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ONE EDGE AND REINFORCED BY BULBS AT OTHER EDGE

By Stanley Goodmen and Evelyn Boyd
SUMMARY

The compressive buckling stress of outstanding flanges relnforced
by bulbs was determlned by the torsion-bending theory for flanges having
54 shapes and a range of lengths. The edge of the flange opposite the
buld and the loaded ends were consldered simply supported. The results
wore analyzed to determlne the shape of flangs that gave the greatest
gupport to the structure to which it was attached. It was found that
the flanges capable of glving the most support without torsional buckling
had over-all flange widths from 1. 9VJK§'to 2. 6\[AF where An 1is the

cross-sectional ares of the flange.
INTRODUCTION

Flanges relnforced with bulbs are widely used 1n aircraft structures
to stiffen the stressed-skin cover. They are also generally used as the
stiffening element of wing béams with an I-section (reference 1).

The outstanding flanges In such structures have a tendency to fall
under compresslve load by twlstling of the flange with respect to the
rest of the structure. This twisting 1s accompanlied by & translation
and rotatlon of the reinforcing bulb. Such a fallure is intermediate
between torsional instability in which no cross-sectional distortion of
the structurse occurs (considered by Lundquist and Fligg in reference 2)
and local instebllity in which the lines Joining component plates in the

structure remain straight (considered by Lundquigt, Stowell, and Schuette
in reference 3).

A survey of standard aluminum-alloy extrusion shows that the shape
of most reinforcing bulbs is elther rectangular with a rounded end and
a filllet at the Junctlon of the bulb and the flange or circular with a
fillet at the Junction of the bulb and the flange. In nearly all cases
the bulb 1s found to be fastened to one slde of the flange to leave the
other slde flat.
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In the present paper solutlons are glven for 54 flange sections
reinforced by rectangular and circular bulbs. The buckling stress 1a
given in each cage asg a function of the flange length. The wvarious
flanges are compared wlth respect to thelr effectiveness in stablllizing
the structure to which they are, attached.

This work was conducted at the National Bureau of Standards under
the sponsorship and with the financial assistance of the Rational
Advigory Commlttee for Aeronautics.

SYMBOLS
Ap cross-gectional area of flange
Ag crogs-gectional area of sheet in sheet-stringer structure
e} flange width from base to bulb center ) -
by width of rectangular-type bulb from free end to center line
of web
C torsion-bending constant-for twisting of flange!a‘bout simply .

supported edge, with warping displacement taken as zero at
simply supported edge

E Young's modulus
E' tangent modulus
E, reduced Young's modulus R
VE + /E')2

G - ghear modulus [

2(1 +v)
v Poisson's ratio
I moment of inertlis of gheet=gtringer structure for bending in

plane parallel to plane of flange

Iy -moment of inertia of flange about 1ts base
IP polar moment of lnertia of flange cross section about simply

supported edge
Ip torsion constant of flange sectiomn . . -
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k numerical factor in formuls for plate-type fallure i
L effectlive flange length

.y critical Euler load of éheet-stringer structure

R £illet radius of rectangular-type bulb, egual to-tl

Ry fillet redius of circular-type duldb

Ro dulb radius of clrcular~type dbulb

t Tlange thickness

tl thickness of rectangular-type bulb l

A critical stress for torsional 1nstebility

SHAPE. OF REINFORCED FLANGES

The shapes of the reinforced flanges are shown In figure 1. They
include 27 relnforcing dbulbs having essentially rectangular shape and 27
having essentlally circular shape.

ANATYSTS

L

The buckling load of a flange In end compression depends on the
edge condltlion along the line of attachment to the astructure and on the
type of Instabllity. The type of 1nstability, in turn, depends on the

edge conditlons, dimensions, and compressive stress-strain curve of the
flange.

Edge Conditlions

The edge conditlon along the line of attachment to the structure
wasg chosen ag simple gupport. Thls edge condition was chosen as character-
lstlc of a sheet-and-flange combination of optimum design, in which ~
buckling in end compresslon of both sheet and flangs occurs at the same
load. TFor an explanation, reference 1s made to figure 2, in which A
is the flange and B 1s the sghest.
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Ths function of the flange in figure 2(a) is twofold. It shouwld
add enough flexural rigidity to the sheet to prevent displacement of -
the sheet normal to its plane along the line of attachment C and it ) o

should carry its full share of the load. Sufficlent flexural rigldity ~

can be cbtained by lncreasing the width of the flange, but this may

lead tou buckling at low loads, as illustirated in figure E(b) Collection

of some of-the flange material in a reinforcing bulb at the free edge of -
the flange will usually incresse the buckling load without loss in T
flexural rigidity. (See fig. 2(c).) -

