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with further comments on its implicatzons

by

D. Williems, D.Sc., M,I.Mech.E., F.R.e,S.

SUMMARY

In a recent };)a.IJeJ:"I the author described a method of construction
intended to make the shell of a pressure cabin immune from catastrophic
failure at little or no cost in extra weight, The present note records
the results of experiments carried out on a Comet I cabin thet was
modified to incorporate thc new constructional method, These experiments,
which include some very searching tests, amply confirm the benefits
indicated by theory, and appcar fully to virdicatc the new method of
construction.

The note also touches on the momentous implications that arise once
this type of construction 1s accepted as meeting the claims made for ik,
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1 Introduction

In the report referred to in the above title the writer outlined a
scheme of construction for pressure-cabins which aimed at making them safe
from catastrophic failure wathout paying any appreciable weight penalty,
Experimental results are now available that confirm the views put forward
in that report and that go a long way towards establishing the scheme as
a practical proposition. .

2 Brief descraiption of new construction

Before a discuss:@ﬂ of the experimental results a brief description
of the proposed scheme' and 1ts implications may be useful,

In a recent anvestigation of pressure~cabin structural problemsz,
consideration of the effect of transverse frames, bulkheads and former
rings on the stiresses in the adjacent skan showed that the magmtude of
these stresses is hughly dependent on the distance from the constraining
transverse memkers,

It was found for cxample that, if the freames or rings arc pitched more
than sbout 20 ins., apart (for a 10 ft diameter csbin with conventional
stringer reinforcement), the skin mardwey between a pair of adjacent rings
is, so to spesk, unawarc of their constricting effect, with the result
that 1ts radial expansion under pressure 13 unaffected. This means that
the relief from heoop tension enjoyed by the skin close to the rings is not
shared by the skin midway between them, which suffers much the same hoop
stress as 1% would an the sbsence of the rings, The picture is complelely
different when the pitch of the rangs is reduced to something like 10 ins.
for then, by virtue of thc bending stiffness of the bridging stringers,
the radial expansion (and hence the hoop stresses) at, and midway botween,
frames is practically tho same,

This constitutes a fundsmental change in the situation, because it
meons thot material put anto the rings is almost equally effective in
reducing the maximum hoop stress in the skin as materaal used to increase
the thickness of the skan itself, This suggests the idea that hoop tension
moy advantageously be resisted, not by the skin alone, but by a combination
of skin end narrow hoops pitched 10 ins, apart over the whole length of the
cabin, If, for example, in the conventionsl type of construction, a skin
thickness of 0,044 in. were thought to be appropriate, the new scheme
would allocate 0,024 in. (say) for the skan proper and the remaining 0,02
towards providing hoops of cross—sectional area 0.2 int pitched 10 an, apart.
A certaan amount of discretion can naturally be exercised in choosing what
proportion of material goes into skin and what goes into hoops, but there
should be enough material in the hoops to snable them 4o wathstand the
cabin hoop~tension on their own without inducing a hoop stress greater
than sbout half the static ultaimate., This condzition is approximately
satisfied by the relative smounts of materaisl in skin end hoops in the
cabin specimen here considered,

The merat of using a skin-hoop combination in preference to all-skin
{assumang the skin stress to be tho same in cach case) rests on the fact
that, whereas a skin crack in tho combination structure stands a chance,
smounting to practically 1008 certainty, of being stopped by the nearest
hoop, a similar crack in the allwskin construction may, unless spotted in
time, propagatc catastrophically.

Cne is, indeed, justified in concluding that, in the matter of cabin
safety, the new construction offers a degree of safety that 18 not
approached by the conventional construction, and offers it moreover at
proctically no extra cost in weight. Indeed, the new construction should
result in substantial weaght-saving since, once safety 1s assured, there
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18 no longer any need to rely on the highly uneconocmic policy of using
thicker skin as an insurance against the occurrence of catastrophic failure
ain what 1s deemed to be the safe life of the aircraft.

