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Summary. An analysis is presented of the buckling of the leading edge of a thin built-up wing subjected
to spanwise thermal stress. Computed values of the buckling load are given in graphical form for a wide
variation of leading-edge dimensions and these results are used to obtain buckling criteria for some specific

examples.

1. Introduction. When a wing is subjected to aerodynamic heating, the leading edge becomes
hotter than the central portion partly because it has less thermal capacity, and partly because the
aerodynamic heat-transfer coefficient is larger there than elsewhere in the wing®. Thus there is a
spanwise compressive thermal stress in the region near the leading edge which may cause buckling.

The leading-edge buckling of a solid wing or a wing with a continuous shear filling has been

treated by Mansfield2. In this paper the same problem is considered for a built-up wing. The leading-
edge construction considered consists of two skins effectively built-in to a spar along one edge, with
their other edges rigidly attached to a fillet of triangular cross-section. The mechanisms by which
the leading edge may be stressed in practice are various, depending on the heating conditions and
the design of the whole wing, but conditions can be envisaged where the compressive stress in the
fillet was either higher or lower than that in the skin, and even where the fillet was in tension while
the skin was in compression. The spanwise stress in the skin is taken to be constant across the width
and that in the fillet an arbitrary multiple of that stress. If there is no stress in the fillet the buckling
stress for such a structure varies between that for a long plate built-in along one edge and free along
the other and that for a plate built-in along both edges. However, if there is a compressive stress in
the fillet the structure may buckle at a value of the stress in the skin even lower than that for the
clamped-free plate.
" The effect on the buckling load of chordwise ribs is estimated by calculating the variation of
buckling stress with wavelength in some particular examples. It is found that in most cases the ribs
‘have only a small effect provided the distance between them is more than three times the distance
between the fillet and the first spar. However, when the effective end load on the fillet is high
* compared to the stress in the skin, the spanwise waves become long and ribs can provide a considerable
stabilising effect. ' '

The critical temperatures and stresses for five examples of possible leading-edge designs are given.

* Previously issued as R.A.E. Report No. Structures 259—A.R.C. 22,982,



2. Assumptions. 'The usual assumptions of small-deflection theory are made together with the
following: ‘ ,

(1) The spanwise compressive stress is constant across the width of skin between fillet and first
spar; and the stress in the fillet is an arbitrary multiple of that constant.

(2) The angle 20 between the two skins at the leading edge is such that cos § = 1.

(3) The skin is rigidly built-in both to the first spar and to the fillet. The spar is perfectly rigid
and the fillet cross-section undeformable. The fillet has finite torsional and flexural rigidities
consistent with its thin triangular cross-section. The torsional rigidity is calculated using St. Venant
theory, no account being taken of the change in effective rigidity due to the type of loading, though
an estimate of the magnitude of this effect may be obtained from Appendix II.

3. The Derivation of the Condition for Buckling. When the leading edge of a wing buckles under
compressive spanwise stress, the initial buckled form may be represented by a function of the type
Y .

W = f(X) sin’ll_, (M)

where X is the chordwise and Y the spanwise co-ordinate and W the deflection perpendicular to
the mid-chord. If the wing cross-section is symmetrical about the mid-chord, the deflection of the
leading edge itself will be perpendicular to the mid-chord. In the present case the wing consists of
two skins stiffened by spanwise members, the design of the leading edge being that shown in

Fig. 1a. Thus, provided assumption (3) of the previous section holds, each skin will undergo a
displacement in its own plane at the junction with the fillet given by

%
u=tan9(w+b.—w
x

(2)
where x is the co-ordinate shown in Fig. 1c and w is the deflection in the positive z-direction. This
displacement will give rise to a system of plane stress in the skin which in turn will affect the
boundary conditions at the junction between skin and fillet. However, this system of plane stress
does not alter the differential equation governing the bending of the skin because terms arising from
it are of the second order of smallness. The relevant differential equation therefore is that given by
Timoshenko?, namely '

)eva,luated atb junction

2
DViw = — N, gy—f 3

with conditions for a clamped edge applied at x = 0 and conditions necessary for the equilibrium
of the fillet in bending and torsion at x = a.
Substituting the solution

