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A constructional method for minimising the hazard of
catastrophic failure in a pressure-cabin
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D, Williams, D.Sc., M.I,Mech,E., F.R.Ae,S.

SUMMARY

A method 1s put forward for substantially reducing the chances of
a local failure ain the shell of a pressure-cabin from developing into
catastrophic failure of the cebin. The increased safety is achieved with-
out weight penalty, and consists essentially in using closely-spaced
(10 inches or thereabouts) transverse flat bands, the material for which

is obtained by reducing the sheet thickness normally available for the
shell walls,
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1 Introduction

In a recent report1 the writer has considered the problem of reduc-
ing to a minimmm the stress concentrations that are the inevitable
conseguence of discontinuities in a pressure-cabin shell such as are
caused by windows, doors, canopies and transverse frames, The recommenda-
tions made in that report were all designed to preserve, as far as
possible, the smooth flow of tne membrane forces characteristic of the
unbroken shell, and so to discourags the development of cracks an the
stressed skin walls, The problem of how to stop a crack, onze started,
from rapidly spreading and leading to catastrophic failure of the cabin,
was not specifically faced, It is therefore with the purpose of consider-
ing this special aspect of the structural design of pressure-cabins that
the present note is written.

2 Ways in which Catagtrophic Failure can ocour

Catastrophic failure can cccur in two ways, but one is far more
likely than the other, The less likely way 1s for the shell to split open
circumferentially between two adjacert transverse frames, This is unlikely
for two reasons: the longitudinal tension that would propagate the inxtial
crack 1s only half the hoop tension and, moreover, would have to overcome
the tough resistance offered by the closely spaced siringers. In contrast
to this the shell 1s excessively vulnerable to the preopagation of a crack
running longitudinally between two adjacent stringers, ¥or, in conven-
tional construction, the comparatively flimsy and widely spaced former
rings alone offer any resistance to the splitting of the cabin wall from
end Lo end once a crack has started. This ineffective resistance,
combined with the severity of the hoop, in relation to the longitudinal
stress, leaves the relative likelahood of the two types of failure in
little doubt.

3 Type of Ccnstruction Advocated

If this argument is accepted as valid, the problem i1s reduced to
that of choosing the best way of provading an effective barrier to the
propagation of a longitudinal crack, once such a crack has started.

The method of construction advocated here is based on the ergument
developed in Appendix D of Pef,1 (wherc the mathematical analysis is
presented in full), It was there shown that the effectiveness of the
transverse former frames or rings in limiting the maximum hoop stress in
the skin to that in the frames themselves depends not =0 much on their
stiffness as on their spacing. Rings spaced mcre than some 30 inches
apart (in the case of conventional stringer reinforcement), while locally
restricting the radial expansion of the skin, allow unrestricted expan-
sion in the region midway between the rings., At the conventional spacing
of some 18 to 20 inches the maxurum inter-ring expansion i1s still about
50% of unrestricted expansion. With 10 inch spacing, however, the radial
expansion of the skin nowhere exceeds that of the rings by more than a
negligible percentage,

We are thus led %o the important conclusion that, for raing-spacing
of 10 inches or less (assuming the conventional type of stringer reinforce-
ment) the maximum hoop-stress in the skin is equally reduced by material
added to the rings as by the same welght of material added to the skin.

This suggests at once that if it is desired to strengthen a conven-
tional design, the most effective way of doing so, is not to use a heavier
gauge of skin but to halve the pitch of the rangs and increase their cross-
sectional area, The beneficial effect of strengbthening the rings and
closing up their pitch is five-fold:-
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(i) The stronger ring wall not itself split open in the path of a crack *o
allow the disruptive forces to muliply their leverage on the sheet
each side of 1it.

(ii)} The stronger ring will tend to stop the propagation of the split into
the adjacent inter-ring area of sheet.

(iii) The closing up of the ring spacing will reduce the distence the crack
(or split) can spread before meeting an effective barrier to ite further
progress,

(1v) The material in the rings will be fully effective in reducing the hoop
stress in the skin so that, with the same total amount of material in
skin and frames, the hoop stress in the thinner skin and stronger frames
ig no dafferent from that in the thicker skin and weaker frames.