3 Implicaticns of new construction in relation to !'safe' life

If this conclusion 1s accepted - and the experimental evidence seems to
support it - certain far-reaching implications need to be mentioned. Fore-
most smong these is the attitude one should adopt to the notion of stipulating
a safe life for a pressurc-cabin, Whsatever the chosen span of life may be -
whether 30,000 or 50,000 hours - its termination is, according to present
notions, to be the signal for taking the aircraft ocut of service irrespective
of its structural condaition,

That conditaion ocught to be excellent because, on the basis of this
scheme, a 'safe' life 1s a crack-free life. This means that an aircraft
that, to all appearance, is sound and serviceable has to be scrapped for
fear that a crack developed at this stage of its fatigue life might lead
to catastrophic failure, 1In all probability the aaxrcraft would give first-
rate service for another 30,000 hours or even more. For it must be remembared
that the 'safe' life has to be based on a single test which, because of the
wide scatter in fatigue-test results, must indicate a life-span five or ten
times grester than the 'safe! life aimed at,

The single test that provides the basis for estimating the 'safe' life
is itself a major undertaking, the bypassing of which would save a great
deal of tame and money. Not that it would be desirsble in the immediate
future to dispense with the water-tank test, for, even with the new type of
construction, the fank test still performs a valuable function, fairst by
demonstrating that the new construction does indeed justify the claims made
for 1t, secondly by indicating any wesk pointe an the cabin design, and
thirdly by providing a rough estimate of the fatigue behavaour of the cabin
under progressive load repetitions. The main point 1z that the test,
although useful, need no longer be obligatory.

By the adoption of the skin~hoop type of construction 1t becomes
unnecessary any more to gamble on o 'safe' 1ife. Instead, the cabin will
be used until either the wings give trouble or deterioration of the cabin
makes its continued repeir an uneconomic proposition,

L Test results

The R,AE. tests were carried out on a Comet I fuselage which had
already been subjected to a great mmber of varied fataigue tests ain the
RALE, tank, Since the hoops (or bands) were located on the cutside of the
pressure-cabin, it was o comparatively easy matter to fit them, Some were
f1tted at the recommended pitch of 410 in, and others at 16 in., and 24 in,;
some were fastened to the skin with o single line of ravets and some wers
attached with Araldite coment as well as rivets,

The procedure was to introduce an artificial longitudinal crack in
the form of a 3 or 5 in, saw-cut (0.02" wide) in the skin, Each cycle of
operations consisted of raising the intermal hydraulic pressure up to 81
1b/1n.? above atmospheric and lowering it again. As the crack spread the
mumber of cycles was noted at each stage.

In the absence of Ehe hoops the above pressure represents a skin hoop-
stress of 18,000 1b/in,*. The hoops, 1.2" wide by 0.128" thick, when
pitched 10,5" apart represent an amount of material cquivalent to an extra
0,0146" of skin, Adding this to the 0,028" skin of the Comet I thus mskesa
a total of 0,0426" effective thickness, The adding of the hoops may be
regarded as an alternative way of introducing exbra materiel to that used
by De Havallands on the Comet IV where the skin thickuess is 0,04 (19 s.W.g.).
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L. 1st test

The arrangement of the stringers and hoops in relation to the saw-

cut 1s shown diagrammaticaelly in Fig.i.
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Pig.1 - Hoops fastened by rivets alone

CD represents the initial saw-cut 3 in, long between the stringers 5S4 and

Soe

Further saw-cubs were mede in accordance with the following record

which relates crack propegation to number of load repetations,

Number of
repetitions Remarks
40 No spontaneous extension of crack, Saw-cut extended to
Ze¢5 1n.
120 Crack externded to 4 an. Sav—cut to 5 in.
250 Crack gradually reached hoops at E and F. Fresh
saw~cuts 1 a1n, long at GH and G'H',
1400 Crack slowly extended about 1 in. to J and J',