In the optimum sheet-flange combination the sheet will buckle with A
e nodal line along the line of attachment C, thus offering no reatraln- )
ing moment to rotation of the flange about-C. It follows that the flange .
mey be regarded as simply supported at-C for the buckling of such an o
optimum sheet=flange combination. o

The edge condition along the two loaded ends was assumed ag slmple
support also. Thie involves no loss in generality since it 1s shown in _
references 4 and 5 that other conditions of—restraint at the loaded ends N
can be taken care of by using equivalent simply supported flange lengths o
in the same way as equivalent simply supported columm lengths are used T

in column analysis. =
Method of Determining Buckling Losd o _ e

A convenlent approximate method ofdetermining the flange buckling
load when relnforcing dPulbe are present—ls that bamed on the torslon- o
bending theory. Thils theory assumes that no cross-sectional distortion T
takes place 1n the flange. In the appendix this assumption ls checked for _

the speclal casge of a flange of constant thickness with % = 2 and %-= S,

for which an exact solution ie available Flgure 3 shows the transverse
deflection according to the "exmct" theory together with the straight
line corresponding to no crogs-sectlional distortion. It is seen that
for a flange length of five times the flange width almest no cross-
gectional distortion occurs; whereas for a flange length of twlce the
flange wildth a slight amount of cross-sectional distortion occurs. The
critical stresses were also computed for these flanges. The critical
gtress according to the toralon-bending theory differed less than 1.5
percent from that according to the exact theory. Tt wlll be assumed

in the amnalysis that reinforced flanges buckle like flanges of constant™ B
thickness, so that the torsion-bending theory is applicable as long as -
the flanges are not short compared with thelr width. B
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Torgional Instabllity

The critical stress for torsional instability In the elastlc range
is, from equation (1) of reference 2:

G, .
s = ifT_ . ﬁ;ﬂ (1)
cr P IPL

It is shown in reference 5 that equation (1) gives a good approxi-
mation for the buckling stress in the plastic range if Young's modulus E
is replaced by the reduced modulus

AER'
E, = - (1s)
‘ TE B | -

where E' 1s the tangent modulus for stress at which reduced modulus
1s desilred.

If the critical stress in equation (1) 1s divided by the reduced
modulus and Polsson's ratio is taken as v = 0.3, which 1s typical of
aluminum alloy,

Ior __Ir +sr2C Ay
By ~ 2.6I, Apl ) 12 | (@

The values of Ip, Ip, end C for the flanges shown in figure 1

wore computed as outlined in equations (4) to (7) of reference 5. The
velues of Ip and C were computed wilth the simply supported side of the

flange as the axls of rotatlon. The results for an arbitrary Flange
thickness t are glven in table 1. The constants for any other flange
thickness can be computed from the conditions of geomstrical similarity

by noting that Ip end I, vary with t* end thet C varies with to. The
crosg~gectional area AF and the moment of inertla Iz of the flange
about 1its base are also given in table 1.

Equation (2) shows that the critical stress for long flanges

1s controlled by the ratio IP and that for short flanges, by the

ratio C%&FIP. Values of these ratlos are glven in table 1.

The largest value of Inp I, was obtained for flange L6, which

has a circular bulb and for which %= 5, R__bg = 2, and R__.]_-_ = 0.5. The
Ry
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largest value of (/A.E‘Ip was obtained for flange 9, which has a rectan-

b
gular bulb and for which b= 15, it 6, and B = 2,
t tl bl

The flexural rigidity for bending in the plane of the flange may
be measured by the ratio IF/.AF2 glven in the lest column of table 1.
The largest value of Ip/Ag® was obtained for flange 39, which has a
ciroular bulb and for which 2 = 15, R_§_=l.5,a.nd B1 = 0.5.

The stress ratio o, Er for buckling by torsicnal instability
according to equation (2) is plotted against the length ratio L //Ap
in figures 4 to 9. Figures 4 and 5 give stress ratios for the relatively

thick flanges T 5 and..% = 10) of type A (rectangular bulb) and
figures 6 and T glve those for the thimnest flanges (b = 15) of typs A.
Figure B gives stress ratios for 12 of the relatively thick flanges

%= 5 and % = 10} of type B (circular buldb) and flgure 9, thomse for
the thinnest flanges (2 = 15) of type B. The results for six of the
thickest flanges % = %) of type B could not be plotted in figure 8,
since they had values of stress ratio o,,./E,. greater than 0.016 for
all values of L/ﬁi. The stress ratio of these flanges decreased

in the mequence 46, 49, 52, 37, 4O, 43, The ratio L/\/A_F was chosen as

ebasclissa since 1t 1s constant for flanges of a given length and a glven
croes-sactional area. Comparison of ordinates for a glven abscissa

will, therefore, show the effect of changlng the distribution of materiael
in the flange. The buckling strengths of the flanges at first decrease
rapldly with increasing flange length; they tend to approach a constant
value as the flange length becomes very large.

