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STEEL SPARS.*

'By Brian L. Hartin.

‘Althoogh,the.idea of_eonst;uoting airc:aft'of metal is aﬁ, )
oldeone, the-all;metal aircraft,industry in jhis oountrf ae We~:“
know it to-day. .can be said to. haye started in, 1916. Owing to
the sn01tage of twmber suluable for alrplane qpars the Aefonao—,
tical Supplies Deoartment 1n1t1ated a oompetltlon 1n 1918 open, |
apparently:tohenypooxﬁlnterested,.for tnefdeelgn of metal'spars
to replace~woodenf9nes. I is,poﬁ pIOPOQSQ:tQ,Qﬁal.With these
metal spars;in.detail,,as_this,has,beep,done,befo:e,;;Vafious
papers have been read on tne subgeot oﬁe of the besf being by
the late Major Nicholson to the Iﬂqblﬁdtlon of Englneers and
Shlpoullaers in Sootlama in. 19u0-:.p

BcLore gomT on to. glve a . orlef summary of toe etoerleoce
gained f;om‘theee ea:ly:spare? 1t,wou1d be,well, perhaps “O,S%Y
a word on theﬁgteeLJWing.Compeny in ips early days. Prlof to .
the oompetition,mentione@,aboye,JMr._D, Je Mooney had purohaoed
what weTe, probably. the earliest pafents 1n oonnectlon w1th tne |
construction .of alrcraft in metal taken out in thls couptry.:.
-The Steel Wing Company was formed 1n order to develop these pat—‘
ents; and such progress had Deen,maae that"oy the tlme of the

competition this firm was not only able to proouoe a metal spar,

*From "The Gloster," September- ~December, 1927



§.A.C.A. Technical Memorandum No. 428

but had already produced a set of metal wings for a Bristol air-
plane and wags manufacturing on production lines cbmplete B.E.2.D.
all-metal wings. It would appear that the ideal underlying the
competition was the prodﬁction of composite wings, wings with
metal spars and wooden ribs, the material for thé latter being
readily obtainable from wood unsuitable for spars, The produc-
tion of all-metal wings at this éarly stage, although not re-
quired by the compefition, put ﬁhe Steel Wing Compaﬁy in a very
favorable positioh; and the development of their spars from the
girder type to the box type led to the production of the forms
of steel spars which are in general use to-day.

The earliest metal spars were meinly of the‘bridge or built-
up girder type; then came designs derived from I beams, and
lastly, box spars.

The girder type consisted of four booms connected verti-
cally and horizontally by some sort of lattice bracing. Some-
times the two top and the two bottom booms were connected by a
wider section instead of lattice bracing where extra strength
was required; sometimes the wider sections only formed the booms.

These spérs were inefficient because it was not realized
that from a consideration of the loads imposed on them, airplane
spars are in a class by themselves. On the one hand are bridges
and girders, which have to withstand bending little, if any, end
load being imposed oh them, and on the otﬁer,Astanchions, which

have to stand up to the large end load with comparatively little
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bending. Both these types of structure are admirably adapted to
the conditionsvfor which they weré designed, but neither is par-
ticularly.suitable for an aifplane sp@;, which has to withstand
a large amount of bending, togethér_with a large end load,

The stress distribution curve due to bending only for a
solid symmetricdl spar is shown in fheldiagram by line -Aa.
The addition of end load causes the curve to be shifted bodily
to the rizht to Bp, in@icating an incréase of comp;essive
stress, ﬁssuming a compressive end load,  which is usual. In
practice a second modificaﬁion_is necessary, due to the end
load~deflection bending moment, whioh is an addition to the
original ben@ing'moment; the rssultanﬁ curve beiﬁg indicated
by Cce This shoWws hOW_cénditiQns of loading for an airplane
spar accentuate the cqﬁpressive stresses, and.the nain diffi-
culty in designing an Qifplaneispar, especially metal, is to
moke the spar section withétaﬁd these coimbined stresses
successfully. o

The stress distribution is éomeWhat different in the case
of girder type spars. In these the flﬁnges resist the bending
while the webs resist th§ shear load only. The moment and its
increment due to deflection are.resisted by a couple consisting
of a compressive load in one flange and an equal tensile load
in the cther, the arm,beingﬁthe distance between the centers of
gravity of the flanges, Owing to the flange sectioﬁs being
usually siallow, as will be shown later; these loads are to all
intents uniformly distributed over the sectioné, and as shown

above, the compression load is increased and the tensile load
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decreased by half the end load.