L.2 2nd.test

1

In the 2iid test tle hoops-were attached by Araldite cement as well
as rivets, MNoréover 4 full-5 in. saw-cut was made at the start, extending
from close to thé left-hand hoop (Fig.2).
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Fig,2 - Heops fastened by rivets plus Araldite
Number of
repetitions Remarks
200 Crack gradually spread to C and D,
300 Crack reached edge of hoop at E,
1400 Crack spread some distance under hoop, towards a rivet on
the right-hand and in between two ravets on the left,
L but without spresding info adjacent bays.

1!-03 3rd test

In this test the effect was tried of drastically sav—cutting through
skin and hoops while the pressurc was actually on, in order to see how far
the structure could tolerate this kind of treatment before fanally disrupting,
The following table rccords what happened an relataon to Fig.3.
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Number of

After 5 cycles

After 10 cycles

11th cycle

repetitions Remarks
0 A 6,75 in, saw-cut D,E, wos made, extending from edge D

of hoop A fto point E.

18t cyele With 8.25 1b/an.2 pressure maintained, skin and hoop A
saw-cut from D to half way across hoop. On release
of pressure no extension of cut noticed, Saw-cut in
skin extended to T,

2nd cycle With pressure maintained, saw~cut in hoop A (and
assoclated skin) extended so that only 0,15 in (out
of the original 1.2 in.) remained intact. On release,
cragk at P had extended C,95 in. to G,

Srd cycle Crack at G extended to H, 0.2 in. from 2dge of hoop B,

Hoocp A stall holding., Crack at H further extended to
edge of hoop B.

Pealure of remaining 0,15 in. of hoop A resulted in
crack shooting across to edge of hoop C at J,

With gap now extending from inner edge of hoop B to
inner edge of hoop C, and wath pressure fully mean-
tained, hoop B was slowly sawn through., Nothing
happened t111 hoop was sawn half way through, when
catastrophic extension of crack occurred at both
endSo

L. 4th test

This test was done at a hoop pitch of 16 in., The hoop-tension stress
in the skan 18 now much increased because of the reduced amount of material
in the hoops per unat length of caban and of the increased pitch whach
allows more radial swelling in between hoops. This arrangement is contrary
to the recommended practice of specifying a 10 in, (approxmate) pitch, but
nevertheless constatutes an interesting test.
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A 3% in, saw-cut AB was made butting right up to the l,h.s. hoop as

shown 1n Fag.h. After 35 cycles crack reached, C, when a further 4" saw~cut
CC! was madoe.

After 75 cycles crack reached D and a further 3" saw-cut DL' was made

o425 " crack reached E when 1%t suddenly ran across to F

450 " skin crack reached rivet G, (but no damage to the hoop),

4,5 5th test
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Fig.b - Hoops attached by rivets and Arsldite

This test repeats the 4th test except that the hoops are now attached to

the skain by Araldite adhesive in addition to raivets, The record of events is
as follows, (Fig.5)

Number of
Repetitions of Remarks
load
0 Slot AB, 5% in, long cut in skin,
30 Crack BC 0.9 in. long formed at end of saw-cut.
70 Crack extended to D making AD 7,05 in,, and growing

rapidly.

During 77th cycle Slot=plus-crack extended from E, 8,65 in. from A to
F, 11.6 in, from A 1n the one cycle,

During 78th cycele Slot=plus~crack extended to G making AG 14.2 in,
After 81st cycle Crack extended a further 0,75 in, to H making AH

14,95 an, Crack stopped when 0,05 in., from edge
of hoop.

