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- GIPPARY

m thie inveetipstion it wos found that the
inetebility feilure of curved gheet is neerly
independent of the tyre of londing and is primerily
2 function of the maximum sgtrese, radius-thickness
ratio znd modulue of elesticitv. A method of
correlating the criticrl strese of thin sheet
under geveral different tvres of loading is given.
An explenstion for the exverimental criticsl strese
of thin walled cyvlindere under bending being
greater then that for rure comrrecgsion is civen,
The strength of unstiffened thin welled circuler
noge sgections under pure bending was found to be
controlled by local instsbility of the section,
rether then e lerge scele instebility. The equetion
of local inetsbility of curved sheet gives values
which ere in foir nereement with those found
experimentrlly,

The strencth of elliptieal eylinders surported
2t the minor axis under bendine vlus shear loads is
sroverned rrimarily by the bending strength, and is
little effected by the shesr force unlesg the amount
of ghear is cuite larpe with resrect to the moment,
The effect of incresging the smount of ellirticity
ere=tly reduces the bending and sheer strencth of

nogse gections. Tnder torsionsl loads the stress at
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TARY {(cont'd

buckling falls off sg the ratio of the mejor to

minor sxig Increrccsg but the frilure ctirese decresaces

gt 2 glower rate then the buekling estress., The

lenpth effect of semi-circuler gections under torsion

obtained by Donnellte theoreticel equation.




ACKNOWL DO MINT

The suthor wighes to express his avrrrecistion
of the ageistance furnighed by memhers of the staff
of the Curgenheim Craduszte School of Aeronautics at
the California Institute of‘Technolory and ~leo of
the services rendered by members of the graduste
student body. In particular he wishes to thonk
Doctors Th. von ¥armen, D, E, Sechler, C. B, "illikan
end A, L. ¥lein, for their helpful suregestions ond
criticisms.,

The suthor salso wichee to exvrese his gretitude
to the Yationel Advisory Committee for Aeroncutice
for its surrort snd sronsorghir of the research

which has made the preparation of this thesie rossible,

-.iv...




TARLY OF CONTENTS

Pagre

5 & ¢
SUIMAT Ve s e sesssvovssssvsssssssscsansssssncsane il

Acknowledpmentersoscosnavensosssssssverssnsass iV
Table of Fiwegccuq'w-uoaaeaoicctaoocu.cccoov
List of TableBesssesssssasssssnnssssssssososesX
I. Introduction.icecececvsesessenvossensenel
TTe Total Stress ’fheor‘y.....u...u.uu..uﬁi
Bendingeseessscescssssssscccessvoneed
Direct Shesr and Bendinfeesesssanseed
Solution for Maximum SheATscessseseed
Torsion Tlue Pending 2nd Shear......12

Discussion on Yeaximum
Allowable Shefr SEreCSesevecssssnsse 13

IIT. The Stability of Unstiffened
Curved Vose Sections Under
Pure Bendififecesveesvecsssssnsnsssusnesld
Calculation of FRerfYeecessvssssseeel?
Local Tnstebillityeccsscessoscesscees30
Ve Experimente]l mvestliratioDecseesossesssBC
Degeription of APTeretUSsecsesscess ¢ 32
fﬁﬁx?erimental RepultSescsceosavessened?
&%gescrirtion of SrecimenBeessessrcoee3d

a) Pending rlue Vertical

mn, 4 2
Shenr .LQE*E’.o-ct-tcilcoocc.cooc'-f'?

b) Ture “Tending of
Toge Sec’ti,ons.................038




TARLT OF COTTUNTS (cont'd)

Page

¢ ) Toreion Tests of Nose
S@c*’ﬁnns‘”f""'O.I.....‘"l-""‘éo

)
-d
S

Neflection of Rending
Plus Shear TEEtS......ﬁo..oouc‘%B

Conclusicng From
':'",}fj'?"’#f?}*ﬁmeﬂ’tp 1 ’-”{'}T‘k, ST ETILETS LB OIS Qée

Ve Diecuesion »nd Arylicetion
To Di’Sif’n CalculationBeiissssvenasn .¢#60¢48

References And T'ﬂiblior’r‘ﬂ‘r‘hy. eI BNCIPESIROEEDN »SES




1.
Ze

3¢

4.

5.

G.

e

8.

D

10.

11,

13.

TAPLT OF FICURES

Pagre

Filgurescsvecesossvcosscecssssccscanssse 79

FipuTrCecsessvssesessssccscoscesonsssnes 80

Veristion of O max/6-‘9= 90° with ©
for verious values of A cesseocscesss 81

Varistion of T'rﬂax/ Taversge with ©
for verious values of seavesne B8

Variastion of the sngle of laximum
Shesr with @ for verious values ofA.. 83

Critical Shearing Stress of Curved
I787T Durslumin Sheet Tnder Combined
Bendln\f' Plus S}learooo-tctonttaocctonaoo 84

Critical Shearing Stress of Curved
I78T Durelumin for Different Values
of 7\ and Arrroximstely Constant

H/‘t’tl..i'.."..l..‘.....'...l.‘..‘..'.- 85

Correlation between Theoretieczl
Critiecal Torsional Strese mnd
Critical Shesring Stress due to
Combined Bending plus She&resesesseesee E6

Ratio of Txrerimentsl Og 2nd 0%
to Theoretical Value Plotted
agrainst R/t. (lundquiet's teets desecese 87

Ratio of "xperimentsl O¢ eznd Og
to Theoretical Value Plotted _
Apeinet R/t. (Dommell's tost8 Jessceeses £8

Veristion of section-modulus
with crogg-section deformation
for a circuler cylinder,cessseeesessseef?

Retio of Txperimental O¢ and
Corrected Q Rending to
Theoretiesl Velue Tlotted against

H/t‘.......‘...‘.....l.l.....lll‘-‘.... 90
Theoretical Torm of the

Deflection of 2 Bemi-Circulsr
Yoge Section Tmder Ture Rendinfeeeseess 21

-7 =




14,
is5.

1€,

17,

n
-

0o

03
=] &
L ]

TABLY OF FPICURYS (cont'd)

Crosg~gection of Sneeimen......uu.u“u o2

Thotorrarh of beem uesed in

;
=
BPECINENsssonsonannsssrssbssnvonsnssstesee DO

Thotogrearh
mounting D

Oxb

Yethed of

18] CRUPeBisven i EssER TS e DS

Fhotograrh of Artificisl

DEAM CADPBasssnscsssassisnssssstsssssssstsss 93

Thotograrh of testing

-Mucbin?'ii'a.'.o!ﬂb'i.ll.!.ilon..'lo.l.'ti 04

mOtOM,”h of = ov-mc,_?w?locuoo--oocoasncc-a o4

Fnotograrth

et buckling load

’hotop‘r‘P th
&t f I ure

Fhotorrarh

TPhotograrh
Photograrh
Thotogreph
Photorrarh
Yhotograyp

Thotograrh
Thotograrh
Fhotograrh

of

a1

o

o

8

m
[

grecimen

IR R R E SRR R R RS NN EE SRS N RS R 95

srecimen

=~
AR EEEEEEENENEENENENNNEENRNENENRER 9"‘)

E’FGC'J:.!EQII.;tua«ﬂ-‘esa.-auctc 06
BrecimeNissssevesesssssses 97
grecimeNiesesvsvacnoevnvis 97
E}ffecim@n......o.........u. o8
EPeCiMeNaesssssseesasscosess I8

- 4 3
S}f)a}Clan-.--.a......a.ou- .,.-9

w

PECIME N s sansss e dsnene 29
SI?GCim’l'ncnac|ao¢¢00t'|q0001{"0

EreCimeNacessssssssnesneaslO0

Side view of tes "E;.;.Il?"‘ poehinGscsvessnsenseealll

B/4 side view of testing

3]
n C}‘—kn?.‘CUO$OOCEIOU'.'D@.*.‘I‘.*.C‘biﬂ'.l‘lo‘i‘

Close up rhotoprerh of
loading 1"@9& surport sveleMecessesssssaseslOB

—vi-




40,

41,

43,

44,

TABLY OF FPICURTS (conttd)

Load~Deflection Curve for
2 semi-cireculsr noge-gection
under combined bending and

f =
shﬁu‘r‘.‘l!.".i‘ll.i.l.'il‘l‘.“il'.‘ii...‘l%

Strength of semi-circulsr nose
section under corbined bending
ﬁﬁd Exh‘&!ﬂr. miCknﬁ'ﬁS = .OZO“"‘...Q..‘.'.lOS

Yaximam bending stress develoved
by a semi-circuler nosge section
under corbined bending and shesr
Thickness - 020'--ut.t&aoaicec.-tit.tdcvotlos

Strength of semi-circular nose section
under combined bending and ghear
Tthkn@SE : lolesnit.ilitl&iitttt‘l‘!.il‘llov

Taximum bending etress develoved
by & semi-circulsr noge section
under corbined bending and sghear
Thickneses o« 0168,se0vsssssssesssscssssreeallB

Strength of Semi-elliptical
noge sectione under combined
bending and shear, /D 2 240seessssesenseel0

FMeximum bending streege

developed by 2 semi-elliptiecal

nose section under combined

bending and shesr. a/b - 2eDesecossonnsanesllD

Strength of semi-elliptical
nose gection under combined
b@ndinﬁ” :"1“}.‘5 Shefrl‘. E!/b - 3.0.........."..111

Meximum bending stroes

develored by a semi-ellipticel

noge gection under corbined

bending and shear'!.l*i"!ﬁ!.‘d00!0".‘000112

Strength of semi-elliptical
nose sectionsg under combined
bending end sghear, Various
ratios of E/bvtic‘li‘&i&tllll.“‘.i'ld.‘..llg

Strencth of semi-ellirtical

nose ssections under combined

bending =nd shesr, Verious

retios of a/b.btl.ltod"'ll!l.!t.ii‘0‘0'..114

-yii-




TARLY OF PTOURES {cont'd)

Page

45, Ture bending of monocogue
Nose BeClioNBeissrssestssssssssssscnvessnselld

4€, Torgion of ellirticsl nose
SECLiONBissssstssssssannssssssssonnsssnriiaslib

47. Deflection curves for elliptieal
nose sections under torsioNeiveesscssceesesll?

48, Critical Shearing stress of
cenmi-eireculer nose seetions
under torsion. Thicknegs =.Q20% PR, ],

49, Critical Shesring etresg of
gemi-cireculnr nose geections
under torgion, Thickness = .0Ll6M,..sceonveasll®

50, Load-deflection curvegs for
gemi=circulsr nose sections
under combined bendinge and Shefr.eessceess 120

El. Load=Ceflection curves.. tresEssBREIEE BT S +121

52. Unit deformstion =& &
function of ’5:‘/\;’1‘..‘...nu-.u.....n-.u.lﬁ‘é’

53. Sitirensrth of noge gectione
under corbined 1mdiﬁriolt‘i.i.i.'tii.ltlflﬁz

54, Btrength of elliptical
evlinders under combined loadinfecsceeseseslld

E8, Strencth of ellipticsl cvlinders
under COY"‘bJ.nE"(" lO"dln‘"cococo.c-coc.octcuttlg‘s

5¢, Correlation between experimental
s-.‘t,ren{fths ond C»‘.’:’vlcul?ted¢ctqctciotiicalodilge

87. Correlation between exrerimentel -
"treﬂrth- and calouleteSecsconsssnnes Dotdilﬁ ¢

68, Tethod of Determining the
amount of ellirticity on
stiffened wing nose gections

Ll %
‘UOC.‘G.O‘.IOII‘;‘E

59, “9311nv sheonr gtress sg 2 function
of F /b;.‘l‘cc-...O.t.“‘t.“!dtﬂil#"‘!i.i.l‘:}g




€0,

61,

€2,

63,

€4,

TAPLY OF PINTRES (cont'd)

Page

Plot of an emperieal
equastion for the eritiecal
Shﬁﬁl‘iﬂﬂ‘ @tregst-gaoao.ttneto.tttircﬁtcawtolac}

Tlot of Donnell'e theoretical
curves for Buckling stressg of
tubeg under tOI1$-“j—0nctlOOU'O“!.'OODCG'O‘iitlal

Stress-gtrain curves for meterisl

o | k -
u@*.ﬂ(,zoa.a-o_caic--Qt-uct.oconcooogttuttutctaall‘ﬂz

Stress-glrain curves fTor
materinl ufgeﬁop‘rntOQb.#!.!0.‘&0#&06."‘00"6183

Stress-strain curves for meterisl
U‘Seﬁii‘*.“.O.iQOCOOCOQO.I.Q"..ﬁl'!"i.tltl134




Table
T.

