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£mrteb_.tCy _u shell _ strueCu_s £s a r_l_ivel,7" _u-
f_-equen¢ _. BT _:_rs.1. ins_abi.l.t'ty is _sn_ Chat a eosp.l.e_
sec_ica of a sbrue_u=e becomes elsstlesl_ _e, as ecmps_ vlth
locsl erl_plt_ or _. _ _rst s_p Ln 4etl_ Is to rou_ s£ze
the s_z_et_re sa4L ds_era/ae l"_s eCml_tb_-t_J ' wl_h sir ve]_Lcle cc:_Ig-
_mtion and systems l_l_ctions. A_er _l_Ls step has been casketed,
1_ ts poss£ble _o surmr_ _be l_Toc_s to determine _ether _eners_ 1_-
s_ll_ Is _ to oeeur. _ _sral l_:rsssters of length, cl_sm-
eter, frame spact:_, e_ems_ s_t_ess, etc., are then £nves_l_s_ed to
8e_ermtzm if a 8enez_l fsllta8 s_ress exls_s vblch ls less than s_v
local ec_n, be_ coW-,m, or pan_ fstltn_ stress. In tbts v_, a
vell-bslsnoed desert £s deteratn_ and _ s_1t_ fat_a_ modes

structural _l_st4p_r has a fetr_T _tde selection of "murlepa-
rsss_ers 4m_n_ tb_ esrl:v phues of clu_m. 2_sm d/atntsh, however,
as the dest_ progresses and ecms£der_tc_ for systems _ttcms
l_e=ws more £_x_"_. In _ cues _he tdes_ _ of struc-

e_msn_s soon _Lves _ to as.-ked dlsco_t:_tttes. _ clssstes_
of a et_l_r cyltn4er _t_h sy_s_rlesl_ spsced elements is

sel4_ z_sltze4L. D_Lfor_ frsm sections and spsct_ give _ to deeper
u_tll_v _sls at rsadcm spaetn_ _b_ o_-'_.:L'ye s_l_ness of _he 4mq_r
_rsass toO' be 20 - _0 _taes greater _.han _:he atn/:sm requtzed to prevent
_J._l_, ec_stdertn_ the _nera_ pz_=r_lons of the s]_._. _,,
aszaar, t_ w_tfo_ dlstrlbu_lcm of lo_l_tns_ sttfTeners Is _q_ac_l
by a s_st_ o_ _ _ i_ ax18.1,compressive e.l._m_s. Ms-
,or fz.sms serve as base I_ol_s _,, support of bem-.colu_ lc_er_s.

t:_z_sdtste t"rss_s slve elsstlc eol_m_ support to the lo_e_ and
fora bom:ds_ ambers for the s_sr _ t_ _be _ eowsrtn_. It

more 41fflcul_ _o sccc_oclst_ than lon_srcns, even tho_ these too as_
be :LDtAn','_t_ _t_aotrt i_1_ S_G_, frame ertl_ss _l_

be _,eressed _ s_plt_ed design.

A slt_a_ion fr_l_ srlses In wblch frmae de_ --s_ be az_i-

tzzzil_ Increuea _o aceomml=te aircraft system Installs_ic_s; nams17,
pipe It_u, ¢oslu_te, _. T_e m_ult: i. deep frasn _ unstable
Im_er _s. When _he anxlllaz7 systems fall to su_ tlm necessazT

stab111tT, ot_mr mum sust be maploTs_. S_rs_s of sheet metal are
scswtlmss fastenea _o _hs Inslde f_s of frsass, lacln_ them _o_her

...... "........' '  eceding pageblank



_oz, f_=ms oz, laO.k_adlJ are mj_l. too far _ to staIDt.1.-
tze _ 1om_z'oms latez'sL_p _ _ _ be pz_0v1&m_ F,a_ dms1_
m Jr 1_e _ to asoerta_ _= _ _.om_rom is _t_
u_Ll.s'_ _'_s or vloe vez,u,, ]Ioz'mm.1..1.,Ts_ s:t4s_ _ 1_.'veo_m'b:i.n-

'v_z-t:Loa3.s'tm1=:L1.1'6-y_ _ 3.om_pz'_ms_d.t,h"the_ f'z-ams

_ NZ_S tJ_LS _rj_:_. In sc_ _os, _ _x_ l_

z'_ *_l_Ls l_m.'_. _ tim _£_1_m z'_ _ _ _ _ l_
r_ hs= =e4um_ _ s'r,_I/1_y, l_wver, slnee bomblnS z_ns are sa_

unaecelarst, e4 f11_h_ eon41tlcas_ _ ice4s are not encounters4

tlon _;o _ 4esl_n o_sets tnsta_t_y f_s In _ st_wtures.