L.6 6%h tesk

In this test, as a check on the capacity of a hoop for bringing a fast
running crack to a halt, the pitch was increased to 21 in, The hoops are
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in this case too far apart to provide full support to the skin against
radial expansion and the skin stress accordingly approaches about half way
to the stress it would have in the absence of hoops. Even so the initial
3% in, saw~cut AB (Fig.6) had to be extended by 3 in, more to C before the
crack was disposed to spread. It reached D after 21 oyoles and then shot
aprogg to E where it stopped, :
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Fig.6

This test, like the 3rd test, simulates the case where, with hoops at
10.5 in. pitch, a hoop suddenly fails for some reason, thus throwing extra
load on its two neighbours,

A pressure gauge used in this test showed that there was no drop in
pressure during the last cycle when the crack ran goross to the_ further
hoop, |

5 FEemarks on the tests .

Por the recommended hoop vitch of about 10 in. it is clear from the
15t and 2nd tests that, even when a crack has reached a length of 5 in,, it
tekes some 250 to 300 loading cycles to make it reach the adjacent hoops.
It 18 there arrested so effectively that (according to the 2nd test) it
fails %o propagate under the hoops to the next bays even after 1400 cycles,
i.e. some LOOO hours of flying life, The saw-cuts placed on the far side
of the hoops after 250 cycles in Test No,1 show that, sven after being
artificially propagated to the next bays, the cracks show little disposition
to sproad, taing as they do another 1150 oycles to travel 1 inch.

The 3rd %est is interesting as showing the degres of damege the skin-
hoop combination can stand before finally giving way. Even after the creck
had extended through hoop A right across from hoop B to hoop C the
structure at1ll had plenty in hand.

1t is herc worth estimabting the nominal stress in these two hoops under
such a condition, The gquelifying adjectave 'nominal' is used advisedly
beceuse it allows relative loads to be calculated on the simple basis of
relative areas. The true stress in hoops B and C, when the intervening
structurc has ceased $o teke load, falls below the nominal stress by an
amount doponding on the redistribution of load cemsed by shear-lsg,

On the basis of relative areas, therefore, we have, for each of the
two hoops B and C,



Original load in hoop = npré
= Q.15k x 8,25 x 61.5 x 10.5
0,15k + (10,5 x 0.028)
= 1,800 1b (1)
where n = ratio of material in hoop to that in skan-plus~hoop = 0,34
P = pressure = 8,25 lb/in.2
r = radius of cabin shell = 61,5 1in. (21)
¢ = pitch of hoops = 10.5 in,

Extra load in hoop due to centimious crack between hoops
2 sax
.(P_)_I‘; £ = 5,300 1b. (131)

Adding loads (1) end (i1i) and d1viding by hoop area of 0,154 in.2, )
obtain a stress in each hoop of

L2909 yg 000 1b/1n.2 (iv
0,15k ’ /i )
. . . . 1800
which mey be compared with the original stress deduced from (1) of XTI
.2
= 11,700 1b/in.°, (v)

Under the nominal stress given by (av) the structure has still encugh
strength in hend to allow hoop B to be sawn half-way through, and therefore
nominally have 1ts stress doubled - from 46,000 to 92,000 1b/in,”, The true
stress, because of shear lag, must of course have been considerably less than
this, /

This whole test provides convancing proof of the toughness of this type
of construction., EBven after the middle hoop A had been artificially cut
almost right through, 1t stood eight repetitions cf load before gilving up.
It should also be noted that the consequent extension of the crack right
across bay AC, sudden though it was, failed to make any impression on the
barrier to its path,

In the condition thus brought about - one hoop and two bays of skin
broken through - the structure could no doubt have stood many hundreds of
load rcpetitions, This is indicated by the fact that one of the hoops had
to be cut half way through before a static failure could be induced,

Testes 4 smd 5 in which the pitech was increased %o 16 in, - with a
consequent increased skan hoop-stress and reduced support to the skin from
the adjoining hoops - showed that under such conditions the crack will run
after reaching a length of about 10 in., It was however effectively stopped
by the hoops.
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Like the 3rd test, but not so realistically, the 6th test simulates
the case of a failed hoop (on the basis of a 90,5 inch pitch)., The skin-
hoop stress is now greater than even for the 16 in, pitch of Tests 3 and L,
and this accounts for i1ts greater readiness to run, as evidenced by the
critical length dropping from 10% an. to 83 in. In spite however of a
12 1n., fast run, the crack had its further progress effectively barred by
the hoop,