Ve

VI,

VIT.

VIII,

KT,

e S of

P ]

XXX,

LIST OF TABILES

Page

Resulte of Combined Treneverge
Shesr and Tgen{'}iﬂf‘ Tog ".&...D'CUC.“O...ﬁl

Resulte on Combined Zending
and Torgion of Steel TubeBisscssssssavestt

Bending Strength of Dural
Cylinderes Tneluding Correction
ue to Pl&t‘t@l’liﬁfno:.-;ctet"tﬁooocﬁooaaﬁ?

&xperimental and Theoretical
Values of Maximum Bending Stirese
for u@ﬂ’“CiTCUlPT Noge s€CtionNBecesessse€l

Test Dota of Bemi-Circulsr
Srecimens Under Cormbined ?
Bending end Shear. Thiclness=.020"..se..69

Tegt Data of Semi-Circulsr
snecimens Under Corbined
Rending snd Sheer, Thickness=,0165.404e470

Test Data of Semi-Rlliptieal
Specimene under Combined
Qﬂ‘nﬁ‘im& angd Shesr,. a/b = 20, --couaio.it'?l

Test Data of Ellirticsl Yose
Sectione under Combined /
Bending and Shear. /D = B¢Cuieevecesces?s

Teet Dats of "1llirtical Nose
Seetions under Corbined
E‘Gﬁdiﬁ” ﬁné Sh@ﬁr&onococo.-tttt--ctnocnt?g

Teet Date of MNose Secti
Under Pure Eending......................74

Pure Toreion of Tlliptical
Sﬁct'}'mﬁf Sjr‘il?? to .“finf’ T?OSE‘ e o e R @ e .75

Tffect of !sterisl on
Torgional Strencth of
Semi~circular Nuse SeCtionNBeceessesessss

Lffect of Bending Stresses
onn Toresional J'ty*‘erlf"tho..l&ic:ac.*caoco-oie




LIST OF TADLRS (cont'd)

Table Pape

X, "iffect of lengrth on
Torgion Strength of
Semi~Cireunler Nose SectionBisssessvensse??

XV, Eiffect of Shear on Bending
Teste of Stiffened CylinderS.cesseessess?8




T« INTRODCTTON

nterest in the strength of thin sheet metal in
relation to sireraft conetruction first srose from
the substitution of such met-l for febrie eeg £ covering
materirl for braced freme structures, This substitution
naturally resulted in »n inererse of weipht becruse the
mets1l weg hesvier then the f brie, Tn order to obtsin
some correng=tion for this incrarse, attempte were made
to utilize some of the strenpth cof the met:zl ranele
by the omiszion or modification of other structural
raris,

Cne of the firet successfMl endeavors to menufecture
all-metel rlenes woe in Cermany. The sirrlzne brinch of
the Zerrelin Worke 2t Lindsu. lster !mown =& the
"Dornier-tet~1llbsuten,® which had the sdventagse of the
exrerience of the Zerrelin YWorks in the use of the light-
weipht met~=1l Aurslumin, built sn sll-metel »lene on entirely
new rrincirles of construeticon under the direction of
Professor Junkers, T to that time esgsentislly the sole purpose
of ~irrlsne wins coverings wng to rrovide » ecertrin wing
ghere s=nd aleo » surface for meintsinine the surporting
~ir wressure, Junkere mede the external feirings of the
wince of metsl snd, 2t the srme time, combined it with
the internsl sunrortine structuree so 2g to form ¢ strong
inteprel eurrorting body. Thus the increrge of weight of the
metzl foiring over n cloth covering wrs 2t lerst nportislly

commengsted for in modified internsl structure,

Rl




The ert of working with thin-sheet met2l has
rrogressed greatly eince the first a2ll-metal airpleone,
However, cmlculations »t the present time, verteining to
the estrensth of modern streessed skin construction, consist
of & combinntion of eimplifyving as:umptione, eimplified
versione of the cormlex thin sheet theory, emririesl
ecustiong from teet results, »nd 2 disturbing amount of
ruegeworty, The object of this theesis is to sttempt to
decrenge the amount of sgueseworl reguired in desirning
thin curved sheets, by rresenting,

as A theory for correlating the criticel.etress

of curved sgheets under various combined loacds.

be A theory for the strensth of thin-walled ellirtieal

cvlinders gurrorted st the minor axis,

¢c. Fxperimentsl work on the strength of thin-

walled ellirticel cylinders surrorted ot the
minor exis.

Thie theeis ie the direet result of an investirztion
which started in 1936 =t the Cuprenheim Aeronsutical
Laboratory, under the sponsorshir and surrort of the
Netionnl Advisory Cormmittee for Aeronsutice. Yeny of the
den

fte

n

rresented were developed during the study of existing

litersture on curved chests.
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. TOTAL STREGS THIORY

n pencral, shesr stregses con srige in three
different m%nnera,: Firet, by Adirect sheesr, such
zg the verticsl lond on & esntilever benm, second, 28
an induced ghesr crused by direct stress or chonge
in direct stress such 2¢ the disgonsl ghesr in an
element under direct sgtress, =nd fin-lly, by pure
torsion,

A Tusclage or » wing noge section mey be, =nd
usuclly is, sudbjected to bhending sznd Jdirect shesr in
either or both of the verticsl znd horizontsl nl=nes,
In sddition, torsionsl londe ~re resisted, especislly
in the ca2se of the nose gsection. This merng thet, in
the cr2ge of 2 nose section, the curved sheet may have
gheer stresses which originnte from five different
pources, First, dircet shesr due to 1lift, second,
induesd sghesr dus to normal stresecs from the bending
morment in the vertlesl rlone, third, direct sghesr due
to drag, fourth, induced ghesr due to normel gtresscs
from the bending moment in the horizontsl plsne, &nd
fifth, torsion, Some of thege stresges mey be cuite
smell, but nevmrﬁhelﬂsa =re Tresent. One of the interest-
ing lozding conditiong for the nose section of = single
s r wing occureg vhen the flars =re down, resulting in

a lerge 1ift,; lerge dresg, and larpe moment.




BTNDING
we will stert first with pure bendinpg. I it Is

sesumed thet the ordinery beam theory svnlies, then

o= = MY o =0 (1)
X I y

¥ 2 moment, in,~lbs,.,
v = distence in y~direction to fiber, in.,
I ~ moment of inertisn, in.4,

Since the meximum volue of the unilt ghesring stress
st # roint in & stresecd body is one-~half the slgebrsic
diffarence of the roximum snd minimuam princip2l unit-
stresses, thet is

Ty = Toximm cheoring stress = /2 (O ~Onip )
then, M (2)

7rz. i = L
R I

for = thin-walled circulrr cylinder, we ret

y =P sin © 1—_7rr3t

- SINO "
= LS T= Zmrit )

N
e

g
! oy - M ;
or 6 = M ond 't;ﬂx__ §§;3:5t (

Thie ie 2 very egimrle regult, but it pives the mexi-

mam ghesr gtreses which = tube muet resist in ordsr to crrry




a ecertsin bendine moment., The Jotted curve in Fig, €
shows the curve obtained by =rrlvins the shove e ustion

§ . {
to deta found in Y.AJ0.A. Tech. Tote 479, (1)

TORS TON

o
it

Text we will desl with pure torsion, Tf it is ssgumed
thrt, before buckling occurs, Batho's exvression holde, then,
ne long =28 the sheeot thicknees ie constant, the gherr stress

due to torsion lg =roroximetely ecusl to

T= ™St (8)

where M, = torcue, in.-lbs.,
A = aree enclosed, 8Q.in,,

t = thickness, in.
Considereble work heg been done on ture torsion of thin-
walled cylindriesl members, rroving the correctness of the
above equation, so thrt no further consideration of this

cage is necesssry., (Tief, 4.)

DIRTCT SHUAR AYD BVNDTNG

The next csse to coneider is thot of direct shoerr »lus
bending moment, Thie cree wra trested in V,A.C.A.
Tech, Yote 523, (2) Towever, the suthor would like to meke
some 2dditions to the work of lLundouist in this Tech. Yote,

The standard ecustions Tor corbined rlene stropsee fre,

2
~ T3 S S




2 L
TMAX = ivr(i;q_;o\ﬁ-i- rz;;’» (7)

TAN 2.\// 2 (G;—G;) -

I it ig spdn ageumed thot the ordinsry beam
theory arplies,

then M
il S

(9)

and 7

= ——Z——F“A = —LI
= Ib I

w;ere‘?;* = horizontal shesr

=

Y dA
bd

o,
>x

(10)

shear force, 1he.,

i

¥ = distance from neutrrl exis to centasr of
pravity of srea A', in.,
A = ores 8hove Yy B80eill.,
b - totel thiclkrese under horizontel sherr
st » particuler section y.
Thus ,

M M2y Fey2A7=
O:sz E% + ﬂ 1'2 ba e

2 ZA’Zj
Tow = T2 + -
MAX Izb . o

2Fy A

TANR WV = My

(13)

-




For = thin-welled circulsr cylinder (se¢ Fir. 2), we

_MsIN® =r SIN©
mh 0= o Tomrst 0

o Feso A'=(r-20)rt
T awrt

(15)

TaAN VY = 2;";:569 b=2t

let us use the rorometer /Fr found by Lundguist., Ry

letting A= M we obtning

Fr
M 2 24 (17
= SINO + -AL#‘}Cosae +ATsinp| (17

MAX 27]-—r2t

—_— i - ) & . !
Zut the extreme iber strege 2t O = 90 is ecual to

« Therefore, we hove,

O s _ N6 1 4.cos""e+X”s:~""6] (1)
(5 o 2 RA |

The 1lot of thie rotio srrinst O for different

values of A ia seen in Tip. 3.

Trom thesge curveeg it is seen thet the maximum comrressive
etress occurs nt @ = ©0° for values of \ preater then
1.0 2nd nerr to 6 =~ 0° for /\ less then 1.0, 7Tt is
interesting to note thet for A erester then 1,0 the mexi-

mum comrreseive stress ig alwsys =t the tor, (that is




et @ = 90°, where the rotio O"*'fsr-x/O;: 20° = 1.0)
for one would nrively think i% would sovroszch the

top =g A beesme lererer ond lerger, Tt is rezdily

seen from thies Tir, thst for lerpe values of shesr the

tube is criticsl near the neutrsl exisg =2nd not =t the top.

4
o

SOLUTTON FOR LY TUIN STTAR

From ¥qg,., (12) we obtain, :
Toae = Y2 Rsine. 4 Ffcos®®
M AX GARpttr TR rat (1%)

) {E'?tVAZSmRG +4 cos’®

-
T 2wrt (20)

d
winf
4
oS
o
]
]
6]
&
o2
ct

TAV ERAGE

1
Lf_"_. = {AZSINRG + 4 50526
TAVE RAGE )

ol

Pigs. 4 ghowe o plot of Tmfjx/ T average 88 8
functlon of © for verious valuce of )\ .
obt~in the result thet for e vslue of A less then 2

the maxirum ratio of T;ﬂ:‘/ Tﬁvnr'ﬁ;rs occurs =t @ = 0O°
and hag & volue of 2, but for volues of A srecter then

2 the retio of U ,,-qx/rr aversee ig scusl to A or Y/Fr

-




and occure at 6 © = 20°, PFlg. 5 ghows & plot of the
angle of maximum sheer stress tﬂkhe exis of the tube.
Touation 16 wee used in order to obtain thece curves,
This Fig, shows, as one would expect, that the 2znrle of
mexirum shear is 0° at O = 0°nd 45° at @ = 20°
for 21l volues of ;\ « In order to obtain the angle of
meximum compressive strese add 135° to y%la

To investirste how T~ mex. veried with different
types of loading, all of the test srecimens in N.A.C.A.
Tech. ote 523 (2) were comruted., (See Teble 1, )
Tig. 7 ehows a very interesting result obtoined from
thie data, namely that the meximum shesr gtreee which the
cylinderse will resist is independent of the rotio of the
moment to the vertieazl shear, In this Fir, 1t is seen thot
the rztio of %? changee by a factor of eirht and the
mex i variatibn of the ghersr strece from an sversge ig
lees than 177 even with & considerable veristion in R/t.
Figs © shows 2 1lot mfrr-nmx‘apainst R/t obteined from
the sbove mentioned dsta, The material used in these
teste woe duralumin (178T). The three solid curves were
faired through the points in order to obtein en
arrroximation of varistion, There seems to be a definite
voristion with L/? end the reagon for this can be,
2t least in part, explained by the surrort effect of the
ende. The peinte rlotted reprecent the failing strese.