The flanges of the girder type of spar made up of thin gauge
angles.or channels and flattish plates, were ill adapted to Te-.
sist compression stresses on account of the unsupported free
edges. and also ‘of the large amount of flat, or comparatively
flat surfaces. A simple experiment with a piece of paper will -
demonstrate this point. A piece of foolscap-held with the-long
sides vertically will not support its own weight normally, but
if the paper be curved with the fingers, not only will it be
self—suppbrting, but it will also withstand an appreciable amouﬁt
of end load. It will be noticed that failure will take place
by the buckling of the vertical edges of the paper. In view of
this it Willjbe'éppfeéiated that the size of the flange angles.
or channels for a given thickness of material ig very limited
both as regards breadth and deptﬁ. Hence flanges made like
this weré relatively shallow. In the case of a flange made of
two angles or channels_conneoted by some sort of plate, there
would e six free édges,all situated in a region of high stress,
any one of which might give prémafurely owing to slight buck-
ling due to riveting or other manufacturing defect, thereby
causing<the-whble flange to go. It was found that this type of
flange almost invariabl? failed between the points of attachment
of the web braéing, and. that failure was accelerated by excess-
ive deflection sidewise due to the small woment of inertia lat-

erally, inherent in this design.
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fhis ferm of spar was 1ueleclent also on acvount 01 the
small stress xnlcn could be developed. A cnannel formea ¢rom-
thin strlp w1l; rot develop under ens load a greater stress than
approximctely.half'that which the metsl is capable of developing.

It may be sald that the free edges could uve been st11¢o;ed
by beading; but in order to stiffen the flange as a whole the
bead would have to be s0 large that it would probebly have in-
terfered seriously. with the attschment of web bracing?( |

This forwm of spal hos cert ain very obvious advsrtaves l.e.,

it can easily be made tapered so that it can follow ohe contoar

Hy

of a tapered centilever wing; and the jt‘s b;ent o} plbs and
fittings is casy and can be done_ve;yvneat . AIn view_of this
it is satisfactory to suate tn at in one of tne 1aucst develop-"
ments of this type, the disadvantages of the equler examples
mentioned pseviously;_haVe been surmounfedf fne to ‘ nd bottom
flanges each consist of & slnv¢e dee ni" oorru& ed(rolleo sec-
tion which is'ifficientufrom a stress po*“t of v1evlasd wh1cq
appesrs,to,be:well.adapﬁedlto_j;gglngf | o o

Cf vhe I beam type,of,spsr there are_not meny examplese In

e

one of -the .earliest the ;1& ge con31sted of a cor*ubated ovsl sec-

’

3 £

‘tion formed ifrom mild steel strip, with flanged edges, Wnlch were
riveted or welded to a single corrugated web. 'fn,soﬁe respeees
this was- a Very sound design, The flanges as weli as fhe free
edges were supported along their whole length, and the free edges

were well removed from the region of maximum stress. The disad-
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vantazes are in manufacture. - The flange section would be diffi-
cult to form in high tensile steel; it would te very difficult
to get the flanged edges close up to one another; it would be
difficult to assemble. the flanges .and webs for riveting ‘accu-
rately and easily; and one can see difficulty in the attachment
of fittings. This particular spar was very small, and it was
possible to make each flange from one strip. Later and bigger
spars of this type had built-up flanges, but these introduced
_two further difficulties; . at least six rows of rivets were neces-
sitated and sicde supports were required to make the spar stable.
Such supports could be made ‘part of the rib structure, but the
difficulty of attaching fittings would remain.

The built-up VYox type of spar will be dealt with after
tracing the evolution of: the Steel Wing'Cbmpaﬁy‘s spars.