The sequence of the flanges of type A, with the rectangular dbulb
for increasing critical stress ratio ccr/Er at a flxed value of L/ 7

changes rapidly for values of L//K_F < 25. For values of L//Ap > 25 the
critical stress ratlo for the thick flanges :_% = 5) 1s consistently above

that for flanges with 2 =10 end 2=15. At L//ﬂj} = 8, Ucr/LEr
varies from 0.001k for flange 27 to 0.0127 for flange 25.

In the case of the flanges of type B, with the circular bulb, the
sequence for increasing values of chEr at a fixed value of L //KF

remains almost unchanged for values of L,{'/AF> 20. The critical stress
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ratlos for the thick flanges %= 5} 18 conslatently above that for the
thinner flangés -_-E- = 10 and % = 15) for values of L/\/.'AE. > 20. The

orltical stress ratlo increases repidly with increasing bulb radius,
other conditions belng equal. The effect of the Fflllet radius is
relatively unimportant.

Plate Imatebility

The critical stress ratio for flange fallure due to local ingta-
bllity, in which the part of the flange between the base and the dbulb
fails a8 a plate, was computed from the formula '

Oor - ke ﬁ
E.  12(1 - v¥) p2

The coefficlent k was teken from tadle 31 on page 339 of
reference 6, by assuming the flange to buckle as a plate of constant
thickness, simply supported on four sides. Thls edge condition is
approximated vwhen a large proportion of the flange material is con-
centrated in the buld or when the ratio of flange thickness to flange
wldth 1s relatively small. The computed critical stresses were found
to be conslstently higher than those for other types of inatability.
It was concluded that this type of failure would not occur in the range
of flange lengths consldered.

Puler Instabllity of Sheet-Stringer Structure

The effectivenesa of the flanges in preventing Instability by
Euler column buckling parallel to the plane of the flange was computed
a8 follows for a sheet-stringer structure in which the stringers consist
of the flanges that are being studled. The neutral fiber of such a
structure will he close to the limne Joining the flanges to the sgheet.
The buckling load of the structure is glven by

°E I
Por = Oor(Ap + Ag) = 12

Rearranging terms gives
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An approximation to I 18 cbtalned 1n many cases by neglecting the

contribution of the sheet and taking I as Iy, the moment of inertia

of the Fflange about its base. In thils case,

Ag | KZIF

‘E; - 2 O'Gr ...E_ 2
) )

The values of Ip are given in table 1.

The most efflclent flange for & glven stress ratio Oor E, and

length Tatio Lj/Ay will De that having the highest value of Ag/A.
Equatlon (3) shows that this most efficlent flange corresboilds to one

having the hlghest value of IF/AFE s that 1s, the largest radiuns of

(3)

gyretion relative to the base of the flange for a glven cross-secticnal
aree. It must be remembered that this conclusion assumes that no other

instability occurs before colurm fallure. It rules out the flanges

with large values of Ip AF2 which fail by torsicnal lnstabllity at a )

relatlively low etress.

Approximate values of Ag /A.F ‘for the most efficient flanges

capable of resisting torsional buckling under given conditlions of stress

and length are gliven in table 2 for wvalues of crltical stress ratio

Oor/Ex from 0.005 to 0.015 and values of length ratio L//Ap from 20 to
80. The flanges are given in the table and are drawn to scale of equal

area in figure 10. It was found that flenges 1 and 37 were the moet

efficlent theoretically for high critical stress ratlos and low length

ratios; flange 28, for medium ratios; and flanges 3 and 47, for low

stress ratios arnd high length ratlios. The flve flanges which gave the

most surport without torsional buckling hed over—all flange widths

from 1.5 /Ay to 2.6y

CONCLUSIONS

The buckling strengths of the flange shapes considsred were

evaluated ln terms of a dimensionless parameter corresponding to high..
torsionel buckling strength for long lengths, ancther parsmeter corre-
sponding to high torsional. buckling strengths for short lengths, and a

third parameter corresponding to high Fuler columm buckling strength of

the structure to which the flange 1s attached. In generel, flanges
having high values of one of these parameters have low values of the

other two.