On circulsr tubes, however, the buckling stress

o Tl




=nd falling gtress cre almoet ¢xretly the seme, The

maximum 2llowahle ehenr stress in ecombined bhending and

gheer agrees very gotigfretoriiy with thet of bending

=lone, {the Jotted curve In Wip, € )¢ This curve wae

obtoined from meteriel found in W, A.C.A. Tech. Yote, 479 (1.)
If we c~lculste the theoreticsl curves for the torsion

buckling strege of duralumin tubes ae # function of the

radive to thielnese retio by Donnell'g ecustions 2)y We

obtain the curvee gcen in Tig. €. The experimentsl points

srae the s me ng thoez In Fig, 6 rnd show = remerkible ngree-

ment with Donnell's theoreticsl equstion, Vowever, one

must reslize thot the stress petterns in the test

pecimens were entirely different from those resumed in

deriving Tonnellt'e theory., e cen gay thet the exverimental

pointe reprecont the meximum shesring strecs at ony woint

in the srecimen szt failure, #nd the theoreticrl curves

are for the csee where every roint on the srecimen ie

ot thet stress. Tt is very unfortunate thet at L/r'se

ecusl to Q0,5 and 2,0, not enough voristion of r/t was

taken to cheek the curves, but it arpears, 28 one would

expect, that Nomnelil's torgion equetion gives a larger

veristion with 10ﬁgth7thﬁn would be expected in this

o

-{Lp-j::c. of lo=d in{".
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Tf & prriticulsr mernber is subjiected to a given
bendinge menent 2nd sheor e

" 3 e S
hesr, then it hne a defini e imum
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corbined gheriing gtrzas. Now, 1T wre aloo apply

circumferontizl gherr ilucrenses

o

- o~ & s S BT g5 o o o> gy oy . T
(rssume thot there ware no vovet before &7 j?lj ing Lhe

el
dot T

_M _ FIA" | Me
0= - Ty = Tp *2at

Y 1
= My MRy* (FYA Mt
G;Ax - I * 4 Iz Ib w 2A {(23)

z FA’ 2
e 1:{4 I?~+ Ib = 2At (24)

The =uthor hoa heen ymebhle to find exrerimentsl results

with whiech to gubstitute In the sbove ecustions, however,

if wo reeume in the shove ecusrtions thet we heve no
gheer foree, thnt iz the

cren of mure bending mlus

torgion, then we et from Tg, (24)

2 My E Me \
- A
T = (21 +(;Mt g

[
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A
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This ecusation =2ctunlly checks, within =n cvernpe

verirtion of 24,87 nnd » meximum voristion of 11,77,

the experimental regults of Aldr Corve Informetion

Circulsr Yo, €62, on circulsr gteel tubes. See table IT

Lk
A"

A glirht waﬁiffcﬁfinn of the shove 2custion aan

be developed in the “ollnn”nv manner,
2
My VW _!‘_’11‘_t
1 = (2L ) + |22} (26)
Thax lT;A‘

‘z‘)j’" = Taewowe  *° m =’T';’onﬂoﬂ

Pereror | 2 2
therelore Y 1 - TB + t_ [:"\7) 7
‘ (ZT"MX fl\p;l;\‘

By fTirst setting zm = Oy tnd then (, = O, we find

Te (&

Tmu (BeNDING ’Z:w‘( ToRSioN L)

1::

Discusgion on Taximum Allowsble Shesr Sirees

Prom thig

investigrtion so far it is scen that,

ﬂt lenst for two aifferent combined loeding conditione,

bending plus vertiecal ghesr "nd bendine plus torsion,

the critiesl ghesring stress of a curved egheet is

rimarily a function of the totsl meximum ghesring

stress and the r/t ratio. A secondery prreameter ig the

length divided by the rrdiue,

The curvers shown in Pie,

(&) represont the meximum
-]R=




sllownble gherr gtregs Tor dursl sheete nt verious
ratios of r/t. Tt aleo ghows sgreement between rure
bending and bendinge plue shear. Tor 2 given r/t these
curves give rrohahly the mex irum obtainable values,
beeceuse retuslly the shesr volue holde only for = point
on the curved gheet, Tf these curves do give the
maximim allowebhle gherr stress then there should be
some correlstion between these curvees nnd the results
of pure compresesion tests, since compression stresses
crecte 2 ghesr strees st 45° %o its direction,
It is not to be understood thet the gherr stregeges sre
the ones which creste failure, for undoubtedly the
direct etresrcos play the more important pert. The
reagson for desling principably with the meximum shezring
gtresses instead of the meximum direct stresses is that
thie resesrch wag primerily interested in determining
the maximum allownble she%rinp stress for =irplane
desirn purposes, Tt ie roaiiy irmaterisl whether one
deele with meximum ghesr gtrese or meximum direct stress
»g long ng one is consistent. | ( O mex -2 Trsx + Grin
sometimes (YEdn.eQunls zero whiech mrkeg the
tronsformation from one to the other very simple)

From = genersl regult gtandroint, Fig. 6 tends to
show thet the’inet"bility~faizur@ of curved gheet is

neerly indevendent of the type of losding (thet is, stress




digtribution), =nd only a function of the maximum
gtregs, redive~thickness réiio snd modulus of

elssticity, Thie result et firet sirht npresrs to be

in contradiction with the findinge of Iundquist »nd
Donmell, Iundcuist sucgests from hie experimentsal noints
(ece Fip, 2) that the meximum compression stress on the
extreme Liber st f2ilure (f; in 2 thin-welled cylinder
subjected to mure bemﬁiny‘iﬁmfrem 1.2 to 1.8 timeg the
max i rmm camyressive.str@sa 2t failure if the cylinﬁef is
subjected to pure cémpreﬁnion, and Dommell recommends o

atio cf'l.é. Tn Fige., 9 =nd iO nre plotted Iﬁndquistfszm
and Donnell's results, nnd there spresrs to be » definite
difference between 6’; and 0—; . Yowever, & lerge
amount of this difference czn be aceounted for by other
rezgons then » defingte difference in the meximom stress
that the curved gheet will resist.

First, on an sversge the corpregsion rointes will

be lower thsn the bending hecruse pure compression is
& rmuch mwore gevere type of londing from the strndpoint
of effect of initial!irrerularitiea br eccantricities,

In # pomewhat mathemnticsl form, we cen say that the
Ture comrression values sre 2ffected by the summation
ef =11 indtial dirrerulerities such ag veristion in

rediue, thiclnese, eccentricity of loading and any

=15




initisl gtresgese. "he suthor's exmverience with failure
of curved sheet éefinitely becrs out the shove stotement.
m the czee of vure bendinge, the meximum gtress only =cis
on & comprarstively small portion of the totsl arer,

thue the number of irrerulsritier affecting the sirese
pettern migt rhysicsally be lege, Tn addition, the
srecimers mist hove 2 joint in them if they are mnde

of very thin mcteriesl, in vhieck csege the Joint cesn be
plzeced in the bending test such thet it doee not &ffect
the strength‘of the srecimen, however, in the casse of
rure compresecion, it muet be et ze hirh a stresc¢ as the
rest of the gpecimen, This mry or may not lower the
meximam failing strese, but it is rnéh more art to lower
it than to raise it,

A second rangon, of rore theoreticrnl significence,
for the comrresegion points to be lower then those for
bending is that th@'benﬁinr gtrese ig cnleuleted on the
begis of the original crogs-section, Since seversl men

ot
L

(Brezier ‘3_Chwallm'£3, and THeck 7}), have pointed out
thet the strein of the cross-section of thin welled
tubeg under pure bending is not neglipible, the
calculation of the moximum bending otress bosed on the
originsl secticn is in error. The gtrsoin or deflection
(flsttening of the goction) forees » circuler cylinder

into sprroximately & ellirse. (Chwalla 63). T woe make

the sgeurption that the cylinder ig alwsys of ellintical

-16=




Torm with a c¢ircumference eoqusl tofthrt of the originel
eirele, .(‘trffz’?'t- ig inextensionzl deformetion) then the
chrnge in gection = modulus is piven in Fip. 11,
This fipure showg thnt the gection-modulus decrenses if
the croge-section flsttene, therefore the actunl fiber
girees would b(* leegs then the crlculeted girese brsed on
the originel dirensions of the cylinder.

The onlv rareinine unknovn ie how much flottening
takes Dleee um.ier rure bending, Ne’, Tofre' £e) by the
use of the enerpy rnm,}im founé an eypression Tor the

emount, of flottening whieh pives the minimum energy.

This exrressgion is

2 2
w _ [ Omax
I/ ax t

e

21 deflection

ey

e

where w

TR
ot 4

T = originsl redius of cylinder
O rex

If the cylinder 1e very short the shove exrresgion doee not

meximum Tiber stresg.

it

hold velid, since the length effect is not present. FPor
lzck of » better ecustion or experimentel doteo, 963.1%”ti-ﬂn(29>
wee used in order to sgecure the arproximate gize of the
correction which rust be applied to pure bending

tezgte of cireculsrr evlinderse, 7The resulte of caleu -
- ;o ‘s:!
lating ‘-1-}- from aq. (29 j}.:‘;mi pieking off the wvalue of

Z/EOi‘.r'om Fir,1le for Iumdnulet's bending tests

e




2re seen in teble TIT ond plotted in Tie. 12,

Tig. 12 ghows that this correction btrings the
regults of bending 'nd comrresszion teste closer
torether ~nd it =leo rekes the curve fron coxbined
strese Jdete (.% = 1,0) more neerly the uprer limit
of the ewperimentel points. Tf the first resgon for

the bending voluze tending to be hirher thon the come

e

rresgion iz now teken Indo considerstion, it seeme
logriesl to mrke the steterment that the instsbilility
foilure of curved gheel is nesrly independent of the
tyre of loading ( ths=t leg, stregs distribution), and
only 2 Tunction »f tre moxiram stress, radiuve-thickness
retio znd modulus of elsmgticity. n gore crees in
which the suthor hee been unsble to crrefully study
it moy be neceesary to teoke into sccount the sngle
beiveen the moximm comrregsive riross snd the sxis
of rrincirel curveture in order to ohtsin the

it P W I o ) - g -
Heffeetive rading«thicknees ratio®
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The theoretical criticel stress of cylindrieerl ghells
hea besn investieated by seversl ﬂﬁn.' rendtl®) showed
thet the general syrlication of Yavier's simple bending
theory to thin-wnlled bherme ig no lonrer nermiceible be-
ceuse of the poeeibly lzrge streoin of the section under
leed, The bendine of curved thine-wzlled pirnes weg investie

nted by von Marman 10) vut hie results ¢o mot =vnly to
strairht pires. The first to gtudy the nure bending of
infinitely lonr feotroric eirculsr cylindriesl shells wrs
Brazier 5), Te ghowed thst the bending moment does not
ineresse lineerly with the curvsture of the shell sxis
and thet 1t zesumes = moximum (eriticel) velue for 2 certein
curvature of the shell axis, for greater curvaiurae the system
is no longer strhle, Fis volue of the eritiecsl stress is,
O'\(ez‘i‘ticml) = 4329 % % (30)

where E = Young'es modulus 1bs/sc.in,

t = thieknass ing,
r = rodius ins.