— (%) sin " :
w —f(a) sin — €)]
into equation (3) and writing
N, a?
=t 5)
the differential equation
f//// (g) _ 2m2,n.2f// (S) + mz,ﬂ2(m277.2_l/12)f (g) :O (6)
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is obtained. The general solution of this equation can be written

f (g) = Ciewla + Coer@le + Cysin ,Bzx + C, cos ,%)_c (7)
where ‘
C o = ma(h+ma))
and . (8)
8 = mn(p—mr)
The conditions at x = 0 are those for a built-in edge, namely
f(0) = 0 =f(0) 9)
and applying these to equation (7) gives
/., ax ., Px
. s Bx (smh — o —)
f(a) = A(cosh;fcosz) + B\- - _T (10)

~ The forces acting on the fillet due to the distribution of plane stress in the skin, are determined in
Appendix I to be a direct force given by

3 — v\ sinh 2m7
__4Ghtan ¢ (1 + v) 2mm
— a(l4v) (3—VSinhM7T)2; )

my

(11)

a

pm+§m}m
1+v mr ’

and a spanwise shear force given by

(3_”)(1 - (sinh mw)2 .

_ m (1+v)? mm b, mary
S = 2Ghtan 8”7 |. (3 2 mw)2 1 [f(l) + 5f(1)] cos ™ (12)

1+v mm

The shear forces due to top and bottom skins combine to exert a moment M on the fillet, where

MT = 261S
and therefore there is an upward vertical force ¥V, on the fillet given by
ds
Vp = — 201.673—;. : (13)

Now the shear centre of the fillet is at its centroid (see Ref. 4), and therefore the deflection of the
shear centre is given by

+b3w
(w 3 9x

)cvalua,ted at junction of skin and fillet.

Thus, using the notations shown in Fig. 1, the boundary condition for equilibrium of forces on the

fillet is
. P [Pw b Pw
2V 6+ 2F sin 8 3 Dxove
Va, cos 0 + sin v + VT + cos & (ayz + 3 Bxayz)Fu *
El /ot & Pw
—— (g +z5=m4) =0
cos @ (Sy’* 3 ax8y4)x=a

3
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where P is the total end load on the fillet. The-condition for equilibrium of moments is
b
M, + 2V, 3 (14 2sin%0) — 2F %b sin 8-cos 8 + Vi % bcos 0+
PBaw

The expressions for M, and ¥V, in terms of derivatives of the deflection are:

P % D . mwy
_ R _ —_ " — 9 5.7
Moo= =D (g5 +vig) = = nl 0= smmf (D} sin ™ .
: (16) .
Pw Pw D . mmy
- v . i - .= " _ _ orr ey
Vom =D (55 + @9 5zs) = = ()~ @) ) (1) sin
At this stage it is convenient to introduce the notation
3 — v sinh 2mar
L+ 1+v 2mn
x(m) = 3 — vsinh mﬂ-)2 _q (17)
(1 +v mm
[(3—1/)(1 —v) /sinh mar\? )
(1+»)? ( m ) - }
— 9
xa{m) = (mm) 3 — vsinh mm\2 1 ' (18)
(1 +v mr —)
Equations (11), (12) and (16) may now be substituted into equations (14) and (15) to give
. 4Gha? tan?0 (1+v) ¢ b
_ " _ 2L - _ 7 .
70 + @) () + =5 [+ 57 | ) + L)
: b b
Pa(mn)? [ 10) + 52 ()| Edtmn)t | £1) + 1 £/D)]
3a 3a :
_ - + =0 (19)

2D cos?8 2Da cos?6
and :

() = v(mm)f (1) + % g (1+2sin?0) ["(1) — (2—») (mm)2f"(1)] +

8b Gha? sin? v) ¢ 77)>
5 iy o S 2w [fm+ fro] + Sp rm <0, o)

If 0 is assumed small, the various parameters can be written in terms of ¢yf#, ¢,/c, and % (the ratio
of the compressive stress in the fillet to the spanwise compressive stress in the skin) as follows:

EIseCZB_(l_ 2) e\t (6\* (1 + v\ GJsec?
2Da VY (c_o) (E) ‘( 2 ) 2Da

Z

2D 2

4Gha® tan?0 24 1— v\ fcp)\?
D(1+») (1 +V) (7;) ’