(v) The bending stresses in the stringers, due to the radial swelling of the
skin between rings, drop to about 1/8 of their original value as a result
of halving the ring pitch.

A word or two on each of these points will perhaps clarify what one has
in maind.

Point (i) is very important, because 1t is highly desirable that the rings
adgjacent to the initial crack - and by crack is meant a local split right
through the sheet thickness - should rot open up an 1ts path, even should they
fai1l to stop the crack from crossing intoc the next inter-ring area. By remain-
ing intact, the rings, even though the initial crack i1s propagated across a
whole series of them, contimie to play a dominant roie in converting into a
mere mishap what would otherwise be a catastrophe., They are able to do thig
by lamiting the disruptive pressure forces xzn the shell to what they would be
1f the split were conf-ned to the inter-ring area where it started,

It is however highly unlikely, as stated in point (ii), that a splat can
immediately jump across an unbroken ring., For, so long as the ring holds, the
tearing force exercised by the pressure on the sheet each side of the split
cannot affect the sheet beyond the ring, because the ring itself provides the
necessary reactron, The confainement in this way of an initial split %o its

ovn ring 'compartment! is an rmportant factor in saving the cabin from rapid
deflation,

Regarding poant (1ii), the main purpose of closing up the pitch of the
rings was, as explained above, and listed in point (iv), to ensure that the
skin should have the same radial expansion midway between two adjacent rings
as at the rings, By a stroke of good fortune, however, the closer spacing
of the rings provades the further advantage stated at point (iii) above, The
shorter the length of the split before 1t meets a barrier the easier it is
for that barrier to stop it, This follows at once from the readily accept~
able proposition that, for moderate distances of a feot or a yard, the dis-
ruptive effect of the internal pressure is roughly proportional to the length
of the split.

Regarding point (v), it should be appreciated that it 1s only by vartue
of the stiffness of the conventional type of stringers that a pitch of some
10 inches is adequate to prevent radial expansion of the skin beyond that of
the rings. It will readily be understood that to increase the critical pitch
much above 410 inches would require an altogether disproportionate increase in
stringer stiffness and therefore in stringer weight.



4 Type of Rings advocated for Suggested Method of Construction

It 28 well to be clear on what kind of rings are necessary for giving
ef'feoct to the constructional suggestion made in the above paragraphs., I%
is, of course, not necessary to increase the capacity of the rings for
s8tabilising the fuselage walls against elastio instebility by buckling due
to orthodox end loasds, because the size, stiffness, and spacing of conven-
tiona’. type rings are quite adequate for that, What is wanted for the
present purpose is an increase in the number of rings on the one hand and,
on the other, an increase in the cepacity of each ring for resisting radial
expansion - in other words, an increase in cross-sectional area.

The argument perhaps may be better developed if it is associated with
& nunerioal example,

4.1 Numerical Example

Suppose we have a 10 ft diameter cabin, with an operational pressure
of 9 1b/in2, in which the shell wall is 0,028 inches (22 s.w.g.) thick and
thg rings aro of oconventional Z section with a cross-sectional area of 0,16
in® ard a pitch of 20 inches. Suppose further that it is desired to make
the structure subastantially safer.

If the argument developed an this paper is to be ncoepted, the safest
and most econcmical way of doing so 18 to leave the shell wall thickness
unaltered and tn use all the extra material available for halving the pitsh
and incressing the cross-seotional area of the rings. The reasoning,
redused to numsrical values, is roughly as follows,

The hoop tension in the cabin skin under the assumed operational
pressvre 6f 9 1b/in? is 540 1b/in? which represents a stress of 54L0/0,028
or 19,500 1b/in2, .,e. about 1/3 of the ultimate stress in the sheet.

If a longitudinal slit suddenly develops between two adjaoent rings
at the operational pressure, each of the two will be called upon to take
the hoop tension previously taken by half the inter-ring skin width, If
the split Jumps across the ring, each ring must take the hoop tension of
a full ring pitch, i.e. 10 x 540 = 5400 1b. Since this is a single static
<oed, a factor of 2 seems adequate, which brings the ring load up to
10,800 1b, and the ring cross-sectional area (on the basis of an uvltimate
stress of 60,000 1b/an*) up to

A = 10,800/60,000 = 0.48 inZ.