Prazier arrives st this reaenlt by neglecting the
higher nowers of the disnlsecerent comrmonents v ond w relstive
to the first rower of thesc cuantities, 2nd by solvine

s

exactly the

resulting differsntisl equation,
e w ls the normal disnlocement =nd v the tengentisl)

Chwslla €7 obtzine » eolution of the same problem by




uging sn energy method »nd sgeuming an arbitrary
ellipticel deformetion, such that the circumference of the
eroge section remeins constent and ecuszl to the circumference
off the undeformed shell, rerardless of the megnitode of the
strsin. “ie value of the eritical stress ls,
O eritiers1) = 370 F & (31)

is interesting to note here thet Chwalls heg zitermted

ft

It
to develor = lerpe Aeflection theory =nd it is only 1575
different from Trazier's aguation,

Veck 7) mede sn extension of the Preazier z2nd Chwslls resulte

i

to the crre of ellirticel eylinders in Ture bending, He arrives
at o golutlon by an epergy wethod rfter neclecting higher
wowers of the dellection Cﬂﬁﬁﬁﬁﬁﬂtﬁ v rnd w end their
derivetives relintive to the Tirst rowere of these cuantities,
Ag p resgult of there gimplificstions the vnlidity of his
formuls 1ls confined 1o relstively emnll vrluee of v and w,
Teek'te ecustion checle trsgzier's when the two axeg of the ell-
irge sre ecusl, A few eprerimentsl teete on ellipticnl eylinders
Tent about either the mejor or minor sxis check hie
results cuite elosely,

¥one of the rrevicus Investigetors of cylindrical
shelle hoave congidered = e-ge which srrroximstes =
noge gection of rn airrliene wing, ™n the regt of thie

theeir thin-welled ¢llintical eylinders suprported et

[FI5 SR8 .
»

the minor syis will he refered Lo rg nose-gections,

-

t dig the ohject of the pregent investirstion to moke

a8 rreliminsry nelysis of this type of section,

=20~




One of the simnlest csoges which conld first be
considered ig that of & eviindric=1l half circulsr
ghell gurmorted =2t the tom =2nd bottom =2nd under the

eetion of yure bendin~, See Fip, (A)

BM , 5”7

The surrorts 24t tho tor smd Tottom simuleste besm c2ps
in =n sctusl wing., Tt 18 =4 onee aprerent thot this
rroblem Ig cuite different from thrt of Rrezier's or
Tecek's Tor the surport to the tube is sreatest where
the gtress 1s larc~ect,

The most Qif:

1z the determinetion of the Torm of the deflection

znd the vresent rrodblam fg no exeention, Geversl methods
of obtalning the forr of the deflectisn of sueh ¢ section
were tried but all friled,s Finelly the idea of external

rreggure woag concelved Prom Srezier's morer.

T n eurved sheet is strained in bendins by end-
momente (2¥) {(no gherr foreeg) end we consider nn element
cut out of the gtote of ecouilibrium oceuring after
bending, we cee thnt the reenitsant forees Fe, Fnp of' the

bending roment heve ¢ resvltant vressure T whieh tends

D] -




1o comrrese the slement perpendiculsr to its oxis.

k)

See Flg, M,

Tr A golid erose rectlon thie tronsversal rressure is
shsorhed witroni noticcabhle deformeationsg of the cross
geetion rrd therofore is #n unimvortsat frotor in bending

Tamayver with thin wolled hollow rrofilee there

reaulte = @eorarge in bendine rtiffnese which Troduces

L T

s imersoss of the curvesture of the sxis--consiuently

further irnereasa »fF the ftrenaversel mrassure,

. e
T & Flhap ia *he nxial diraction is considere

sg A part of £ hooo with ¢ rodiue of R end =n internsl

e~
rresgure Py 4 the followin~ 2oustion is obteined,

o~ BE (32)

Fror the usual srrroximstion for the curveture of the

i}

oflection curve,

b

-

ﬁg\f - l
dx= R B! (33)

l

g (34)

it
HiE
L}
3
gn
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Substitutinge: eq.(ﬁzim. eq. 34/end using the

relstionshiv of eq.;ﬁﬁ}

Pl A 3

or
RE (36)

This ie the ecurtion of the losding on the cross-

gection 2g & funection of © snd r., 7Tt represents £ verticsl
force down on the top side »nd up on the bottom, n

order to convert this to = rressure normel to the

ehell surfece we must multiply it by sin e .

Thue 4

P o= rt gin® © | (37)

)

The problem of deflection con now be spproached from
the gtendpoint of & infindte tube under sn externsl
pregsure of the form of equation (37)., See Fig. 13.
Nividing the tube in half, =nd applying the neccessory

foreee we have Fig. C.

D3 =




a. Q.
Q

T P, is vositive when scting
down =nd bending moment ie positive
when the comrregseion gide ie
inside of the ghell, then the

roment £t sny voint ¢ is ecusl to
r
z = : - Xc dX
Me= Mo + fxcP‘ (x =%) (38)
A (r‘)(c)

,-1an X = r coe , then

% = -r £in® a6 + cos O dr
if dr is sssumed to be very smsll

then dX = -r ¢in® g @ ,

Substituting in eq.{?:&?, integrating
and collecting, the moment 5t sny

voint is ecus=1l to

Fie. C,

Er T 39 - G O cos®
= —F r(1-cos6)+ =z [4sSIN6~
Me = Mo (1-cos8) [ .G s coste| (39

For 2 long circular shell the differential equation for the
deflection normel to the surface (w) in terms of

bending moment per unit length of the shell is,

div 12 (1~ M
W = —
dex ¥ Et?

Substitutinge in the sbove exrregsion for the

(40)

bending moment [_Qq. (’“3} the differentizl equ~tion
of the deflection curve becomes,

-y TR r (1- e
W == 12(1- ;«2’" MOEr o (1-cos6) (41)
Et 65:n36-66c-56+65u~46cas%)

12R?
‘34_




To be consistent with the rsesumption that dr is very
small, then w, must be emall in comperison with r.
The asbove differentizl equation holde exsectly if
this condition is sstigfied.

Equatimn(4§ con be solved by the method of
voristion of parsmeters, After collecting snd

simplifying)the golution becomes,

w =C, siNn® + C; cos © — 12@;1??"2 M.

12 1-<d r’ e
4 T Fe (1 sme) (42)

(-« rs (5~ 662)5::49 (1e+:se)cose +751N0 co.s?‘e
"Z1ER? |+48 cos36 —4 siNBcostO-32 cos :)

This is the general solution of equation(ﬁ%,

and it is geen th»t there sre four unknowns Cy
Cny loy and Po, So far nothing hes been said sbout
the tengentiesl deflection v. Since it h=s been
noticed that in the csge of bending thin rings the
displacerente due to extension of the center line
of 2 ring =are very small in comparison with the
disrlacement due to bending, the former usually
csn be neglected, Thus the condition of inexten-
sional deformation of & unit length tube cen be

ageumed to hold, ”h@ equation “or this condition
11)

according to Timoshenko is,
de Ve \s
Substituting in the value of w from eq. (42)

integreting, collecting and simplifying, the general

=B




ecquation for v becomee,

V= C3 —C €cos®@ +C, siNO — '20£A£?r2Mo o

1R(=aA PR /2 1 L rox®
=T @25'"“2“5)

- 5

- .(.’__Z._*;_)__g_ r ’6 —27e)sm9+(36+66)c°se
41°R

342 ”2 SINO coO —~— cos3@

*LS!NGCOSG icos (s}
N *s _J

(44)

It ie now arpsrent thet there are five unknowns
€1 9 Co 4 Cq 4 Vo, ond To, v?hich miet be evaluated
by boundery conditions,
Uron examination of Fig. 12 the following
boundary conditions 2re discovered,
(2) W=0 at ©= i due to surrortine action
- of beam cap,
(b}c;iey:o at ezgz due to fixed end condition,
(e) féy:o at @ =0° due to symmetry, ' (45)
(d) y=0 2t 6=0°due to symmetry,
(e)v=0 atezai cue to suprortine action
of beem cap,
Subgtituting thece conditions in eq's. (4.2), and E'f‘/';,
five equations =re obtained which when scl.lvecl 4
simultaneously sive the Tollowing vslues for Cq s
C, » C, y Yo, and Fo, v

2 .’3 :9,,,
cl = 4_%27—?2_' ‘ (486)

(1~43) " (47)
t?. Rz‘

C2 = ""7.037

*D6w




5
(1-«3) r
= -10.1333 —5=
C3 t*R (48)
| Etr3
Mo = e 4825 R?.
(49)
Et r?
F= 19765
° R% . (50)
Substituting these velues in ecuetion {39f snd
e::iu&ticn{éf_{?, the bending moment becomes,
3
_ Er t _3 4 gcose+é— sin3e —L g coso
e R | R & '
¥ :;_swae cos © (581)
end the normal deflection becomes,
. (1-43) r°[(12 ~66%++7.4400) smE ]
T 4 t*R? |+ (52.1524 -156) cos ©
+ 7 sIN © cos*6 +4.8 cos30
— 4 5IN6 cos’o -32 cos° 8
| - 71,7139 4 e2)

A vlot of w is seen in Fir., 13.

CAICULATION OF "NEECY

In order to determine the critical stress of
the egection in question the princirle of minimum

rotentisl energy wes tried. The assumption of

infinite length eliminates any end effects. Since
all gectione of the ghell are strained eqgual amounte,
the snnlysis can be restricted to & piece of shell

of unit length. o7




The potentisl enercy in the shell ig comprised
of three narts, '

(a) The energy of sxisl bendins stored up

in the length-wise elements of the shell. Vi

(b) The enerpy of deformation of the cross

gection corresronding to the strain of the shell

section. V,
(¢) The energy of deformation of the oversll
length of the circumference of the cross-

gection, Vﬁ

n general Vn will be very smell and due tp the
sesumption of inextensionsl deformetion it will
be zero in this cage, Thug the totzl enerry in the

shell is ecusnl to, ,
‘G-: jJé + \ﬂ;

The renersl expregsion for the strain energy

of bending ls given by the ecuation,
PN
V.- EL Y dx
B~ 2 dX

from the usual arrroxirstion for the curvature of the
deflection curve,

dy _ L

dx? R
Therefore

_EI
V@,_ 2 Rz.

28w

(83)

(84)

(85)

(56)




This assumees thsat the value of T does not change
mich which ig 2 consistent zesumption with those
msde rreviously,

The energy of deformation of the c¢ross section
V_  ie ecuzl to

c
01 r
\[c = 2F ]’ d¢ (57)

Substitutine in t?e valuee of T'y I and the limitse
for the cese 2t hand,

Vc:’?‘(' ’“)[M rde (58)

Substituting in the vnlue of the bending moment
(ecuntion/ 51}) intesrating, collecting and

simyliiyxnr, the enerry becomes,

\[ =5.82 (;:;‘QE'" (59)

Thue the totsl ener~y is equ=l to,

_EI (1-4?) E r’ (60)
Vi zre TR Tage

The condition that RQFequwl s minimim with resrect

to the radius of the =xis of the geetion determines .

the mecnitude of the eritienl bending moment.

Towever, #n insrection of the nbove equation shows
that it hes no minirur or meximum except st R equel .

to infinity, which correstondes to zero bending moment,

20~




Since it was found from experiments
(Table ITI) that = specimen built to satisfy the
conditiong for the sbove theory (accept not of
infinite lencth) hed a definite eritical bending
morent, then something muet be wrong with the above
theory. It was noticed in the experimente (which
will be described in detail later) that the failure

woeg of a very loeal neture.

Local Instebility

In the cage of local inetability of thin
curved gheet under compreseion Dr. J. . Lipp in
his Noctor's thegielZ) saysy the generally =accepted
relation for the criticsl gtress of thin curved

sheet under comprrecrcion is,

cr.