A word may be said here-on the sibject of solid drewn tubu-
lar spars. Spars have beén made of solid drawn tubes of circu-
lar, rectangular, oval) and corrugated oval sections. The pro-
duction of these special section tubes is not in itgelf diffi-
cult so long as the tube is’ of uniform thickness round its cir-
cunference.. What is‘difficult"is,»a)fgrading’the thickness
circumferentially.so as to get the greatest thickness at the
points of maximum stress and so get an economical section; and
b) hardening the tubes, which mist .be soft for drawing. This
almost invariably considerably distorts the tube.

Further, the attachment of ribs and fittings is apt to be
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more difficﬁlt in practicé than would appear to be the case at
first siéht. These remar&s aﬁply ohlefly to tubulﬁr spars 1n_.
tended for wing ébéro. lhej are ovetter adﬁpted Ior use as “ll—
eron and elgvator.sparé,'whgrg ¢0T810n91”8t?3n8?h is of para—
mount importanée. | o - -A_ -

It v1ll be seen from the Ibreg01ng remalks thét the d651d-
erau% of a metal spar, ﬁpart from such obv1ous p01nts as adcqunte
strength, light wgighﬁ_and-stl;fnegs'lwre as f&iiows.

(a)-,Tneijee¢e@ges.A the sections formed from strip shoulcd
be removed -as -far as possible from the region :of high stress.

(©) . They should be shaped -in such a-way: that -they will -
stand o sufficient amount of compressive .stress (taking (a):into
account ). to-allow the section to-develop the :naximum stress.pos-
sible, - .

(c) - The flanges -should e efficiently supported throughout
their entire :length.. .

(d)i»The.ilangeS;andlwebs,shquld be shaped -so that their
assembly for.attaching is easy -and foolproof.. :

(e) The.rivets or other form -of  attachment should be eas-
ily accessible. - -

(f) The -shape of .the spaT should.be'suehfthat.thelattach— 
ment'of'ribs,'and more particularly strut fittings, present no
excessive difficulties. |

The first of the Steel;WingACompanyls spars made in 1916

and used in a B.E.2.C. wing consisted of four unequal legged
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high tensile steel channels forﬁing the two flanges. Thésé (Fig.
2) were separated by vertically corrugated webs of aluminum riv-
eted to the long legs of each channel, the rivets serving to
hold the two halves of %the ‘spar together.

This suffered from the defects-inherent in any form of.
channel flange, but was better than some designs,-.as the long
free edges of thé channels ‘were Tigidly supported at falrly
close intervalse -

It will®be ‘noticed that this spar cornforms to :some of the -
-desiderata anmexqted-abover‘qamely, in‘;he assgmb;y_of,the
various parts_whicgzgoulduharq1yng,simpler;_in_that-thé éivetf
ing:p:esgnﬁs no.great diffiQulties;Vthapwthe“attach@ent,of-riﬁs
and fittings is st:qightfqrwa;d5Aand.fu;tner,ti{.dgsired ﬁhe
spar could be made lopsided .s0 as ﬁo.oonform,mqrglqlgsely to
the Tib contour. The most obvious objection is its weakngss
1aterally;,and-the,first‘attempttto.;mp;pve‘thig cpnsisted of
separating the two halves by means of space?s;at;inpg;valéf In
this form the legs of the channel flanges were made €qual, as
each half could be riveted upAsgpargtely. The_pgxt_development
was on ottempt to improve the strength of the spal by mbdifying
the flanges as in Figure 2 (a), but this hardly go_’c;beybnd the
.experimeptﬁl_spate.owiﬁé»tQ the_§iﬁficulty of riveting.. Latéf,
the halves quthe spar.Were_gpnncctqd_by;ﬁwo strips with'trdns_
verse corrugations at intervals to act as struts, with the in-

tervening metal stamped out to form double diagonal bracing, as
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shown in Figure 2. Figure 3 shows how the flanges were doubled
at the most highly stressed par#s of the spar, and in the partic-
ular one shoWn the edges of the ohanﬁels were beaded.