4

aPsec’  Rf® (e\? ¢
_( ) “ (21)
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Now if the further non-dimensional parameters

and

(22 e 0 (8 (1 s
A e 5 )
= 6 () o (3 (-
(1) ) (e |
=520 (123 (2 ) e

015335 s (3 o

iy

-/

are-introduced, equations (21) may be used to express equations (19) and (20) in the form

and

= C=vy(ma)f + A f A f =0

;—clf’” + "+ At — v(mm)f + A f = 0.
0

Substitution of the expression for f given by equation (10) into these equations gives

and

where

and

" s and £ being given by

and

(85553)

X, A + X,B = 0}

XA+ X,B =0

ke
I

af sinh « — fs sin 8 + Ay« sinh o+ g sin B) + Ay(cosh a—cos B),

sinho  sin /3)

X, = tcoshoc+scos[3+Al(coshcx—cosﬁ)—i—)\z( 7

| 1
X; =scosha+tcosf +§§3(o¢3 sinh & — 8% sin B) +
0 .

+ Ag(a sinh a+ B sin B) + A(cosh a—cos B) >-

ssinha #sin B 1 ¢
« 7B T3
+ Ag(cosh a—cos ) + A, (

X, = (a2 cosh oc-{—,Bz cos fB) +

sinha sin ,B)
B b4

§ = o ——.1/(17277')2 ]

t = B+ ofmm)2.

(22)

(23)

(24)

(25)

(26)

(27)
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The condition for buckling is that the values of 4 and B obtained from equations (25) should be
non-zero, so that

XXy
. (28)
XXy
Equation (28) is'an equation of the form
€ ¢
R(2,% % )=
(h,%, ) = O, (29)

where in any given example ¢,/4, ¢, /c, and & are known. To determine the onset of buckling, equation
(29) must be solved for ¢ for a range of values of m and the smallest value of ¢ chosen.

4. The Numerical Evaluation of the Buckling Stress. 'The calculation of the critical value of
from the buckling condition given by equations (25) and (26) was programmed for the Royal
Aircraft Establishment, Mercury digital computer.

The first root of equation (29) was determined for a given value of mx to an accuracy of 0-001
(corresponding to about 0-02%) and the value of mm which gave the smallest of these roots was.
evaluated to an accuracy of 0-0625 (corresponding to about 149%;). The final value of ,, obtained
was correct at worst to 0-005 (about 0-19,) because the value of the root varied slowly with mar.
A further programme was made to evaluate the deflected shape of the skin, the bending moment
and the vertical force at six stations equally spaced along the skin. The results obtained from these
programmes are shown in Figs. 2 to 11 inclusive.

5. Discussion of Results. 'The buckling parameter i,, was calculated for values of ¢ /¢, varying
between 0-1 and 1 and values of ¢,/A not exceeding 20. 'The smallest practical value of ¢y/~ depends
on the value of ¢;/c, because ¢; must be greater than 4. The calculations were performed for values
of k equal to — 1, 0, 1 and 2 and the results are shown in Figs. 2 to 5. The variation of spanwise
wavelength over the same ranges of ¢;/c, and ¢y/A and % is shown in Figs. 6 to 9. It can be seen that
for certain values of ¢;/c, and % there are discontinuities in the wavelength as ¢y/# increases, and
corresponding discontinuities in the slope of the buckling-parameter curves. At these discontinuities
there are two possible modes of buckling, one very similar to the clamped-clamped plate and the
other with longer spanwise waves.

Fig. 9 shows the variation of ¢ with wavelength for some particular values of Colh, c1]cy and &,
one set of these parameters being chosen to be at a point of discontinuity.

In the analysis no account is taken of the effect of chordwise ribs on the stiffness of the structure.
If however there are ribs spaced at distances less than about 15/, where [ is the spanwise half-
wavelength- of the buckled mode with no ribs present, the half-wavelength of the mode actually
adopted is in general equal to the rib spacing. Thus Fig. 9 can be used to obtain an estimate of the
effect of closely-spaced ribs for a number of examples. In those cases where two alternative modes
exist for similar buckling loads, that with the shorter wavelength is likely to be adopted if ribs are
present, and thus while having a large effect on the mode of buckling they cause little change in the
critical load. In most cases the effect of ribs is small prov1ded the distance between them is greater
than three times the distance between the fillet and the first spar. However, if the stress in the fillet
is high compared to that in the skin, the spanwise waves become long and the presence of ribs leads
to a significant increase in the buckling load.



Fig. 10 shows for a particular example ¢;/c, = 0-6 and & = 1, the variation of deflection, bending
moment and vertical force across the width of the skin for different values of ¢/ The two distinct
types of mode which occur on either side of the discontinuity of wavelength (see Fig. 6) can be seen.