Having regard to the existing rings of 0,16 in? at 20 inches pitch, we see
that the extra material in the rings is equivalent to increasing the skin
thickness from 0,028 to 0,038 inches (or from 22 to not quite 19 s.w.g. ).
This 18 on the basis that the assumed existing rings are increased in area
from 0.16 to 048 and that intermediate rings of 0,18 are fitted hetween
each pair of the original rings.

The proper form for the new intermediate rings of 0,18 cross-
sectional area to take is that of plain bands of sheet ~ say 1% inches
wide and 0,12 inches thick - the important factor being to have enough
thickness in the band to discourage the formation of a orack in line with
the crack already developed in the sheet,

The proper way to deal with the existing stabilising rings is not
80 obvious., For one thing the cross-sectional area of the ring, if of 2
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section, is not wholly effective because the top lip, and indeed the whole
section is too than, so invating a split Lo run down the Z., To overcome this
disability and feel satisifred with the efficacy of the stabilising rings, the
7 section should be discarded and a natenary section {of the type discussed in
Ref.1) of the same area substiduted. In addition a band of sheet 1 inch (say)
wide and 0,1 inch thick should be used in congunction with the catenary sec-
tion 1n order to present a thickness more effective than that of the lip of
the Z section to act as a barrier to crack propagation., This extra band is
equivalent to increasing the skin thickness by a further 0,005 inches to make
the total equivalent skia thickmess (0,038 + 0,005) or 0,043, i.e, 0,003
thicker than 49 =.w,g,

Since the material in the rings i1s equally effective with that in the
skin, the total increase of 50% in material increases the ratic of the ultimate
stress to the operational stress an the sheet from 3 to 4.5,

The ideal place, were it not for aerodynamic drag consaderations, to
fit the reinforcing bands 1s on the outside of the skin, for they would then
be able to perform their function of limting the radial expansion of the skin
directly and not indirectly through rivets in tension. That would also be by
far the easiest way of introducing the extra rings as a modification to a
cabin already built. It is therefore worth serious oonsideration whether the
extra drag - pariticularly 1f the bands were chamfered at the edges - may not
be small enough to be aeccepted.

5 Experamental Work

It is highly probable tha% a oabin pressurised to a fairly high opera-
tional pressure -~ 9 to 10 I1b/in“ - would, 1f fitted with conventional former
rings, split raght open 1f a sudden longitudinal splat were made in the shell.
In this paper 1t 1s argued that such a sudden split would be comparatively
innocuous 1n a cabin shell faitted with rings of the type advocated.

N

The guestiun whether, in any ocabain design, a split (from whatever cause)
15 to be the forerunner of a mld deflation or of a catastrophic failure can
only be determined with certainty by experiment. Il 1s therefere suggested that
such an experiment would be well worth making,

6 Qonclusions

It is concluded that the way to make a pressure cabin safe against
catasirophic failure in the air, without paying any weight penalty, 1s te
apportion the weight of material normally available for the skin between
closely spaced (10 1nchg transverse bands and skan proper, and to have roughly
half (or more than half) as much material in these bands as in the skin. The
conventional former raings, at conventional pitch, are retained but their
section 1s changed from a Z shape to a deep catenary. With a skan of C,028
(22 s.w.g.) the bands would take up meterial equivalent to 0,014 (28 s,w.g.)
of skin.

By doing this, a longitudinal split (from whatever cause) in the skin -
and a longitudinal split 13 by far the most dangerous and the most likely form
for an initial faalure to develop into, in whatever form it starts, - will be
stopped within 5 inches from its source instead of running the whole length
of the cabin, as it probably would with the coaventional type of construction,
The contrast between these two results, 1t need hardly be pointed out, is
that between a mild deflation of the pressure and catastrophic failure.