So far the spars had followed the bUbJeCt matter of the
orlglaal pauents falrly closely. One oev1au10n not illustrated,
was to make the Web corruvatlons obllque 1nbtead of vertical
corresponding oorrugaﬁlons 1n each nalf of tne sparl being in-
clloed to each other, Anobher wds to make succeQQ1ve oorruga—
tlons 1n the same web 1nollned to each other so as to form a
Alnd OL la tice braolng.A None of tnege modlflcatlons 1eo very

faI'. . ) . . B
In Yooking at the first three illustrations it will be ob-

vious that Toughly only half of ‘the material in the spar was
used to resist the biggest loads on the spar, namely, end load
and bending. The remainder was used to counteract the-shear
load which' is Telatively small. This was a great waste of mate-
risl, as the horizontal bracing was very inefficient -owing to
the fact that the bracing on the compression side- became slack,
and therefore inoperative. - The web was far too stiff in view
of the smatl shear load it had to take and was inmefficient as
regardé‘Longitudinal strength.

- Figuré 4 shows the first eff eo+1ve method of making the web
more eificient. One of thé ¢hannel flanges has been absorbed -
into the web, -thus making 1t contribute towards the longitudi-
nal strength while the form ‘of top and bottom bracing has evi-

dently ‘been ‘the inspiration for the method of dealing with the
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'center‘of tﬁe Web. It will be noticed that tﬁis form of con-
etfﬁotion still maintains the eesy assembly, eeey riveting,-and
easy attachmentbo; flttlﬁgs of the earliest forms. |
.So fai‘Oﬁe-oi the 1neff101ent nembers has been 1mproved

and 1n flgure 5 1t'w111 be seen that the 1neffect1ve lateral |
braolng and the rema1n1n~ oharnel flange has been reolaced by e
loneltudlnally corrugated strlp Wlth beaded edges all of Wthh
conbrloutes towards the lonvlbudlnal strength. ThlS form of |
flmnve is probably as vood as, if not betuer than the old Lorm
in ”e51st1ng 1ateral bendlng, while belnv very much ea81er to
produoe;ﬂsinee‘it,oould'be rolled continuously<instead'offhaVing
a series of intermimtentnpieroing and bumping;operatiens per--
formed on it.

-Some. consideration such as this wmust have suggested the. use’
.of .a Figure 5 flange  and Figure 5 web. without. its perforatlons
and:beads, as shown in Figure 6. This was tried purely as. an .
experiment,;.but it soon became evident that the large flat on -
the web: would give trouble, although it was. a big .advance from
a production. point:-of view, This was improved as shown in Fig-
ure 7 bj deepening the main corrugation on the flange, thereby:
making .itl more. effective and relieving the web of some load.
An additional pair of corrugations was introduoed‘ihto the web,
which reduced :the widﬁh of the flat considerably. .’

Figure 8 is merely a modification of Figure 7 with all the

flats eliminated, thereby making the whole. of ‘the spar section
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effective in resisting end load and bending. It was found that
the inherent stiffness of the longitudinally corrugated web was
sufficient to withstand shear load. It was realized at this stagg
that the frece edges of the.sections were comparatively close to.
the region of maximum stress, a fault which was overcome by
Talsing the center coriugation. above the curved edges as shown in.
Figure 9, thereby.making. the:flange deeper, and so more effective,
.A spar like: this-developed under. bending and:small end load. &
maximum stress:quite comparable with that obtainéblé'from‘the‘
material. ofwhich it was: composeds:

The:development. of these spars-has now been traced from
the substantially girder type to a box type with. thé sides sulta-
bly-coIIugated;to.iesist-oompressivefstress. Under very heavy
end load conditions it is found that the webs of ithis.latter
type: tend.to .wave 1ongitudinaily. This is due to insufficient
depta..of: corrugation, anhd could be corrected by deeper corruga-
tions were it not for the fact that if the tangents to the web
.section at:points-where the curvaturc changes from,. say, convex
outwards-~to-convex inwards, or vice versa, are-horizontal, the
web ig unduly.-Weak in shear, which causes an.abnormally. large de-
flection, and. consequently a large addition:to.the compressive
stresses, - -

These:Webs, therefore, have to be supportéed by transverse
diaphragms-in -bays -where the end load is great.. :Anotlier method df

preventing the.webs from waving which has been. used..successfully,
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is to bring the webs together and attach them to one another at
the center. This is quite effective for preventing waving, but
it is believed that the fact of the edges of the web overhanging
the center causes it to be weak in shear, thereby causing large
deflections,