" Figs. 11 and 12 show dimensions of five possible leading edges. The critical spanwise stresses for
these are given in Table 1 for the four values of & previously mentioned.

“T'o show the order of temperature rise at which buckling takes place itis assumed that the leading
edge is subjected to a constant temperature rise AT above the rest of the wing (shown in Fig. 12c)
and that the central portion of the wing is perfectly rigid. This means that the thermal stress
throughout the leading edge is «FAT. Critical temperatures based on this law are given in Table 1
(corresponding to stresses for £ = 1). This is likely to be an underestimate of the critical temperatures
occurring in practice, and for more accurate prediction the design of the whole wing must be taken
into account. : '

_Fig. 13 shows the variation of effective torsional rigidity of the fillet with spanwise wavelength
and end stress. The parameters used in Fig. 13 .may be expressed in the notation of the main body

of the report as -
bt = k ,”
L 4 (eofhp

myr = w(e/co)

(Ufa) -
Thus for any set of values of c,/%, ¢;/c, and %k, an approximate value of the factor that should have
been applied to the torsional rigidity of the fillet may be obtained. Now for the five examples given
in Table 1, that of Fig. 12b involves the largest error of this type and for this case the required
“factor is about 0-70 when % = 1. Since the torsional rigidity of the fillet is itself only one of several
factors influencing the buckling load, the error entailed in using the St. Venant value is small.

6. Conclusions. An analysis has been given of the buckling under spanwise thermal stress of the
leading edge of a built-up wing. Graphs have been presented showing the buckling parameter over
a wide range of leading-edge dimensions. Examples have been given showing critical temperatures
and stresses for some possible leading edges.

(85553) A%
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4 S, Timoshenko and J. N. Goodier ..

NOTATION
Young’s modulus and Poisson’s ratio

Chordwise and spanwise co-ordinates and deflection perpendicular to
mid-chord ’

Co-ordinates relative to skin and deflection in positive z-direction,
(see Fig. lc)

Displacements of skin in x- and y-directions respectively
Dimensions shown in Fig. la

Forces and couple shown in Fig. 1b

Spanwise shear force on ¥ = a

Moment on fillet due to S

Resultant vertical force on fillet arising from M,
Spanwise compressive thermal stress in skin

Spanwise thermal stress on fillet

Flexural rigidity of skin

Flexural and torsional rigidities of fillet respectively
End load on fillet

JE)

Function defining deflection of skin

a/m, half wavelength of buckles in the spanwise direction
Defined by equation (8)

Defined by equations (17) and (18)

Defined by equation (22)

Defined by equation (27)

Defined by equation (26)

X1X4 - X2X3
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"NOTATION

Used only in Appendix I

= mm
4 = [+ 2fW]tan 6
¢ = 2442
a a
B = u+iv
Opy Oy Ty Stresses in skin arising due to tip deflection
® = o,+0,
® = oy~ o, + 27y,
Q(0), w({) Complex stress functions




APPENDIX I
The Distribution of Plane Stress in the Skin

As explained in Section 3, when the leading edge of the wing deflects, the skin undergoes a
displacement in its own plane which gives rise to a state of plane stress. The problem corresponds to
that of an infinite strip with zero displacement along one edge. and along the other a sinusoidal
displacement perpendicular to the edge.

That is
u =0, v=00nx=0
30
uzAsinl%y,v:Oonx:a (30)
where in this case :
b
4=+’ ’1:ltan9
W+ r o
p = mm.
Now if the complex displacement is given by
' B=u+i ’
and
(32)
a a
the displacement at any point is given by
3 -V /¥ -
3GB =1 (1)~ {0 - (D) (39

where Q() and «w({) are the complex potential functions satisfying the boundary conditions. The
stresses are given by the equations

O = oyt oy = - (D) + T(D)] |
and (34)
® = o, - 0, + 21, = — 5 [CQII(Z) + CT’”(Z)]

Consider the potential functions

4AG |:cosh M=) + (i - v) sinh coshng |
v

YO = - 3—vsinhp\* (32)

P[(Hv ? ) B }

and
[3—v - 3 —v\?sinh p 2
4AG I:iT;coshj)(C+l)+(1+y) 2 cosh p -
1nhp
— 57 lsinh p(Z _1)+(1+ ) 1nhp§(