It 1s further concluded that, having regard to the importance of the

implications of the argument put forward, some experimentel work to test its
validaity should be urgently undertaken,
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APPENDIX. I

Effect of inter-stringer swelling of pressure-~cabin skin

In the constructional method outlined in the text of this note, inter-
ring skin-swelling is prevented by spacing the reinforcang bands close
enough together and relying on the stringers to hold the skin down between
adjacent rings. The possibility of the skin swelling between stringers was
not specifically considered but, as pointed out to the writer by Mr. H. B.
Howard, that is a point that ocught to be examined.

This is done in the following analysis, where it is assumed in accord-
ance to & main feature of the original scheme, that the stringers have the
same radial displacement under pressure as the rings or bands that hold them
down. This allows one to imagine the rings replaced by a continuous but com~
pletely porous skin, having the same resistance to radial expansion as the
uniformly distributed resistance of the rings. The radius of curvature of
this skin will be constant and equal %o the nominal radius of the cabin.
Carried by this skin, and uniformly spaced around its circumference will be
the stringers, to which are also attached the skin proper.

The simplified representation of the actual structure wall perhaps be
better understood by means of the diagram of Fig.q.

(S should mark distanoe A B
Stringers batwesn adfasent stringers)

[ (
K v/ Porous skin under

pressure

unloaded position of
porous skin

)

Fig. 1

Here the porous inmer skin ~ skin 4 call it - is represented in its
unexpended position by the dotted line. It is also shown after a radial
expension from 14 %o (r4 + &r4). The actual skin - skin 2 - tends to
swell out between stringers and so toke up a radius rp smaller than 4.
Thus let

ot
H

original radius before pressurisation (same for both skins)
r, = radius of skin 2 under pressure
8r1 = radial expansion of skin 4

EIZ‘,l s hoop tension per unit length for skin 1
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T2 = hocp tension per unit length for skin 2
% = thickness of skin 1

thickness of slkin 2

8 = pitch of stringers

6 = = A _L1) - angle between the two skins at a stringer
2 T, T4

= intermal pressure

P = reaction between the two skins at a stringer

Py = -E- = effective distributed radial load applied by skin 2 to

skin 1.

We consider the case where the skin regists the pressure by membrane
tension alone, the bending resistance of the skin being neglected. Thus the
hoop tension T, in skin 2 becomes

T, = pr, . (1)

The hoop tension T‘l in skin 1 is

1
T, = > ty B (2)

The reaction P between the two skins (per unit width) where, at the
stringers, they have the same radisl displacement is

P = 2T, sin ¢ . (3)

Regarded as a uniformly distributed radisl load Py this gives

3
o B
27 2pr
= —ggs:mgs = Zsings- (4)
o, P, T pr
1 1 2r 2 .
Now T, T FE T fEcs wé, (5)
1 1 1
by (1) and (4).
Putting sing = ¢ = -%(f—-é'—), we write the hoop strain s
2 ™
in skin 1 as
o = 1 . K -3 (6)
1 ry BE \r, T,



It is easy to show that the hoop strain produced in skin 2 by swelling
it out beyond skin 1 between stringers to a radius rp is

52 4 1
0 = L —5-—'2')- (7)
2 T4

The. total hoop strain of skin 2 is therefore

32 1 1 b
81+82=§—4(t2-r2>+tE(13l-r2). (8)
2 1

1

But the total hoop strain in skin 2 can also be written in the form

br
oF
Equating (8) and (9), we therefore have
2 pr
8 1 1 P 2
-ﬂ:(rz- 2>+tE(r1»-r2) ='t_2§ (10)
2 T4 1
3 (1 y ) 2 (pr s2E ) s%E
or r" pl(m™+7T=)-1 —_— - = ——, (11)
2 'G2 ‘b1 2 ‘b1 zm:‘iz 24

This cubic gives 1o in terms of the physical constants of the system
and the pressure p.

The extreme cases where p =0, or 1t =0 are savisfied, as they
should be by physiocal reasoning, by the solution Iy = T4a It may also be
noted that the overall condition (T4 + Tp) = pry is identically satisfied
by equations (1) and (6).