6 Efficiency of hoops in reducing skin hoop-tension

A cardinal merit claimed for the new method of construction is that
for the ssme working stresses it enteils little extra weight. In point of
fact, a 'fall-safe’ structure, for obvious reasons, justifies a substantially
higher working stress than a structure based on a 'safe-life'., Without
regard to this aspect of the mattor, however, there 1z still very little
werght penalty., Not becamse the weight of the hoops is negligible, but
becouse the material devoted to the hoops is almost equally effective in
reducing the maxamim hoop~tension in the skin as the use of the same
material in the form of added skin thickness., If the size and pitch of
the hoops used in the first two tests described here were fitted from end
to end of the Comet I cabin, the weight of the hoops alone would approach
500 1b, which, compared wath scmethaing like 1,000 1b for the original
22 s.W.g. skin alone, 13 a very appreciable increase in weight., If,
however, the extra 500 1lb brings about a reductaon in skin hoop stress
comparable with that to be obtained by increasing the skin thickness itself
by half - from the original 0,028 in, %o 0,042 in. - the weight penalty
wall have been mil, It is of considersble interest therefore to quote the
stresses actually measured by resistance strain gauges., The stresses were
nmeasured on the outer f%ce of the original undamsged skin with the full
pressure of 8,25 1b/in,“ applied, both before fitting the reinforcing
hoops and after., The results are as follows: '

13,500 1b/in.>

i

Maximum skin hoop-stress before fitting bands
(messured midwey between a peair of standard
former framcs)

9,000 1b/in.>

Maximim skin hoop-stress after [itting bands
(measured midway betwoen bands)

skin stress with bands = 0,68
n " without "

Ratao

which shows that the skin gtress is reduced in very much the same ratio as

weight without bands _ 66
" with " = 0.56.

The weight in the bands has therefore practically paid for i1tself in
the form of reduced maxumm hoop~stress in the skin, That it is necessary
not to exceed the recommended pitch of about 10 in,., if the full effect of
the bands 1n reducing the stress in the skin is to be achieved, follows
from rhe observed fact that the maximum skin stress obtained with bands
pitched 16 in. apart was 11,500 1b/in.? - an increase of some 27% cver the
9,000 1b/in.Z stress quoted asbove for the 10,5 in. pitch,

A further point worth noting is that, by limiting the pitch of the
bands to ¥ an, not only are the bands fully effective in reducing skin
stress - the major objectave of course - but the close pitch also dis-
courages a crack from spreading in the intervening skin, ¥For example, an
the 2nd test (Fig.2) 1t took 100 load cycles to make the crack spread from C,
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where it was already 8 in. long to the edge E of the band, In the 6th test,
however, (Fig.6) once the crack reached the point D, where it was 8 in. long,
it shot across to the edge E 1n a single cycle.

7 Conclusions and summary

As mentioned in para.2, the allocation of material,as between skin and
reinforcing bands 1s at the choice of the designer, From the test resulis
recorded here, 1t would eppear that very satisfactory results can be obtained
without putting more materral in the bands than half that used for the skin -
the actual cross-scctional arcas pgr pitch length of skin and bands res-
pectively were C,295 and 0.154 in.“. The gwding principle 1s that the
structure should still have plenty of strength in hand after one band,
together with the skin each side of it, has failed. That this principle is
easily satisfied, with the material apportioned in the above mammer, 1s
proved by the results of the 3rd test above recorded,

How to reconcile this $type of construction wath the presence of wandows
is a problem that has been fully considered in Appendix II of ref,1 and
necd not therefore be dascussed here,

The concluszons which the theory of refs.!1 and 2 and the experimental
results quoted here appear to justaify may be listed as follows:-

(1) The suggested new method of construction makes the possibalaty
of catastrophic failurs of a pressure-caban remote enough to be ruled out.
Carcful and fréquent examination of the cebain shell for cracks becomes
unnccessary, since they cen be safely left until spotted in the course of
ordinary maintcnance inspecticn.