W_ st_=m,u ave se_ca a_-te4 _ Ss_sza_ _asta_ltty _f
e: sttentic_ has _n 1_L4 to rib a_ sya: _estS_. In th/n _ _z
strue_ves_ _ 4e_ttcas as_ be _pp=ecis_e. _t_ 4_st_ns _ast
be ehack_ for ths cc_zesslve Xoa4s brought sbo_ by _ surface _efl_e-
ttoa. _ts ccns14sr_tca usual_ Frovt4es _ush stt_ness to
the _ surrsos _ _ _w_s_J._7. _sn c_ose_ spsc_ _bs
are not feasible In _ vl_s_ ths sk_ tht_ss ls tnezeau4 sa4 sur-
face stt_nus is aahle_s4 _ the use of smltl-s_zs. _h_
then rever_s to cns of sts_e _ __r. 2h_ are a _ber of
w1_ b_x _s In se.-vlce to4sy _nose ccss=esslon sm-1'aee a1_.owab_e
stress is equs_ to _h_ cc_=esstve Tle_l _ of ths asterlal use4.
•hts has been achleve4 thzough ths use of thtak _ sklns sa4 su_t-
s_r su_x_.

strua, tuz_ _es_=. 2s not vlthc_ coastsnt regs._ for the _.n-
o_ __ _z_u. _ 2s _ Sat4e_ by his sam of _=o-
lx_rtt_a _ ca 1_ exper2_ce. _s sense hss of_,en z_sulte4 t=
stl_sat_ certain areas an4 thus fore_ ths Fros_sslon of tnct_-
lent _a/_ureSo

_SI_S OF _ PAmD,S

2h_ structures en_Lo_r mur_ _ o_ vertflcatton of the
e_eets of smmra_ variables _n or_z to prom_4 w2th a l_rtlc_3_r 4e-
slg_. _J_lca_ o_ th_ above is a series of "rests to _ the effect
of _tez'mmd.tate _ _ on t_m st_ of ouz'v_ sheets in azls_
cc_ressica, Yh_ _o_owl_ eonee_ns the _st of a _ ot" _130
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qxmi:_ fslle4 _ _ _ of _ se_to_ of th_
lmm.1.. Zn eae.h era, _ post; "o_ek11_ load. m also _ and. till.s,
I_ m f_ma; eoula "be z,e_a't, ea_ a'_c.alz,_ _ _I.t_.s3. fatlUZ_o The

bue.k].Iz_ st._ss m _ _.o _. _'e_er _m 68 pn- _ of the
:L_'_:l.al _ st.--_ss for 'the _ _ spaei_ of 28 :_:_hu. The

_ _ slmeln_s _su1_a tn a _ of 79 per emil;
_- _. 2'_ _ _s'_.e o_ _ e,l.ose17 sl_e_, f_s_s

",T' mo'ot0n fTs_ _ze o.=L'0e effe_l_e in s_s/aln_ high "oucEllnl_
sT,roues. Two of t,he s_eoilais vex.e x-mroPE_ _ lnttlal fatluze
ea4/a_ "r,he _ fz_s sad. x'e_es4ms<L _:e _ sI_t_n sus-
_t_ea f_ 19 _ 6o _ e_._ _s_ l_e_L

_1_ sa41"+t<xml elTe_s of suz'fsee aeries. The inttlsl _ load. vas
x.mlnee4 s_z'oztas_7 25 pex- een_ _,ess _ post; _ los4 ,+as

m no _lon in post _ load._ _ lnl_lal losa. The
x,esul'+s of these "tests sho_e4:

_e pez_tne_ st=ess ooefflelen_s 5e_._<t f_ _ "¢es_ clara sze
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p1_ :In F1_ze 1. Also shown is the ehaxaet, erlst£e curve taken f_cm
3 of IACA _ 8T_. It _ be noted that the test po_ts fall

ecast4JrslxXy lx_.ow the Y,ACA curwe. This is no _ _ to the intt.tsl
ecn4tttcm of _ sl_eilm w'_Lah eXose.l_ _ aet'val ecmr_ruc-
_Icn. g_e _ symbols Imlles_e Inltlal buckllz_ and the lower sT_bols
post b_. The fmM.lla: stress coe_flelents are the same as found
In _fezm_ee i.

_ OF A lqJ_ SPZCXMDI

It Is scne_tses neeessa._ _lcwt_ 4etsll elmm_ _ests such as
the curved _ _est# 3m_ 4nerll_dL, to Ftoeee_ v1_ a z_prese_t_lTe
ecmFanemt _est syee_aen. Thls was draw In the ease of the X-X5
• _le_ t8 esmmttsJ._y & ac_o_oque c_L_ler sc_Jecq_l _o a sm_t_ of
loa#_ a_ sm_cmm_.

test ecmpcmm_ was a BazmmXised aeetlcm of t_e X-15
in "thereSlon of _ 1_te_ral propeilen_ tanks. 1_ vu basleal/_ a
56 inch elame_= _eaX _ 80 _ XcmS w1_ s I_ _ _In-

eter inner eylln4er, two _m_ldal _ _s, and 'twosi4e fall.
_ 4eta1_s are shown In Flsare 2.

o_ter she11 wsa .093 _ Xnecm_l X _ __o a 56

_lamst_r eyllade=. W_ was wed eze_ to= • a_a_eal Jolnt st
Statlc_ 60. Beads were foras4 In _e sl_ azeas to _ Iz_reued
s_tl_ss in _e eLrmm_e=m_tlal _L-_"ctc_ and tJ_sal z_llef in the
icng1_ ___seticm. C_e _TF_esl wing ear:c_-_=m_= _ was wl_,d
to the _ st _tcm 16 _1_ four a_L_ _l_LnSs for e=terz_
loads. _ _m81_Ltasl saslea _ _ _o t_ o_tst4e of _ss shell,
sc_inS both ss _ s_l falrla_ s_s_s. _e _ _ is
to eontaln L_. _ha l_ _ _ ey_Ln_er, _hleh Is _ _o sto_e
he11_, was _abrles_ed _ .0_3 Inch _neaael X sst_Is_. Zee seetlcm
e_=m_tlal st11_m_s _ s_ to the outsl6a of the
eyl/xaler. One of _- _Idal bulkheads ecnslsted of _o c_ aeg-
ss_s made _ _coa_ sheet _e._ _o the lsr_e shell wall and the
loner _ zesl_tlve_v. To these was fly.ted a .0_0 _
7o75-a6 e1_A ah,z_mm _ ,_.t_an %.oec_xl.e_ t_s _:z_. _e other
tc=_s _as _ in _o seps_ts _ _o _ cuter and lzmmr cy_L_ters
m_ alcmS a ct.--m_rs_sl sere _ tbs _o sess_s. The s_de

used t;o _ ecm_roX elements a_ _ 4etat_s In 'the X-15

eampleted _ usmb_7. Bowever, c_7 ane _ 4u_11ested _ X-15
clesti_ wbteh eowrlstecl of • _ carter sheet z_inforee_L by a c_
imsrr sheet - both ascle frcm Xaeom_ X.

Tests ve_e ec__ in fl_e parts. These Inel_ _s_z_tlc_,



external loads, and elevated temperature tests. A general view of the

specimen is ahowa in Figure 3-

The flrs_ tes_ was an internal pressure test to determine the col-

lapsing strength of the aluzM_m alloy torus. Pressure was applied
above the alumim_ torts and failure oc_ at 10.7 psi which was

71.3 per cent of the requ£red pressure. Ra_ial stiffeners spaced 15
degrees _ were req_iz_ to achieve the 15 psi pressure required.