6\ =.3E —il’:'_ (el1)

The sbove equation ie of correct theoreticzl form but
has an empiricel conetant. Table ITI shows ressonsbly
rood agreement between this ecustion snd exrerimente.
It is believed thet the conclusion to be
drawvn from this is that semicirculsr nose sections
£2il by locsl instobility rather than any flettening
rhenorenon. It is interesting thet even in the cage
of long unsurported tubes under rure bendine ss those

nrazier-tested®) thet loesl instebility of the

e ie




curved gheet taleg nlace before general flasttening.
This wre noticed by Brazier in some tests in

which he tried to verify his theory on the

ceritical bending moment of long thin tubes under

rure bending. In his parer he gtrtes thot he

made the tubes especislly long so that end effect
would not enter in., Yowever, he went on to strte

thet even in gpite of the long length of his specimens,
the eylinders friled locally before reeschins & eritical
bending mowment csused by flattening. 1Tie egreement
between theory =nd experiments wre not bad since his
theory gsave (see ecustion (3(33) 0. = .327E t/p
which is less than ten percent greater thanrtha

vzlue given by the equstion for locsl inst&bility.(*qiﬁi)
The theoreticsl zssumrtion of an infintte length tube
arpears to give erroneous theoreticel resulte for
tubes of & reagonsble finite length. The gener=l
conclusion ig thet the foilure of semi-circulsr noee
sections under pure bending ie » regult of

ingtebility in » locslized srea rsther then ¢

general failure involvine the whole eross-gection

and it must bhe deslt with 28 such.




g TRTLL U T A VT ORT
IV EXPFORIVENTAL TNVTSTICATION

Since no experimentsl resulte were availsble on
the gtrencth of wing noce gections st the‘berinninf of
this regearch, it wrs thought advisesble to srend =
leree pert of the inveétigation on exrerimental worlk,
for o certain 2mount of'exparimental work is necessary
or desirable before satisfactory theoretical work
cen be done. Tn such sn investiretion it is difficult
to decide just whers to begin, for an airplane nose section
hag four main veriables b@&idéa the meterisl used, These
four varisblees are; the thickness of the materisl,
(t),the emount of ellirticity, (i.e. the ratio of a/b, see
Tig. 14), the lenrth or rib sracine, énﬁ the ratio of
radius to thicknese (R/t or b/t)s Tn addition to these
variables of dimeneion of the section, the load imposed
on =irplene nose sections may have almoetlany ratio of
bendins morent, ?ertical ghear aond torsion. The
vrediction =t the onseﬁ'of tﬁe moet importent fectors
wes Tracticelly imposeible so the work hed to adopt en

exrloratory sttitude..

Degerirtion of Avvaratus

The requirement of any ratio of bending moment,
vertical sherr »nd toreion necesgiteted 2 erecizl
testing machine., Ag = result »n testing mnchine woe

desirned =nd built in vwhich srecimens could be tested




under sny combination of thegse three tyres of loading,
See Tirg., 31, 32, and 33. The machine ie comprised of
a fixed faoece pleote which is seen st the right side

of Fig. 31, »nd = movable face vlate which is frstened
to & lozdine erm, (Center of Fig, 31.,) Omne end of the
gpecimen to be tested ig fretened to the fixed face
rlate and the other to the moveble one. The movable
free plete end loading arm are supported by wires which
hang from 2 knife-edped lever gystem csusing the wires
to exert 2 constent force independent of deflection.
(ise. verticel motion) The loeding head is thereby
made"flontingy and cennot by itself produce loads on the
specimen. The lnife-edped lever sgystem is supported

by = carrisre which rolls on wheele ensbling the whole
loading head to be moved back and forth to sccommodate
different length epecimens, Torsion is erplied by
fastening s second loading srm ot right angles to the one
seen in Figs. 31, 32, and 33, This second asrm cen be
fretened =t different roints on the first srm snd 1t also
is supported by & constent force wire, Varioue types

of loazding are obtsined by placing » eerew=-jack at
different points on the loading arm, The screw-jack
zets on @ dynamometer which messures the aprlied force.
The dynamometer rests on the base of the machine to
which the fixed face rlate ig faestened. TDetween

the tor of the ecrew-jrck snd the loadins ~2rm there

3)

2 2

is 2 ball joint similar to thet described by Donnell
which eliminates the roseibility of any moment being

applied or resisted by the loading device,
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The mechine hoe been degigned to withetsnd
1,000,000 in.-1be, in bendin~, 1,000,000 in.-lbs.
in toreion, =mnd 50,000 1b, in direct ehesr, with &
factor of gafety of four. It is built ur of large
I-besms secursly frestened together with three-guerter
inch bolte or welds,

The pure bendine teste »nd some of the rure
torsion tests were mede in = machine degcribed by
Donnell in ref., 3. Thie machine wes 2lso bullt at
the Californis Tmstitute of Technolosy and it hes =
capseity of 500,000 inslbs. in bending and torsion.
The short torsion srecimens were tested in & 50,000
inslbs.  Olsen torsioﬁ teeting machine. The strain
mezsurements on some of the specimens were msde
with Muggenberpor extensometers which heve 2

marnification of arrroximotely 300 times.

Nogerirtion of Srecimene

The srecimens were ellipticzl in form with & beam
2lone the minor sxis. This simul-otes two sirplane nose
sectione on ¢ common beam epsr and testine it =28 2 unit,

The effect of the sper wrs subtfacted in order to obtain

the load carried by the curved sheet itself. (gee Fig. 14)
The beam was desirmed go that it would not carry an appreci-
ab:le ghear losd, however, in order to be sble to go to the
reouired etress to fail the sheet, prusset rlatesg were
necessary in the corners, Theese pueset plates obviously
mede the end vortione of the test rection much stiffer

in ghesr, (see Tir., 15) After eight tests and consgiderable

work,
~34=-




it wog decided thst the sper would have to be elimineted,
for even ofter 2 rrent desrl of study of its effect,
the influence of the sper on the behsvior of the specimen
wae doubtful, A sammle of the tyre of results obtained
in this mornmer ig seen in Pig, 34, The difference in deflec-
tion wss measured by two Adial gaupes mounted #s shown in
Pigs. 16, and 29, The method found to be the most succees-
ful after trying several different extensometer methods,
was to calibrate the load in the besm alone =s a function
of the difference in def'lection, The calibreotion
wag nearly independent of the lencth of the moment
arm and it wzs sssumed thst the besm took the seame
amount of load Tor 2 gpiven amount of deflection with
or without the sheet., The chief difficulty with thie
method wse theat the moment tzlten by the skin was emell in
comperison with that taken by the beem (apprroximstely one-
third ).

Because of the difficulties mentioned sbove in
evaluating the effect of the beam, it wes decided
to gimlate the beam ca2me by verticsl spacers which
could move ur and down =nd rotate about the center
or neutral oxis of the beam (see Fir, 17). Tach
sracer could move vertically relative to the onesg
next to it, thus the specimen could tske any =mount
of shear deflection 2nd not be effected by the beam

surrort system., Tn order to prevent the elin from




buckling between the svacerg, strivs were placed agbove

and below the Jjunction of the two semi-elliptical sectiong.
The thiékne&s of there gtrirs wes chosen such that

they would h=ve a sliphtly higher buckling load then

that of the sgheete., Tt cen readily be seen that these

strirve (.O3P" thick) would contribute 2 negligible smount

to the shesr strencth snd talke = definate ecalculable
smount o

f bending moment., This method was used on all
of the teste exce?t.the firat eiﬁhﬁ. B

At each end of the gnecimen there was a steel plate
one inch thick (see Tir, 17) which had the cross—section
of the srecimen, vlue a2 two inch gtrip in the middle in
which to put in the above mentioned beam suvport.
Thege rlates served two prurnoses, first of a2ll they
held the ends of the srecimen to the correct contour and
eezcond they rrovided = hase which could be conveniently
featened to the fzce plstes of the testing machine,
The sheet was firmly held to the solid steel pletes
by 1/4" bolts which were screwed into tapred holes.
These bolts were sprced oné inch apart 211 around
the circumrference, On speeimens vwhere the feiling
etreege wes quite high cﬁv&r nlates were placed between
the bolt hesds snd the srecimen in order to distribute
the force due to the bolt. Considershle care was taken
to ineure ench srecimen beinr as acecurstely formed as
roggible, The rThuwaicnl rrorerties of the meterial

ueed are given in Firs, £2, 63, and 64,
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Txperimentzl TNegults

o) Bendine plus vertical sheesr tests.

The firet type of tests to be run was bending

rlus verticnl shernr of semi-ecircular nose-sections.
The data obtained from these first tests are shown in
Table V &nd plotted in Tige., 35, end 36, TFir. 35 shows
the average shesr gtress, which ie obtained by dividing
the verticel load by the total sheet area, plotted
acreinst }_ , where } is 2 non-dimensionel perameter
Tr r
equal to the moment teken by the gheet divided by the
shesr times the radius. The roints for ultimete snd
buckline strece Shdw little if eny correlation. It
ie believed that if the srecimens were perfect and
loaded correctly, the ultimate end buckling loads would
be identics=l in every cnse, Usuelly if both specimens
on erch side of the center line buckled =t the s2me
load, thet load wre 21so the ultimate. By ultimate
ig mesnt that load =t which deflection increares with
no inecreage in lo=d,

The mexirum comrregeive stress withstood by the
srecimen is shown in Fig. 36. These values were
calculsted on the basis of the stendard beam equetion

g = ¥ . The arreement between the calculated
meximum strees by the above method ahd that mesgured
by Mugrenberrer extensometers is seen in Table VIT

end Migr, 40, Theee “ipures ghow thnt the correlation
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ie fairly good, thus rermitting the scceptence of the
celeulsted values, The curve in Fig, 3€ tends to indicste

that for any veslue of %; rreater than § the maximum

T
comrressive etrese is nesrly inderendent of M _ . The
Vr
slight decresse =2t larger velues of !} is expleined
vr '
later. The shape of the curve for vrlues of M _ lese
vr

than 4 ig primorily roverned by the shesnr strength
of the specimen and sbove that by the bending strength.
Obeervation of the tests indicete that for veluees of
%L greater than 5 the friling oend buckling lozds are
igde?endent of length., The rezgon for this le that
the wave which is formed uron buckling rune very
nearly normel to the leading edse 2nd is narrow in
width., Such 2 wave pattern ie independent of the
length of the erpecimen unlese the specimen becomes
very short.
The second set of derta ig shown in Table VI
and rlotted in Fireg., 37 and 38, Fig., 37 is similer
to Fig. 35 except for the sheet thickness. Ag=in
there is no correl-tion between buckling and ultimnte
stress, for all practiczl purroses they zre the esame,
The third set of drts is ghown in Teble VIT,
end is plotted in ¥ig*s. 39 snd 40, The sprecimens
were gemi-ellirticel sections with » mojor to minor
axle retio of 2 to 1, and the same thickness as
those in Pigs. 35 and 36, Figure 39 givee the

variation of the sverage chesr gtrege ns & function

R




of gg where b ig the minor axie. The meximum
bendine etress is plotted in Fig. 40. This fipure
indicetes thot g¢imilar to the csge of a/b = 1, Fip, 36,
the mexirum comrreseive rciress ig nearly independent
of ¥ for velues grenter than 3 or 4, The resson for
the slight @ecreage in maximum comrrescive stress
will be dealt with lester, Agreement between the
caleulated values of the meximum compressive stress and
measured is interesting., Tt chould be noted that usually
the measured value ie lesg than the celculated.

Test resulte for the ceege where the ratio of
8/t wes equsl to 3,0 are shown in Table VITI. The
data are v otted in Ficg, 41 and 42, The ghare of the
curve in Pie, 41 ie very similar to the previous ones,
however, it is much lower, The sbsence of o gerious length
effect ie arrerent from the froet thet for the two
lensths rlotted, there is no arrrecisble difference.
Pig. 42 ghows gome difference in the maximum bending
strese for pure béndinp of two srecimens of different
lengthse. Thre resson for the aryerent peak will
be diccuseged loter,

The resulte of all the tests for one thickness
are shown in Firg. 43 and 44, Tere one gees how
merked the influence of the rstio a/b is on the
gtren~th of =2 gection. Tigure 44 definitely shows
that for reotioe of ¥ rreater thon 4 or 5 that the

ghear force hag little to do with the failure.




b) Pure bendine of nosce sections.

Since the =bove regnlte cghow thet the bendings
strength dominateg or sroverns the lsorger portion of
the range of reotios between bendines moment =nd
vertiesl shezr, it weg believed advisesble to
etudy rure bending, Toble X end Fig. 45 give the
exveriment=1l results obt~ined by making rure
bendinr teste on severnl noee gections of different
ellirtieity. ™ig., 45 ghows the maximum bending
etreae celculated by the s'mple bending ecu=mtion,

rlotted againgt the ratio a/b.

¢c) Torsion £esta of nose cectione.