@) = - —

3 — vsinh p\?2
p[<1+v ) ) _1}
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Substituting these expressions into equation (33) the displacement is given by

414G [(i’%’;) {cosh p({—1) — cosh p(Z+ 1)} + G . :)ZSi_“hﬁ{coshpz; — coshpl} +
’ o | - 3 —w\sinhp .
+ p(L+ ) {sinh p(L—1) + (1 +V) r ~smhp§”

8GB = —

3 — vsinhp)\?
P. [(1 +v P ) . 1:|
On x = 0, where { = iy/a, this expression becomes zero, and on x = a, where { = 1 + (iy/a) it
reduces to B = A sin py. Therefore the above potential functions are the solution to the problem.

Now to find the stresses on ¥ = a, these potentials must be substituted into equations (34) and the
boundary condition x = a applied. The expressions derived in this way are

o [,
v .
(oo = 23y | 73— vemh 2 ) Asinpy
'(1 +v P ) B
(01/)m=a = V(Um)m=a = (36)
(3—»)(1-») (sinhp\®
_2Gp | (1+v)? ( P ) - y
(Tay)oma = a 3 — vsinhp 2_1 ACOSPE'
‘(1 + v —p—«> J

The effect of the stresses o, and 7,, on the boundary condition at ¥ = @ is shown in Section 3.

11



NOTATION

Used only in Appendix IT

b Width of plate
iy Maximum thickness of plate
M sin T Applied edge moment
oy Applied end stress
w, = i) (9—;) sin mlbwy, downward deflection of plate
D, = Eh312(1-+2)
? = ob?D,
b = MhD,
7 Ratio of effective torsional rigidity of plate to St. Venant value
14 Total potential energy of plate
= 46%m, V
PT oy
U Strain energy of plate
Wy, Energy due to applied moment
w,, Energy due to end stress
@y, Gy, Ay, A4 Arbitrary constants in expressions for f;
Apy Qyy Cig Defined by equation (50)
Bos Bus Bas Yor Y1s Ve Defined by equation (52)

12



APPENDIX II
The Effective Torsional Rigidity of the Fillet

+. In calculating the buckling load, the torsional rigidity of the fillet is assumed to have the value

. given by St. Venant theory. However this value is altered by the finite wavelength of the buckles
and the end stress in the fillet. An estimate of the effective torsional rigidity of the fillet can be obtained
by considering a tapered plate of width 4 and maximum thickness %, with sinusoidally-distributed
edge moment M sin (m, my[b), and constant end stress oy (see Fig. 13). Now if w, is the downward
defiection of the plate and w is measured from the tip across the width, the ratio of the effective
torsional rigidity at the point of attachment of the skin to the St. Venant value is

7 12 M sin mlbwy | ;
1= TG [ Pwy | (37)
().
If o, is taken as- - S
: X\ . mgm :
S Wy = hfy (Z) sin 23), (38)
equation (37) becomes
| 12Mp2
A vaT Ty R 39
1= T BGmaR () (39)

Now an approximate solution to this problem can be obtained using the Ritz method. The total
potential energy of the system is

V = U + WJI/I + Wo'l ' 7 . (4’0)
where ‘
U = the strain energy of deformation per half-wave
1 (b pbimg 3 (8, 3ty Pw\2 Pw, Pw,
o[ G o (G ) 0 [(G) -5 ] e
Wy = energy due to the edge moment per half-wave ’
by mymy (Jdwy . :
= fﬂ M sin 5 (g)dey (42)
and

W,, = energy due to the end stress per half-wave

A ) ) e

Now writing 7

x Er2 )
=3 D=
B, b2 M |

2 _ J1 = . 44

z1111 D1 ] P” thla ( )
and
— 4b%m
7o o

13



equations (40) to (43) become on substitution of equation (38), and integration with respect to y,
' _ 1
"= f € A" = 2o(mm )i fi + 21 =) (mymX(£)? +
0 \ .
2
 Omgn [ = 5] 12+ 20y ) ®

and
2
_ (1 =) (mymf' (1)
The problem is now reduced to finding an expression for f,(£) which minimises 7. Two types of
solution were tried, a parabolic type

Si(€) = (a+ad)(1-§) (47)
which was found to be better for small values of m, (i.e., large wavelengths), and an exponential
type

n= - (46)

Si(é) = Ay(1 - §)eh0-» (48)

‘which was found to be better for large values of m,7. In fact as m,= tends to infinity this solution
tends to the exact one.

