4 Buckling 

Glue 

0 .020 - 3 
16 Buckling 

,032 - 3 
16 Buckling 

Calculated 
buckling 
stress, 

ksi 

Experimental buckling stress, ksi 

Figure 6. - Comparison. of experimental buckling s t r e s se s  of balsa-core 
sandwich p l a t e s  with a lc lad  &S-T aluminum-alloy faces of reference 15 
with calculated buckling s t r e s se s  from theory of reference 13. 
(Dimensions shown a r e  nominal thickness. ) 