As no test resulte were svailerble on allowsble
torsionzl stress of ellinticel cylinders surrorted
at the minor ~xis, it was egain thought sdviseble
to study rure torgion on nose sections before =2dding
torgion to the crse of verticsl ghesnr nlus bendinc,
The tyre of srecimen uesed wag the ssme sg that
deseribed under the section on erecimens, The resulte
obtained from the firet set of teste sre seen in
Table XI. The gheer etress at buckling snd at fallure

were celculzted from Batho'es equation [ = tz

in which the oririnal enclosed area (A) wes used in
both cases., The resulte in Teble XTI are plotted in
Pir. 46, Mere we see thet the stress st buckling

f2lle off =& the retio a/b ineresges but the feilure

stress decresses 2t 2 slower r=te then the buclkling,
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The reason the buclkling stress fzlles off is becruse,
2g the a2/b retio inerergee, the effective flat sres
becomes larrer, the failure strese then octs in a
different manner beccuse for = large a/b & diaponal
tension field is set un after buckling., The nose is
very strong for large a/b roetios so insterd of the
waves going around the noge, it nets 28 2 gtiffener
which e#n resist tenelion foreces, which of course
results in 2 tension field,

Fige, 47 ehowa:the effect of a/b rotio on anguler
deflection of the,ﬁecﬁions under torgion, Again the

torgional strese wre obteined by using T = It
‘ A2 5

where A was held constant at the oririn:1 enclosed area
It ls obvious from these curves vhere buchling takes
rlace, and the effect of the disgonsl tension rield

cen 2lso be geend

Cne im?ortvnt’question ie the megnitude of the

effect of chenging the ﬁmt&riﬁl P —
strencth. This wes anewered by useins two different
materials 248T and 2450, see Table X777, This teble
ghows thet the torsionsl strength ie not very eritical
to chenge in moterisl, In this erse the retio of the
two defined yield ?oﬁnts of the materisl was 4,3 end the

atio of the chanre in strength wae only 1,23, (Vield
roint for 2450 ie 109000 lbs/sa.in., ) Thus, smell
varistions in the vtroperties of the meterisl used in

teeting are »ot imrortant,




Since most sirrlene menufsetures form the nose
sectione by rulline the eghect around the ribs =nd rivet-
ing it down under bending estress, it wag believed desgir -
2ble to determine the mapnitude of the effect of preforming
the curved gheet inste=d of having the sheet under
initial bending stresees. Chonge due to this bending
gtress and for the rerticulsr section whose dimensions
are given in Teble X711 is €,7%. This effect of
bending stresses on toreionzl strencth is undoubtedly
2 function of R/t and a/b and the tests given in
Table XITT only show that it doeg have an effect,

One of the most important variables effecting
the strength of thin-gheet cylinders under torsion,
ig ite lensth, Tn order to be #ble to measure the
magnitude of thie offect on nose-gections, several
torsion tests on srecimens of different lenpgth and of
two different thicknesses were made, The results of
these tests ore tebulated in Teble XTIV, and sre plotted
in Tirg, 48 and 49, Tere sgain the same equstion

T - Et wag ueed to obtain the critic=l stress.
The theo;etical curves plotted in the two fipures were

calculated by the eguation given by L.¥. Donnell. (Ref.3)

_
L* V4
2tR (€2)

2
(,..M?)% =46+ 4/ 78 +1-6‘7(Vr—x43

The above equation is for short and moderstely long




circular tubes clrmped ~t the ende, Tt muet be

kert in mind th't the =bove equstion ig for a cylinder
with 3€Q fepreee of unsurrorted arc, where =g the
exverimental rointe geen in Fig., 48 and 42 are for
only 180 degreee of ungurrorted arc., The experimental
curvee chow thrt the lenrth-effect is very nesrly the
gsame g thot for 2 cylinder. Undoubtedly by chenging
the boundary conditione used by L. ¥, Donnell 2 solution
could be =rrived »t which would corresrond to the

case ot hand., The res on for the exrerimental curves
falling below the theoreticsl onee for length/redius
retios less than 2, ie thet the shorter the length

the lerger the number of weves in the circumferentiesl
direction, 2nd ae¢ the number of waves increaces the
effect of the amount of unsurrorted are decresses,
Tris neturally ceucee the experimental results for

a gemi-circuler nose-section to aprroach those of
circulsr tubes whoge aversge exrerimentel velue is

about 75 rercent of theoretiecanl,

d) mneflection in bending rlue ehesr tests,

Tn the decipm of 2 moderm wing it is necessary
to determine or estimste the amount ¢f lo2éd carried by
the varioué elemente of the wine, The nose-section
hee =2lways crused trouhle in this resrects ™n the
rresent study 2 deflection curve w%s obtzined for

ench erecimen, T™hig deflection wse troken as the
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difference in deflection of two points on the specimen,
{eee Tir, 3C). As lon~ ng the fixed end plate was
fagtened securely to the testinge mrchine, this means
of measurine the deflection eliminated the effect

of end reinfprcement on the bendin~ deflection.

It is believed thet if the decirner of a wing knew

the rrte of deflection with losd for the nose-section
end the main besm or besms, by 2 method of equsl
deformations he could tfcﬁortﬁon the losd carrisd

by e=sch,

A plot of ﬁhe,exfmrimentnl dete ig shown in
Pigre, 50 =nd 51. ’These curves hove considernable geatter,
but they definitely show & trend, =nd FPilr. 52 pute
this trend in = form which czn be used by a designer,
In thie figure is seen the deformation pér inch
rer unit @vermfe ghesr gtregs, eps o function of MW/Vr,
Tt muet be understood that this'is an arrroximate
curve snd only giveg the order of megnitude and trend,
The curve wse drawn such that it sivee the circle
reinte srester weirht, for it was felt that these
rointe were mbre relisble, lore date recerding
thie effect should be obtsined in the future,

It is Interesting to note the mernitude of the
rate of defleetion. It sctually aprears to be between
50 and 100 timee thset of 2 solid bheam of equivnlent moment
of inertis,, Comrrratively little work has been cdonc

on the subject of deflection of monocogue structurce,




but seversl men heve mentionad thet the deflections will
be considersbly larger, however, little published d=ta
on the exsct mepmitude 2re =svailable. The testes shown
were run cuite carefully and all ecrewe snd bolis were
tightened =g tiﬁhtly'as nogeible before every test.
It is known that the sheot mey glip some, but the
holeeg in the gheet were drilled exactly the size of the
screws, which screwed into a 1" thick steel block,
keeping the amount of glir small,

The pregent work on deflection of sghelle indicetes
thet mueh more work is necescgsry, The curves in
Fir, 51 definitely show thet the deflection is not
linear with load (even before buckling), as with o
solid beam, ‘nowledee of the deflection of chells is
importent from the standrpoint of overazll flexursl rigidity

which affecte flutter »nd vibration celeulstions,
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CONCILUST(NS FRQOY EXPORTITENTAL WORK

£

The exrerimental resulte =re not adecunte to
riﬁe meny definite conclusions, but » few are roscible.
First, it c2n be gnid that for reotios of g; rreater than
2 or 4 the buckline etrees of 2 nose sectggn ie necrly
inderendent of ite length, f.e. rib epreing, unless the
length becomes verv emall, Second, theat for retios of
¥ _ lees then 4 or & the buckling etress of 2 nose section

Jr
ie governed by the sheer egtrenrth and for rreater velues

i

of ' it is controlled by the bending strength. Within
Vr
recgonable limite the value of the average ghear etrese

at failure for voarious valueeg of %; cen he extrarol=ted
X
to other ratioe of r by assuming it to be directly

¢+

rrorortional to t.

Tt c2n be s?id that there ig fair sgreement
between c2lculoted meoxinum benﬁinr-strees beged on
the stendard ecustion G = %ﬁ end mesgured velues,
The effect of incresceine the smount of ellinticity
rreatly reducee the bendine and gheer strength of
nose sect’ons, Under torsionsl loads the stress ot
tucklin~ falle off ag the rotio a/b incresses but
the feilure gtrese decresscg 2t 2 glower rate than
the bucklincr. The sherpr nose on an ellirtical section
hes very strone resistence to buekling and cen withstand

lerge disgonal tension foreces. The torgionnl gtrength

of ellirtical noce sections ie not sensitive
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to slirht chengee in vhysicel vrorerties of the

material, Tnitisl bendine ctresses in a curved sheet
tends to decrespe ite strencrth but not in a vital way.
The length effect of semi-circuler gections under torsion
ie similar to that of a circulsr tube, @and can be

obtained by L.H, Donnell's theoretic=l equstion. (Ref. 3)
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v DISCUSSTON AND AFPPLICATION
TO
DES TGN CALCULATIONS

Tt has been advocested by some men thet more then one
tyre of loading always reduces the meximum load which
the structure will take. %.T. ILundcuist stetes in
Ref. 2. that when =n elastic body ie subjected to one
tyre of loading such as torsion, rure bending, compression
or any other loading, it has in general a definite
resistance to that loadin~ at which elastic failure
oceurs snd this resietance is ordinerily different
for each tyre of loadinrs., Tf such = body should be
subjected to two or more different typec of loading
similtaneously, it cannot offer =g great 2 resistance
to either type of loadine as if that typre of loading
were actins alone. Tn such & case the following

arproximation mey be used,

f_'_ ..i&-*....... ﬁ"__:l (63)
S, Sz2 L

h

where S¢y Soesesssssseessadn are the allowable stress
valueg for different types of loazding actings alone

on the body, 2nd f4y5 FO cesneecssessesfn are the
allowable stress vnlues for those seme tyre of
loeding when nctine cirultesnecusly, An obvious
modification to the 2bove equation and »
geperalization ie,
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(64)

£ o (5, o (R
+ S, + +(Sh |

where 2, Dessesesed are grenter than zero., Tt
can easlly be seen thet the sbove eguation covers
the specisl cssge piven by equation{?%l Pert II,
T™wo examples in the present invéstiyation
are interesting exceptions to the above idea or
notion, It is rossible for 2 thin-walled structure
to take more bending moment when accompanied by
a certain amount of ghesar, then it can with Jjust
a Ture bending moment (see Table TV and TFig. 42 )
A plot of some experimental datse which shows this
effect is shown in ¥ip, £3, Considerable séatter
is seen in this figure, however some points are
noted which definitely have both more shesr and
more bending moment 2t failure than others.
Becsuse of the rather large amount of geatter in
Fig. B3, the =uthor docided to invegtiprate other
exrerimental date before drawine the conclusion
that the 3bovermentioned phehomencn really exieted.
™n Y.A.C.A. Technical Wote 527 (Ref, 13) on
ellirtical ecylindere under combined bendine and
shear, the author discovered the gsame effect,
Fir. 54 shows a 1Tlot of the experimentsl results
ag tobulete? in the rerort, Iere ig seen not only
en effect on the fnilure lo~d but also on the
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bucklin- lond., After recucing the céats into a
form of etresses which trkeeg into sccount varistion
of skin thicknege, Tipg., EF ie obtrnined, In this
fipure the ordinates ere directly provortional to
the bending moment., These dets definitely prove the
statement mode above, Uron further seerch a most
interestine examrle wag found in o paper by H. Fbner
(tef., 14), Tn this perticulsr case the tests were
made on gtiffened circulsr evlinders., The exrerimentel
resulte sre given in Table XV, This table shows thet in
every case the ultimete bendinge moment was higher when
some vartiesl ghear wee preogent. This effect has never
been mention«d before =~e far =s the 2author knows.