These solutions were substituted into equation (45), the integrations performed and simultaneous

equations for the arbitrary constants obtained by differentiating with respect to each arbitrary

constant and equating the result to zero. In the first case this leads to an explicit expression for v,

’ _ 1 [0‘0042‘_ (mlﬂ.)zoclz] (4_9)
1T T g+ (mum)e — 2mga]
where
o ) R )
%= 1=vi =5 =
3—~2» 2 ‘
- il 2 _ 71
i S /A ( 0
7—3v 1 mym) 2,2
oy = 2 + 5 (mym)? + 7 (mym)* — g%())i[l
whereas in the second case it is necessary to solve a transcendental equation for 4,,
(Yo—Bo)s(24y1) + (Bo+v1—B)y(24,) + (B —ya+B)I5(24,) + )
+ Palo(24,) — (mym )by [15(24,) — 214(24;) + I,(24,)] = 0 (31)
where
1
(%) = f fre--igs
0
Bo = A2(Ay =2 — 2u(mymPAy(Ay —~2) + 2AL—v) (mym( Ay 1) + (mym)?
B = = 204,54~ 2) + 21 - 20) (mymAy(Ay — 1) + (mym)f]
Be = Ai* + 2(1=20) A (mym)? + (mym)t > (2)
vo = 2(A, = 1) [4y(4; —2) + (1 2v) (mym)?]
71 = = 2[A2(24,=3) + (1 2v) (mym)¥(24, ~ 1)]
and
Ve = 24,4y + (1—20) (mym)?].
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The smallest positive root of equation (51), 4,® (say), is found numerically and since in this case
the other equation is simply

Ay = S a (53)
Bolo(24,) + Bily(2A4;) + Bols(24,) — (mym)f® [1(241) — 20(24,) + I3(244)]

the expression for 7 is

2

n = W {BV I (2A4,) + 31<1>]4(2 A) + BOI(24,0) —

— (mym)ly? [1,2AL) — 21,2A,0) + I2AD)]) (54)

where B, B;® and B, are the values of B, B;, and B, corresponding to A,.

The numerical results obtained are shown in Fig. 13,.the dotted lines indicating that there are no
discontinuities of slope in the exact solution.

It should be noted that the point of interest in the present context is the value of the effective
torsional rigidity of the fillet at its junction with the skin and that this tends to zero with the spanwise
wavelength. This is because as the wavelength becomes short the disturbance is confined to a small
region near the edge of the fillet, and in the limit there is a finite bending moment acting over an
infinitely small region which is therefore completely fexible. If however the assumption is made
that the fillet cross-section remains undeforined, the torsional rigidity rises with decreasing
wavelength.

15,



TABLE 1

Critical Stresses and Temperatuves for the Examples Discussed in
Section 5 and Shown in Figs. 11 and 12

Example shown in Fig.

hla
colh
e1/¢
A= -1
Critical spanwise compressive stress =0
in Ib/in.? for various values of % E—1
k=2

Critical average temperature rise of leading edge
in °C assuming o,, = «B(AT),,

11a 11b e 12a 12b
0-0050 0-0083 0-0105 0-0167 0-0250
15-0 8-0 8-8 3-3 2-0
0-1 0-2 0-4 0-6 1-0
3080 8330 18040 40840 93650
3060 - 8120 17990 38340 91270
3040 7860 17950 27140 44370
3020 7550 17900 19880 27590
10 26 60 90 146

16
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EFFECTIVELY
RIGID SPAR

F
Ty v SHEAR CENTRE
_ v, 7 £ Mx  OF FILLET AT
CENTROID

(b) DIAGRAM SHOWING THE FORCES AND MOMENTS ACTING
ON THE FILLET.

1
I
[
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TYPE OF MODE ASSUMED WHEN CONSIDERING THE BUCKLING
OF THE SKIN.

Fic. la to c. Co-ordinate system and notations used in the
analysis,

17



8T

CLAMPED - CLAMPED = 8-292

4
—\CLAMPED‘ FREE = 3-621
3 I}
o 4 8 c 12 16 20
Y L
n

F--- 2 STRESS IN FILLET _

c STRESS IN SKIN

o

b

v-t)

F1e. 2. The variation of the buckling parameter i, with ¢y/k
for different values of ¢,/c, when & = 1.’