H
|11

|
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The most stable flanges were those that combined high strength in
all respects. These flanges had over-all flange wildths from 1.9/Ap to

2.6/AF, which correspond to a relatively compact cross sectlon, where
Ap 18 the cross-sectional area of the flange..

National Bureau of Standards
‘Waghington, D. C., August 27, 1946



1¢ NACA TN No. 1433

APPENDTX

BUCKLING CF A UNIFORMIY COMPRESSED RECTANGULAR PLATE

An exaot solution for the buckling of a uniformly compressed
rectangular plate simply supported along the loaded edges and along
one edge parallel to the load and free along the other edge parallel to
the load is given in reference 7. This solution states that the buckle
deflection W 1s glven by

W= A sin ¥ (sinh oy + B sin By) (A1)
a

where
A artitrary constent governing buckle amplitude
x cocrdinate, in direction of load with origln at one corner

¥ cocrdinate trensverse to directlion of load with origin at
one come;'

a length of plate

b wldth of plate

2
k= -&t—l; factor proportional to buckllng stress: o
k14

(a2 - vif)sinh gb
(a2p2 4+ V@) sin B

h thiclkness of plate
D flexural rigldity of plate

vV  Polgeon's ratio (0.25)
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The buckle shape was computed from equation (Al) for two plates
with the following charecteristiocs:

a/b k aq ep P 1Y) B

5 0.506 6.71 5-.02 1.341 1.005 redians or 57.6° 3.232

2 .698 5.13 2.57 2.567 1.285 radians or 73.7° | 17.74

The defleotlon along the transverse center line 1g shown in
figure 3 together with e dashed straight line connecting end points for
% = 2, For % = 5 the transverse center line remsins substantially
straight under locad. A plate with % = 5 hag, therefore, practically
no oreogs-gectional distortion, wheream comparison with the etraight line

gshows thet a plate with & = 2 has a slight smount of distortion.
1)
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TABLE 1 - CONSTANTS USED IN RQUATION (2) FOR FETNFORCED ¥FLANGES SHOWS IN FIGURE 1

Rolnforclng bulbs of rectangular shape

]
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TABLE 1 - CONSTANTS USED IN EQUATION (2) FOR REINFORCED FLARGES SHOWN IN FIGURE 1 - Concluded

Reinforcing bulbs of circular ghape

¢ vl ®]| R I Ip ¢ Ay Ty Ip Y
() [T T | B | (wb (1Y (1n.5) (1n.2) | (1n.b) Tp Ty
0.10 | 5 (1.0 | 0.5 | 0.0003004 | 0.010690 {0.00003557 | 0.073860 | 0.010495 | 0.02810 | 0.04505
.10 |10 {1.0 5 .0004671 058090 0001673 123860 057858 00804 .02326
.10 |15 | 1.0 5 .0006337 167430 0004170 173860 167150 .00379 .01433
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20 ! 5]1.0 | 1.5 | .o04807 A73475 | - 002180 299649 | 170301 | .027TL | .Ohlo4
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.20 115 {1.0 | 1.5 .0101%0 | 2.710770 .026860 699649 | 2.706258 .0037h 01416
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TARTE 2~ DIMERSIONLESS RATTOS FOR MOST EFFICTENT FLANGES

cr
T, 0.015 0.013 0.011 0.009 0.007 0.005
L//.KE Flange | Ag /AF Flange | AyfAp | ¥Flange | Ag/Ay | Flange AE/A]- Flange | A /Ay | Flange | & B/‘AT
20 1 2.0 1 2.} - _— - — - ——— - —
30 37 .2 37 A 28 0.9 28 1.h 3 5.3 - -—
40 - - - ——— 28 1 28 3 3 2.4 3 3.7
50 - —— — —— -~ ——— - ——— b7 .8 3 2,0
60 - —— - _— - — - -—- b7 .3 3 1.1
70 - - - - - - - hdd - - - 3 -6
8o - —— - —— - — -- ——— - ——— 3 2
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Figure 1.~ Shapes of reinforced flanges.
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{a)

(b)

(c)

Figure 2.-

Sheet-flange configurations.
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IFigure 5.- Torsional buckling strength of flanges of type A.
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Figure 8.- Torsional buckling strength of flanges of type B.
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Figure 9.- Torsional buckling strength of flanges of type B.
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Figure 10.- Most stable flanges drawn to scale of equal area.
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