The results of the firet pert of this resesrch
are very useful in desirm celculstions. For
examrple, gurrose one wishes to know the curve of
aversge allowsble sghear gtrese nrrinst M for a

™
semi=cirecular nose cection of different thiclness

than those inves*irnted in this research. Tn
Fip. € the value of the critics1l sheering stress
is given 2e¢ 2 function of RN/t and L/%, from this
figure 2 value of the meximum critical stress con
be picked off =nd then by the use of Wig, 4 the
allowable estrece for v-rious valuee of }_ con be

Vr
crlculated,




Of course the resulte riven in Tire. 4 and € are
for cylinders and not nosce gections but they should
give a fair avvroximation,

Ag a check the zbove method wese uséd on the
two cnses shown In Yigs, 38 end 37, Tere the ratios
of R/t and 1/7 are known, and from Fig. € it is seen
that rr-max = 10,000 1lbe/sq.in. for the first csse
and &€,000 lve/sq.in. for the second., Tn Mir. 4 one
sees that “Uaverage - Thex/2 for voluee of ¥
lese than 2 snd ‘T‘average = T mex/y_ for valﬂga
greater then 2, The regults of thege anculations
are seen in Tipe, 5€ ond 57, The spreement ng far
a8 vgriatﬁon with ;L is very good but the megnitude
of the calculated iﬁluea are a little high, Tt is
intereetine that the celeulated curveg sre higher
than the experiment~l, for one would naturslly think
that the noee section had more surrort and would
therefore be stronger,

inother method which ¢an be used on ellirtical
noge gectiong as well zg eircular for extrarolating
from the experimentsl results given by thiles resesrch
to different ratios of radius over thickness, is to
assume the criticsl stregs is directly rroportionsl
to t/r. This is & good mssumption if the smount of

extrarol=ation in not teo large, which ig not likely

in most modern airrlanes,

=51~




n 2n actual degirn of 2n nirhléne noge cection
the etructursl designer or engineer hag little or no
control over the shape of the wing noege, which is
determined by the serodynsmicist. Fowever, he doee
have some control over *he rosition of the front
srar but even thie helrs tut little for ite
rosition is roverned by foctors other than the
strength of the nose section. Nesrly all sirplenes °
of reagonahle gize which are efficiently desigmed
have some kxind of gpen-wise gtiffeneres ahead of the
front spar. (see Pi~, 58) This fisure ghows typical
modern day wine construction. Trom thie firure it is
seen that the three factors which the structurzl
engineer can change in order to slter the strength
of the nose gection sre the rosition of the first
stiffener, the skin thickness, and the rib spacins,

The method of calculstings the strength of the
nose gection is to, first, determine the ellipee
which best fite the leading edge back to the position
of firet stiffener. The mejor sxis (x=-x) of the
elliree shoulé be nearly parallel to a tangent to
the skin at the firet stiffener. (point p in Fig, 58)
The axee 2nd retio of a/b for the ellipse =sre obtained as
gshown in Tip, 58, Since under normel loads the bhottom
of the wing ig under tension, the progition of the first
getif'fener on the hottor side of the wing is of little

imrortence. Txcept for the crcse whers the verticel

-S5O




gheer is cuite lerre, (i.e. smrll velues of ¥ ) it is
also of secondery importsnce whether or not t;e
ellipse fite the skin of the wing below the axig,
ag this side ie under tensile stresseeg and therefore
not criticel, Tn the cace of small ratios of }7
(less than 4) it ie imrortont to fit the elli§gg
equally well 2bove and below the axis, beceuse =t
small values of !7 the gheet is critiesl st the exis,
The first stiffezgr aft of the le~ding edge will
nearly alweys be ririd enousrh go that for all rrectical
rurposes it will sct as the surport or what was called
the beam in the exverimentsl work. Behind the first
gtiffener the radiue of curvature of the sheet will
usually be eo larce that the strength of the structure
“c=n be anslyzed by the s=me methods used for stiffened
flat or slichtly curved sheets. To calculeate the
strength of the leading edre under inverted f£light
conditions the method described sbove will arply in
ex2ctly the same wey only the ellipse should be fitted
to the first stiffener on the bottom eside of the wing,
The rercentage of the total vertical ghesr taken
by the leadinge edrse of 2 wine can be estimeted by the
regults given under the gection on deflection of
bending rlus ehear tests. By knowing the rate of deflect-
ion rer inch with load for esch beem or shesr web in

e rarticulsr wingr, ond by useings iy, 52, the desigmer




can, by assumine gsufficient torsional rigidity to
cauge equal bending deflection chord-wiee (i.e. no
torgional deflection, or differential bending),
calculete the percentere of shear taken by the noge-
gection, Tmtil further exrerimentsl work ie done this
method is believed to be the most catisfactory.
Additional cﬁrvas to 2id in the design of wing nose

sectiong are given in ¥irs. 62, 60, and €l.
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Specimen

177
183
188
184
187

189

178
182
180
179
175

174

Results of

V. 1bse

3593
iﬁﬁf
2415
17583
2438
1978
1268
1508

1138

1593
1398
11095
1148

1128

‘ombined

T In.

0232
HH20%9
«Q210
L0209

0208

0208
0207
0207
01586
0156
0164
0157
.01569

<0157

From page 1.

A

1.02
2:.01
2.857

5«09

7900

4400

r,-‘.vO
eles

4300

4875

3465

r = 7.5"

5080
4000

2630

26R0
2980

2060

1/1‘ - 1.0

357
S66
361
362

862

452

481
457
478
472
478

490

478




Specimen V lbs.
111 1143
78 228
i § 29056
114 653
110 753
108 588
76 753
115 658
107 738 |
- 104 628
77 678
106 563
04 513
97 413
105 358
95 415
101 358
96 518
103 308

From page 1l4.

MARLE I CONTINUED
Ta in. A
L0121 .85
L0115 1,45
0112 1.5%
0117 2,05
<0120 204
L0119 2.04
L0115 2.04
0116 2,08
L0118 2.58
0114 2,61
00114 2,64
40116 3420
0128 4.80
L0121 4.96
0116 .09
0119 5.81
L0116 6.18
0120 6431
0120 6.38

r = 7.5"

c[ﬁax

4010
5425

o430

2713
2510
2087
2470
5426
3048
3327
3295
4080
3596
5335
4285
3822
3550

D477

1/r = 0.5

From TM

T max
4010
425
L430
2365
2660
2450
2830
2410
2655
2335
25620
2060
1700

1450

‘1310

1475
1257
1125

1090

641

825

588
620
646
530
646

62

Pace 62



Specimen V. 1lbs.

85
11
87
83

al

75

31

74

73
13
92
91
72
89
71
8
69
70
14
112
93
37

696
722
656
599
609
581
575
504
472
458

453

435
393
378
329
578
376
308
298
186
157
152

126

¥rom page 15,

t» in.

«0L10
0114
.0111
<0110
0115

0115

L0112

o01135
0111
20114
0112
.0108
0114
0112
<0116
0112
0117
«0110
<0119
«0119
0108
0120
«0115

0118

2498
2,98
3.13
3,58
R
4.70
3.81
4.70
4,75
6.83
6490
8.48
12,83
1500

14,28

r = 7.5

qﬁmuc from Tt
TUmax
2690 2690
2680 2680
2540 2540
2210 2210
2245 1245
2444 2145
2530 2180
2407 1895
2 1810
2553 1700
2555 1715
2457 1517
2962 1610
2770 1490
3255 1385
2372 1246
5220 1570
5444 1450
5740 1095
3657 1060
3095 750
3560 555
5640 560
3235 455
1/r = 1.0

846
669
641
682
630
630

694

FAGE @93,



TABLE I COMTINUED

Specimen V. 1lbs. 1. in. A Trnax sc%o::ai‘lﬁ {_
55 506 ' 40114 1.47 1820 1880 658
17 510 L0111 1.54 1950 1950 676
100 503 0115 1.96 1860 1860 652
18 510 0111 1.96 1950 1950 675
29 557 <0113 2487 2900 2020 664
67 491 L0120 2,88 2505 1740 625
19 410 L0110 2,90 2290 1580 682
99 459 0120 346 2870 1660 625
98 464 | L0120 3447 2845 1640 625
64 561 0116 4o79 2900 1320 646
20 85 <0116 4,40 S090 1405 f47
66 509 0129 4444 5720 1675 581
65 289 0114 4,49 2425 1080 558
63 249 <0111 6,64 5170 954 875
21 260 0109 6466 5362 1010 588
62 220 #0117 8.70 5458 797 641
61 210 0117 8.86 . 3370 760 641
22 205 00104 9,02 3450 765 558

Trom page 16. r = 78" l/r 2.0



Pace 065, ‘

TARLE I CONTINUED ‘

Specimen V. 1>as. te in. A Tmax From ™ r
mex £ ]

224 2515 L0306 1.05 2585 2386 728
223 2375 0221 1.49 2280 2280 679
228 2145 0224 2.08 2120 2020 670
226 1885 .0213 2.09 1962 1880 704
225 1185 0201 322 2015 1250 746
227 1485 £0251 5.28 2240 1366 649
218 1168 .0155 1.04 1597 1597 268
222 1010 01553 1.52 1400 1400 ¢80
219. 985 0161 2.16 1402 1300 932
220 765 <0161 2.69 1567 1008 952
217 585 0161 3451 1363 770 952
22l 525 .0158 5.92 1382 705 949
209 405 .0105 1.12 855 854 1455
214 425 0111 2,07 ‘841 812 1352
210 . 485 0116 2,52 © 1030 087 1293
213 336 .0106 2490 972 872 1415
212 305 L0110 3.390 971 568 1564
211 275 L0110 4.10 1090 550 1364
216 125 «0105 7.06 910 257 1455
215 106 .0105 7.83 851 212 142

Prom page 17. r = 15" 1/r = 1.00



Results on Combined Bending and Torsion of Steel Tubes

TABLE II

pata Teken from A.C.I.C. 669
‘ Specimen 12 Specimen 13 Specimen 14 Specimen 15 ;
R/t = 15.3 R/t = 12.9 R/t = 9.0 R/t = 7.3 !
i T;;st ; T % K . , 7
! O. : : H P
I zsen'é;mg‘ zm‘ Bom: ™ ag | ‘max. } Bm?ing tmx' Bengéing Tm' ;
s + 1 1 g
: 1 i 0 ., 30,550 0 ; 32,900 i 0 | 32,600 0 40,500
; 2 * 6.3 ' 30,500 s 12.6 | 32,730 : o ész,eoo 16.5 | 41,750
% 3 12.8 | 26,100 | 25.2 7 34,750 _ 12.8 32,500 33.4 {44,500
;_ 4 : 24.6 | 28,350 r 33.4 | 33,800 25.0 i:’;s.,soo | 80.3 ?42,70@
| 5| 26.0 | 30,000 | 60.5 |36,680 | 50.5 239,050 ' 0.5 | 43,000
; 8 z 27.7 | 51,200 | 61.0 56,250 : 67.5 , 37,860 ; 75,8 42,880
pk-q 33.5 | 27,000 L 87.5 | 34,100 T 100.0 | 37,450 i 100.0 ;41 650
8 | 50.5 | 28,680 | 88.0 { 34,570 | 100.0 | 57,450 |
E 80.5 312'1,950 ' 100.0 ész,sm g L
10 . 76.0 | 27,800 ' » ¢ ] |
y. 8 i §7.2 . 27,450 | ’ A ] T
P12 f:Loo. | 52,350 z : 1 1 i
Average 28,970 34,240 . 85,380 42,425
.Ma;cimzm Difference 11.7% 7.0% 10.4% 4.9%
CrBending

% Bending =

TBending * UTorsion
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TABLE III

Bending S‘trené;th of Dural Cylinders Including
Correction due to Flattening

Date from N.A.C.A. Technical Note 479

r/t Oo i 2/2 e r/t %o goT | 2/z, fcYe -
Ttheory Stheory Ctheory ( Et § “theory
- { Lo et
320 .925 | .560} .790 . 730 640 .597 t .362 { .925 . 568
330 .971 | .B28f .821 [ .717 § 640 .601 | .%65/ .924 { .B57
340 .8689 | .527! .821 | .T715 4 670 | 619 | 376} .919 | .570
345 .882 | ,535; .815 .720 i 880 { .628 | .381] .016 { 577
546 { .865 | .535; .815 720 # 8B0 [ .B79 } .861; .980 { .539
360 ¢ .374 | .529 ! .820 .717 G 650 | .B67 | .3384 .938 | .522
335 | .774 | .469% .864 | .669 i 670 ;  .576 © ,348] .931 |  .585
346 . .803 | .486).853 | - .684 £ 680 ; .589 ; .37, .928 |  .547
325 { .697 | .425:.898 | .624 ¥ 680 ; .566 ; .343; .933 | .529
340 | .7B7 | .459 [ .871 f .661 § 640 | .528 | .320, .943 |  .499
480 | 760 | .460 . .870 ! .661 & 640 | .Bl7 | .3514. .944 ; .489
460 i .728 | .442 | .882 | .644 i 690 | .546 | .381f .958 | .B12
462 | .709 | .4%0;.889 | .631 § 685 .58l ; .322;.942 i .502
450 | .661 ; .401:.906 | .601 680 ¢  .B21 | .316 .944 ,  .492
440 | .B95 | .361 6 .926 | .5B2 i 690 | .512 | .811{ .948 | .486
457 i 6156 § .372 | ,921 | 567 i 620 | - .456 { .276° .958 @ .436
465 | .595 | .360 [ .926 | .552 % 710 . .421 | .266! .964 ! ,.408
460 | .556 |.338 {.986 | .522 ¢ 916 | .642 | .389. .913 . .586
610 | .786 ! .476 {.869 §{ .678 : 940 | .659 : .400! .906 : .600
865 { .778 :.472 3 .862 ; .672 § 920 | .637 | .386. .914 ' .583
800 | .804 |.566 ;.988 ¢ .BB8 [ 980 ; .525 | .319) .94% &' ,497 |
6156 | .624 |.3781.918 ; L6785 § 990 , .392 | .238: .969 ! .%80 !
660 | .B89 | .399 | .907 ; .BO8 ; 1420 ! .539 ! .327 .940 ; .BO7
j 650 ; .633 ,.384 ',915 ; .582 . 1430 ; .543 :.320 .939 ' .510
620 { .598 }.360 ;.926 | .552 |, 1380 . .478 | .290! .954 | ,.458
670 | .635 ;.385 ;,914 ¢ .582 1350 |  .407 | .247 .967 | .395
670 § .630 [ .382 [.916 ; .6578 : 1400 | .858 ; .217 .975 ; . .350
% i % L g ! i | A |

0‘; = Experimental failing stress calculated by original dimensions.