3 I e
CLAMPED - CLAMPED
/_’_’_’_—
<. -0
/Ce- Ol
i
4
CLAMPED - FREE|
3 4 8 c 12 18 20
< 3
“h STRESS IN FILLET _
A STRESS IN SKIN

v )

Frc. 3. The variation of the buckling parameter i, , with ¢,k -
for different values of ¢, /¢, when & = 2.



61

9 2
CLAMPED- CLAMPED CLAMPED‘CL»A,‘MPED
IS I N . :
/‘ /——
8
c i Ci,on. S,
© /
5
Ver
3 6 —/
k =0 k = -l
5 5
4
“l—
.
CLAMPED - FREE CLAMPED-FREE
%5 4 8 12 16 2¢ o 4 ) c 12 [ 20
c ¥ —
VZ A
STRESS IN FILLET _ =k STRESS IN FILLET k
"STRESS IN SKIN [ STRESS IN SKIN -

W) i A T ve o)

Fi1c. 4. The variation of the buckling parameter i, with ¢,/ F1c. 5. The variation of the buckling parameter 1/1“ Wlth co
for different values of ¢, /¢, when 2 = 0. : for different values of ¢,/c, when 2 = — 1.-



0¢

2:5
._C'/Ca:l
k=i
- 20 -

30

T CLAMPED -FREE
£/q L ] ___z/_ - _

] c'/cero«;
=) - . . .

| - 4,703 Sezoe
-0 c,, =0

ves O'15 i =00l

)
— T |
U S %
' " CLAMPED - CLAMPED
|

Cosp —m 12 6 20

o]
kN
[+

SYRESS IN FILLET _ Kk
STRESS IN SKIN 7

SPANWISE WAVELENGTH = 2€

F16. 6. The variation of spanwise wavelength with cy/# for
different values of ¢, /¢, when & = 1.~

3@

2:5

/ L % =

c'5

— % =06 k=2
/ C'/CQ= o4
[of
/ LT / / I/Co: o3
[ C
/ % =02 Y. =0
Co C'/C°= 015 /Co
\\—
| B
o 4 8 12 6 20
. c/‘g" —_—
__ STRESS IN FILLET |
T A STRESS IN SKIN ~ ©
io SPANWISE WAVELENGTH:=2¢€

F1c. 7. The variation of spanwiseAwavelength, with ¢y/h for
different values of ¢;/c, when & = 2,



|14

———76——6'/C°:| ———————————————— k=0 L _]
15 /
{f [/C =06
7
a C,
, 1e, = 04
%03 % r0r e
10 Cuez0rIs CZ = o
——
_ R
05
) 4 8 Cop — 2 3 20
(@) k=o
k=z-l
| =4 I———
4
4
7 .
ez 0.4
. \ g, =03
[
1rob—\- A__é %, 02 ¢
Ve =0
T 015 e, = 0nl
¥
—_—
— T T
05
o) 4 8 cg/%_, 12 & 20
(b) k=-1 =
I STRESS IN FILLET
T STRESS IN SKIN

SPANWISE
WAVELENGTH =2¢

Fic. 82 and b, The variation of spanwise wavelength with ¢g/h
for different values of ¢,/c, when &2 = 0 and — 1.

[ S
/ﬁ:S, '/C°=| / E%:E, CV/cnz 03
(o]
&
— CQ/{= 3, cl/c°= 04
9
v \/ <,
3 = 44 %,
8
C <,
. «—°/ﬁ:3, ,/Cn:l
[
) | {/q-__,, 2 3

SPANWISE WAVELENGTH = 2¢

vfe)

F1c. 9. - The variation of buckling load with
spanwise wavelength in some examples. In all
cases the fillet stress and skin stress are equal.



T

DEFLECTION

T

BENDING
MOMENT

T

VERTICAL
FORCE

]
CLAMPED-V
CLAMPED" CLAMPED —
08 1’0
P,
z 08 e
a
- CLAMPED - FREE
_\ CLAMPED - CLAMPED
C,
%\\4
C.,/{l =4 \
] o
] I =
[ oz 0% %, N\ °°¢ — R
c CLAMPED - FREE
.z 167
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Fic. 1lato c. Some examples of possible leading-edge dimensions.
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Fic. 12a to c. Two further examples of possible leading-edge dimensions
together with diagram of assumed temperature distribution.
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