(11) So long as the amount of material devoted to skan-plus-bands in
the new construction 1s the same as that devoted to the skin alone in the
conventional construction, the stress in the thinner skin of the former is
little greater than the stress in the thicker skin of the latter. There 1s,
therefore, no reason to expect cracks to begin appearing in the one before
thoy do in the other. The difference is that in the one construction thoir
occurrence can be contemplated with equanimity but not in the other.

It follows from this that, if the all-skin design 1s good enough to
exclude the occurrence of cracks for 30,000 hours of flizht, or whatever
the 'safe life' 1s estimated at, the skin-plus-bands design should enjoy an
equally long crack~free life, It should therefore be in first-class condi-
tion to carry on for another 30,000 hours or morc when the conventionally
constructed caban has to be scrapped.

The lakelihood of the new construction being able to cutlast the
conventional construction by anything up to five to one, or more, . 1s a con-
sequence of the fact that, in estimating the 'safe' lifec of an axrcraft,
the only solid basis is a tank test on a single specimen. The statastical
scatter 1n fatigue tests of this type is such that the particular specimen
under test, cven 1f accepted as representang a cabin of no more than average
quality, mist st1ll be assumed to have a life at least five times as long as
the poorest specamen to the same specification. And since no production
cabin can be credited with having a longer life thon that deduced for the
poorest specimen on teat, the averagc cabin should have a life five fimes as
long as the specafied life,

(i1i) The new construction will by-pass the necessity for expensive
tank tests whach, from being obligatory, will be undertaken only at the
choice of the aircraft firm concermed, and with the purpose, not of
specifying a 'safe' lifc, but of discovering any weak points, 1f any, in
the design,
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(av) The above-mentioned advantages are to be obtained by the
introduction of additional structural elements - the bands - that
practically pay their way in the matter of weight. TFor, by limiting
the pitch to 10 in,, we make the material used in the bands nearly as
effective in reducing the hoop stress in the skin as it would be if used
as extra skin thickness,

(v) So far as design efficiency is concerned, what is stated
under (iv) is only helf the story. This is because, once the possibility
of catastrophic failure is ruled out, a pressure cabin can be designed on
structural principles alone, and not partly on the actuarial pranciples that
mist obtrude when structural strength is tied up with the conception of a
'safe' life,

3] Further developments

What has been sa1d in 1tems (1) to (v) suggests that, by adopting
the proposed method of corstruction, a designer has a great deal to gain
and very little to lose. Two points must however be mentioned as possible
obyections to the new method, One is the possible unsightliness of a
series of bands, Such an objection would appear to aneed only to be mentioned
to be dismissed. The bands, being only about 1.5 by 0.1 in., are very
shallow and unobtrusive and their edges (necessarily abrupt in thomselves
to discourage the initistion of crecks) should be easily smoothed out by a
suitable filling so as to be virtually invisible,

Fitting the bands to the outside of the cabin shell is, in the
writer's opinion a most desirable objective. The thought of an ocuter skan
held down by stiffish bands through the medium of rivets in tension is, or
should be, to every designer an abhorent thought. The only valid objection
is that outside bands may have an unwelcame effect on the overall drag of
the cabin.

Theory does not give a decisive answer on tils point and it has
thereforc been decided to put the matter to a direct test., The experiment
is straightforward, for it needs only to test a fast alrcraft with and
without bands and to note any signafuicant change in speed, The bands can
be of any convenient materiol and need not be positavely fastened, The
result of such a test will form the subject of a further note in the near
futuro,
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