U, = Experimental failing stress corrected for effect of flattening.

Et
R V3(1 - u®)

:
G-t.:heory .6 B T for u = .3
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TABLE VII

Test Date of Semi-Elliptical Specimens under
Combined Bending and Shear

a/b = 2.0

b = 5901"

Vaterialy 248T Dural

Total Length = 6 1/2"

Thickness = ,020" Area = .612 in.?

Moment of Inertie of Sheet I, = 3.14 in, %

Total Moment of Inertie of Specimen Ip = 6,01 in,%

Specimen y}oad Buekling Avarage Maximunm Haximum ;
. Yo. foment | M/Vb Load Shear Bending ' Heasured |
3 Arm lbs. Stress Stress { Bending i
: in. Caleculated | Stress 5
z BS-37 | 78.75 | 13.69 152.3 | 249.0 €020 | 6200
| ps-378 . " 233.2 381.0 9220 % -

BS=-38 9.13 1.59 1510.0 24862.0 6920 % 6500
i BS=39 22.0 5. 82 588.0 961.0 84380 E 5960
% BS=-39B " " 784.0 1281.0 8650 ; -
E BS=40 34.63 6.02 i SQé.O 640.0 6915 8720 ;
é BS=40B - " | 470 770.0 8200 - E
i: BE=41 49,38 8.58 338.0 555.0- 8380 E - {
| Bs-41n | 68.75 |11.00 | 224.0 366.0 7170 5640
g BS=41C 3. 88 ; 0.67 2064.0 3378.0 4010 -
3 L i

/1,



TABLE VI1IX

Test Date of Elliptical Nose Sections

under Combined Bending and Shear

Material: 248T Dural

Total Length = 16"

Thickness = .020"

Moment of Inertia of Sheet Ig =

Total Moment of Imertis of Specimen Ip = 7.11 in.®

Ig/Ip = 4801

4,28 in.%

a/b = 3.0

= 3.01“

Area = .802 in.?%

spooinen {soment |, [Ppeaa® | fme | hemme
No. Arm Lbs. Stress Stress
in.
BS-28 88.4 | 17.65 | 107.1 i 133.4 4020 ;
BS=28E " " 95.2 ? 118.7 3573 &
BS=29 18.68 3.72 { 670.1 | ese.0 5300 !
BS=298 . " 4E7432.5 538.9 3421 |
BS=30 34.6 6.92 E 331.2 ! 412.6 4870 :
BS=30B " . AE 327.3 g 407.8 f 4812
BS=31 s6.9 | o9.37 g 255.2 E 290.6 {j 24649 §
BS~32 67.9 | 13.56 | 145.2 j 180.9 f_ 4186 E
BS=353 52.8 10. 54 2 161.8 E 201.6 3624 E
BS=337 - " ; 195.2 i 248.2 ' 4373 f
PB-la | o0 w0 | i o 5201 {
" S i { oo L sose ;

PB=1b

hor

FAce /R,




TABLE IX

Test Date of Elliptical Hose Ssctions

under Combined Bending and

Vaterial: 24ST Dural

Total Length = 6 1/2"

Thiekness = .020"

Moment of Inertia of Sheet Ig

= 4,28 in,%

Total loment of Inertia of Specimen Ip =

I,/Ip = 4601

e/b = 3.0

= 5-01"

Area = .802 in.?

7.11 in.%

Pace 73,

[ Load Buckling Average Mescimumn
Specimen | lMoment 1/vb Load - Shear Bending
Yo. { Arm lvs. Stress Stress
i in.
BS=-34 i 18.8 3.72 485 804 3838 |
BS-348 | " n 916 1141 7244 |
BS=36 | 34.6 | 6.92 265 330 3896 |
BS-368 | 67.9 | 13.56 174 216 5008 |
BS-36  { 9.1 | 1.e2 1030 1283 3994 |
BS-36B | " n 1169 1456 4533 |
PB-2B " n S - 3950
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TABLE X

Test Date of Nose Sections under Pure Bending

Material: 24ST Dural b = 3,01"

Thickness = .020"

Specimen Length a/b Buckling ngimvm Buckling Neximum s
No. L Moment Moment Stress Stress |
in. é
PB-la 16 3 ; 12,500 12,500 5291 5291 ’
PB-1b " no 12,000 12,000 5096 5006 |
PB-28 v 8,800 12,000 3652 §098 |
pan e ) Y Ee 5695 --
PB-3 jrerm 2 17,700 17,700 { 8,885 8,885 |
PR " 1 24,000 ; 24,000 | 15,900 | 15,900
PR-8 | ° " 23,700 | 28,600 ! 15,700 % 18,920
PB-6 " " 23,800 E 27,600 © 15,730 § 18,250
PR-6B  f * " 24,700 i 27,900 f 16,300 | 18,400

%
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TABLE XI
Pure Torsion of Elliptical Sections Similar to Wing lose
Vaterial: 24ST Dural
Thickness Length Buckling Failure
Specimen + 7 Stress Stress
Ho. b | oa/b in, in. M (5

1bs./in. 2 11;5./?::1.2

PT=9 3.01 | 1.0 .019 ; 34 5775 5938
Pr-11 " " " | o 5772 " !
PT-16 " 20 | .02 { = 3217 i
g | 3429 .
PT-17 *1%0 | 020 I - 3671 5160 |

-

1977

-

/9,



TABLE XII

Effect of Meterial on Torsional Strength

of Semi-Circular Nose Sections

Pace 76,

Specimen Thiclkness Length Maximum
No. WSO t a./b L Shear
' ine in. Stress
Tmax
_ 2
2 i 1bs./in.
' : {
PT=9 248T 1 .019 .0 1 5938 :
PT-10 " | ’ . . 5782 |
i 3
PT-11 \J } " G 5938 |
i 1
PT=6 2450 | - " " 4529
PPt " i n . Y 4973
: £
Average for 24ST is 5866 1bs./sq.in.
Average for 2480 is 4751 1lbs./sq.in.
TABLE XIII ;
Effect of Bending Stresses on Torsional Strength
: Thickn engt !
Sp;[:im Material | Condition g % /b i L h. Si:::: !
¢ in. Tnax f
| 1bs./in.2 |
* -
PT=9 243T | Preformed .019 1.0 | 34 5938 E
- el :
PT=10 - * o 1 8782 !
PT-11 . " " 5938
5 £
%
PT-12 " 1 Non-Preformed § . i 5378 E
PT‘IS " t " l L] % 5‘418 ;
i =) i

Average for preformed specimen is 5866 1lbs./sq.in.

Average for non-preformed specimen is 5398 l'ba./s_q_. in.



Effect of Length on Torsion Strength of Semi-Circular llose Sections

TABLE XIV

Material: 248T Dural Redius = 3,01"

| 1
| Specimen Thickness § Length %ﬁ Humber Maximum !
! No. t L us of Shear i
§ in, { in. L/R Waves Stress 3
: ; " Toax f
é E i 2 1bs./in,2 :
| PT-52 02 | 25 | o8 | & | 14,720 §
i § 4 f 3 A.:; ;
. PT=33 ; " " i e : 5 i 15,500 i
: T l 1 1 o
| PT=-20 : . 6.6 | 2.18 3 ¢ 11,190 i
| pr-21 | " « o " P - | 12,085
| pp28 | ° T ORNE B T e S M SR
L pre27 " - " : -~ 8,200
| P8 { oume ] o - foans § { 5,938
I ? i . :
. PT=10 I . ¥ ¢ ¥ - ; 5,782 :

pr-11 | " " o R : 5,938 ;
! PT-12 i " . 4 - f 5,378 i
’ Pr=13 . " " " ; " : 5' 413 ‘.
. PT~30 i .016 | 2.6 ; 0.8 { 6 { 18,290 ¢
{ Poagd. 0 d wl T e M S A :
| progs | " WO RS T s e e ;
; ; g : | i
. PT-24 | . § om | . R : 9,607 ]
$ H ' ¥ # -+
| e8] ¢ b as b v Riam il uEee :
{ P14 ;™ BT T s O 4,706 |
| P15 ; " i o» % " g w 4,435

Pace 77
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TABLE XV

Effect of Shear on Pending Tests of Stiffened Cylinders

Data Teken from N.A.C.A. T.M. 838, Ref. 14

Similar cylinder tested under
bending moment and shear force.

Ultimate Ultimate
oylind e S e ——
nder € . Yoment
Bending ‘
1 347,000 kg.cm. 1450 kg. 2 380,000 kg.om.
e 487,000 o 1870 *® 497 ,000 "

3 3e7,000 " 1580 * 407,000 "

78
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__~BEAM CAPS

é\ o 7 _ SPECIMEA
: &

i

_hli»f”/

~< a -

FIG. 14

Cross-section of specimen showing beam caps

FIG, 15

View of beam showing gusset plates in cormers.
Note no web, therefore large shear deflections

rAcec

-



FIG, 16

Method of mounting dial gauges in order
to get difference in deflection

FIG. 17

Artificial beam caps

rRoe 79,



FIG. 18,

Side view of testing machine with short specimen in it,

ric, 19,

Combined bending and shear of semi-elliptical
nose section. M/Vb = 4,72, a/b =2, t = .020,
length = 34" Note how nose stops wave,

FrAGe -7,



FIG, 20

Combined bending and shear of semi-elliptical nose
section, ¥/Vb = 6,05, a/b = 2, t = ,020",
length = 34", at buckling load.

FIG. 21

Combined bending and shear of semi-elliptical nose
section. Vb = 6,05, a/b = 2, t = ,020",
length = 34", at falilure load.
Note diagonal nature of waves.

FAGE 29,



FAGE Y6,

FIG., 22

Combined bending and shear of semi-elliptical nose
section. M/Vb = 7,32, a/b = 2, t = ,020", length = 34",
Note compression btuckle near fixed end where moment
is larfest and diagonal shear near loaded end.



FIG, 23

Combined bending and shear of semi-elliptical
nose section., M/Vb = 3.42, a/b = 2; t = 020",
length = 34", Rather large vertieal shear, note
similarity with Fig., 24 which was loaded under

pure shear (torsion).

FIG, 24

Torsion of semi-elliptical nose section,
a/b =2, t = ,020", length = 34",

FaGE



FIG, 25,

Combined bending and shea of semi-circular nose
section, M/Vr = 1,39, t = ,0165", length = 6,5",
Force up on right side, note waves on bottom half
of specimen as well as on top.

FIG., 26.

Combined bending and shear of semi-circular nose
section, W/Vr = 0,93, t = ,0165", length = 6,5",
Force up on left side.

FAGE

7O,



tAve s,

FIG. 27,

Combined bending and shear of semi-circular nose

section, Large moment M/Vr = 8,01, t = ,0165",

léngth = €,5", Note smell compression buckle only
on top side near fixed end,

Top view of specimen similar to that seen in Fig. 27.
Note symmetry.



FAGe 100,

FIG. 29.

Svecimen with extensometers on top, enabling
a check of calculated maximun bending stresses.

FIG. 30,

Combined bending and shear of a semi-circular
nose section, WVr = 2,98 t = ,0215", length = €,5",
Note three stair-step compression buckles,
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view of testir

FIG., 31

1g me.chine, Notice constent
support cables for loading head,
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|\&B.B.B‘ﬂ n 0 a iy

monannnat

. FIG, 32
3/4 side view of testing machine,



FIG, 33
Close up of loading head support system,

FraGe 1vo
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