A second alternative consists of leaving the center half of
the web quite flat, and punching large circular holes along this -
flat, the holes in one web being opposite the holes in the other.
Very thin tubes are made with bumps or crinkles neaf’the ends as
in Figure 9a, the distance between the bumps being equal to the
distance between the flats on the webs. The normal outside diam-
eter of the bubés is the same as that of the holes in the webs, -
into which the ends of the tubes are pushed and the edges beaded
over. - This i& quite effective in resisting waving, but one would
imagine'thdt the center pbrtion of the web, together with the
tubes, is inefficient as regards longitudinal stfength as well as’
expehsive-tOVproduce.v |

~ The simple form of box spar at which we have arrived is lim-
ited:inzsize‘by two considerations (a) the ability of a corru-
gated strip to withstand compressive stresses without the addition
of cxtra stiffeners at intervals, representing wasted weight, and
(b) the fact that it is difficﬁlt to obtain high tensile steel
strip wider than 6 inches or 6% inches.- Strip of a greater width
than this is Seidom‘sufficiently flat to be satisfactory.

- When designing spars more than 3% inches or 4 inches deep,
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the question of web stability becomes very urgent. The webs can
be brought together at the centers, but this form absoTbs moie
materiol than & flat web, and does not lead one much further.

One way in which this problem has‘been successfully tackled is’
shown in Figure 10, This spar is 6 incheS‘deép,'and'the webs sup-
port coch other by being coﬁnected by twb‘longitudinal diaphfagms;
which can be quite light, and which, in addition %o stiffening
the webs, contribute towards the longitudinal Stféngth of the spar,
Figure 11 shows a development of this idéa‘fdf‘ah“é—ihch spar;

The webs are extended ty mcans of troughQShapéd'éebtions which
'alSO'function_asllongitudinal diaphragmsvand'ﬁé"ﬁhich the flanges
are connected.

Eorlier in this paper the girder type.of'spér"waé adversely
criticiSGd; but’ it should be mentioned thot this tybe has éertain
very obvious advantoges; i.e., it can eaéily'be'made’tapered,'sb
that it can follow the contour of a tapered cdntilever wing; and
the attachment of ribs and fittings is easy cnd can be done very
ncatly. On the other hand, it has certoin inherent defects,
which have been dealt with. It may well be that the girder type
of spar will be of great Use in the future if and when really
large spars are required; spars, that is to say, whose depth is
measured ‘in feet instead of ihbhcg. Box spars of this sige madé
of corrugated étrip would present verj great difficulties. Even
if high tensile steel strip wider in proportion could be obtszined,

it is difficult to see how the necessarily large expanses of thin
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corrugeted ﬁetol, both vertioal and horizontal, could be ade-
quately and economicallv stiffeped. Failing a resort to the
girder type, the solutlon of tne problem of the giant spars of
the.futuie, if lequlred appears to call for the evolut1on of an
entirely.new form of spar construction, unless the deslgn of thls
wing otll‘uctur‘e is radically altered. |
The development of the Steel Wing Company s spaIs has now been
traced up to the year 1925, Experiments are now belng carr1ed out
w1th a folm of box spar which is Iundamentally dlfferent from
those alreody desor1bed° Thls 1t is hoped w111 be the SubJGOt
of another paper. |
Mdny recders of this paper are probably awwre:uhat the amal~

gamatlon of the Steel Wing Compony W1th the Gloster Alroraft
Company 1s now an accompllohed faot. The cooperatlon of two flrms
with ouCh dlfferent speolallzed knowledge and experlence cwnnot
but ploduoe d comblnatlon well adapted to turn out up~to—date alr-
oraft entlrely of metal through one supplylng the def1c1en01es of
the othor. Thelr dlfferent outlook Wlll enmble each to or1t1olse
the other 8 proposals from the erodynamlc as Well as from ‘the
oonstruotlonel p01nt of view, nd by modlfYIHU these proposals,_
to produee a completed artlcle which is advantageous to both.
Mutual crltlolsm and pool1ng of 1deas are very st1mulat1ng to the
productlon and development of new 1deas and by 000peratlon on
_these llnes the amalgamation should prove a happy and beneflolal

one to all oonoerned.
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