A typical example for which

ry = 60 ine ’
t = % = 0,022 in.
! 2 , (12)
8 = k4 in.
p = 8 lb/inz J
gives r, = 34 in. (13)
It follows that
Ty, = pr, = 8x3h = 272 Ib/in
(14)
T1 = p(r1 '-1‘.‘2) = 208 1b/in



Thus with eoual amounts of material in skin and bands, the skin takes some
135 more of the total hoop tension than the rings. This, however, takes no
account of the pressure-containing effect of the acocompanying longitudinal
curvature of the skin in between the rings. This wipes out part of the 13%
dafference and so again brings the skin and ring hoop-tensions into approximate
equality,

The effect of including the hending resistance of the skin can be easily
determined for the particular numerical example above considered by comparing
the strain energies of bending and stretching. Thus

Bending moment per unit width of skin

1 1
M = EI (o - (15)
<I'2 r1)
where I = moment of inertia of cross section of skin per unit width.
Strain energy U, = MZ/ZEI X 8 (16)

and, for the mumerical values above quoted, this gives

UJl = 0.0025 1b in.

The membrane strain energy is given in terms of the hoop stress o by

2
o stz

U2 = _Z-E—- (.17)

i1

0.67 1b in.

It is seen from this that the bending stiffness of the skin contributes
leas than 7 per cent of the total resistance to ckange of curvature. The
bending stiffness does, however, introduce a bending stress of 1,300 1b/in°
Wh;.chzis therefore to be ~dded to the membrane stress of To/to or 12,400
1b/in<.

As the nmumericsl values talen in the above example can be regarded as
highly typical, one may safely generalise so far as to say that the increase
in hoop stress brought zbout by inter-stringer swelling does not constitute a
significant factor, and in ro way invalidates the main thesis.



APPENDIX IT

"Window arrangement appropriate to the multaple~band scheme of
construction advocated in this note"

In the text of this Note nothing is said regarding the effect of the
muliiple~band method of pressure-cabin construction on the design of
cabin windows, If, as advocated,; the bands are pitched about 10 in.
apart it is clear that, either they must cut across tne windows, or the
windows must be accommodated in between the bands. A third possibilaty
is to break off near the edge of the window the band that, if carried
across the window, would divide it into two halves, This would undoubtedly
create difficulties both of design and construction and is to be aveided
if possible. The second of the first two alternatives seems equally
unacceptable, as 1t would entail wandows of a size altogether too small,
Cne is driven to the conclusion therefore that the hest course is fo carry
the interfering band right across the window,

When examined, this proposition has many solid advantages. These
BYe: -

(i) By not breaking the continuity of the bands, the ratio between the
hoop tension carried by skin and vands remains constant over the circum=~
ference of the cabin.

(ii) If this raetio is about one~to-~cne (as it should be), the hoop=
tension load carried by the skin, both near and far fram a waindow,
(assuming the window to cover a neutral hole) is half the total hoop-
tension load. 4And, since the total hoop load per wat width of wall is
twice the longitudinal load, the load carried by the skin (per unit width
of wall) in the circumferential direction is approximetely equal to the
longitudinal load (per unit width) carried by skin and stringers.

Any neutral hole, or cut-cui, in the cabin wall, such as that made
to accammodate a window, will therefore have its periphery under an
outward pull per unit length of periphery, that is normal %o the edge
and constant all along the edge. The shape of the neufral hole, and
hence the correct shape for the window, is therefore a circle, This is
satisfactory both from the manufacturing end the aesthetic points of view.

(1ii) The sppeerance of & wandow cut across by one of the bands will he
ganething Iake that shown in Fig.1.
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Here the middle bend has its width cut down, where 1t traverses the
window, from the normal width of 1% or 2 ain. to about % in, wathout of
courge reducing its cross-scotional area. Thus, while causing a minimum
of interference with the passenger!s view, the central strip not only
greatly strengthens the window but ensures that only small objects can be
blown out of the cabin in the event of the window breaking ~ distinctly
contributing to the peace of mind of the nearhy passenger.

It hardly needs emphasising that the load in the middle band of
Fig.1, bypassing the window as it does, has no efflect on the shape of the
neutral hole. For clearly, only those forces that have to be transmtted
via the reinforcing manber round the edge of the hole need be considered
in determining the correct shape of the neutral hole.
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