The obJec_ of the second test was to test the welded Joints of the
Xncc_el forum, the welded Joints of the outer shell, and the st_
of _he i_ner shell ux_r s coll_si_ pressure. Positive pressure was

_Xied internal_ _ St_tic_ 0 ana the Iucc_el torus. Failure
oe_ by cc=pressiom buckling of the inner shell at 80 psi. Failure
was in a malti-node fashlcm as indicated by theory. As a result of

this test the inner cylinder stiffener spacing was reduced in order to

carry the require_ ultimate pressure of Iii psi. Both the Incc__l torus
and main outer shell wlthstood the press_ without failure. In addl-
tl_np i00 c_jTlesof limit pressure (78 psi) were also applled without
dsas@e. Likewise, s design ne_ive pressure test of the lnc_.l torus

%o _) pal resulted in no iudteatlcm of failure.

Follow_ _ above tes_s, a negative pressure _eat of the _ter
shall was c_ For this teat, a sealed bulkhead was attached at
Sta_i_ 80. To prev_ premature failure, the a_eelmen was filled al-
most full with deic_Ized water. The space at the top was evacuated to

-6 psi wi_h _o fad.lure resulting. Due to the head of water withln the
specimen, _he net pressure at the b_-_c_ was -3.1 psi. This test was
sufficient %o demmnstrate the colls_sing strength of the outer shell.

The next order of tests included both ro_, and elevated tempera-
load tests of the wing carry-_ frame. The specimen was

loaded _mrough a seC of loading besms attached to the _ fittings.
For the roum temperature tests, the frame was loaded to failure at 93
Wr ce_t of the desi_ ultimate load. S_ failure oeeurr_ only
one side, a re_air was _ and reteate_ to a gradient across the frsme
of 5_ ° F. The gradient was obtained by first cooling the inner flange
of the frsme with a fine spray of liquid nitr_. Quartz glass radiant
heaters were used _ the outside. The _._erature gradient was pro-
_rsm_ed to achieve a _=_w-- value in 300 sec_ds. Limit load was first

spplied at roc_ te_eratm_ and, while holdi_ the load c_mstan_, the
_ratnAre _rs_dlen't, was achieve4.. Next the load was Imcrease4.
faAlure took l_e a_ 90 per cent design ultimate loa_ The failure
was at the same eorres_:_ltn_ locati_ _ the side of the frame opposite
to the previous failure. A reinforced frame was used in the final de-
sign. It is interesting to note tb_t there was only a 3 per cent d/f-
ferenee between the identical failures oceurrin_ at both _ temperature
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and with the gradient noted above.

The spec_en was then 1oad_ in vertlcsl bend_ (side fa_rln_
at the neutrsl axis) both at ro_ and elevated taper_ures. M_ent
was s_1.1ed _hrough a steel _ end loading be_= attached ¢o Sta-
tion 80. It was necessary to preeool _ four Icngercns prior to heat-
Ing to aehleve _be proper te_perstum _wlient. The roca temperature
load _ests were aarried to the rs_ulm4 uX_lw_e mcmnt of 6,300,000

pounds wlthc_ failure. The elevated tempe_ tests, to a gra-
&Lent of 550 ° F., _ere run at InereasluS lo_ levels (10 per cent in-
crements) wi_h a cool-down after each load level. In every case the
cool-do_ was follo,ed by load application end then the beat reapplied.
Failure of the cuter shsll occurr_ at 160 per _=t _. sign ulttm_e
load a, t_ heat_ _ was a_IAed_

The _ ben4ing test _s a _de bs_L_ case in vhieh the
slda fairing was placed in ccmpressi_ This _est, like the preceding
one, was ecnd_tsd both at room and elevated temperst_s. The _est
setup was also the sam as for the case of vertical bending. T. add£-
tlon to the si&_ bending _nt of 2,9_0,000 inch pounds, an axial cam..
preston of 9,900 posnAs was applied to the side fairing. At roc_ tea-
pe_ the _ shell withstood i00 per ee_t side bending _oent.
The side fairing however failed at _3 per _ent _ load thrcu_ the
_otwelda eonneetlng the outer skln to the e_ inner _ The

_re _ with _ _vets an_ the faArAng faile4 at 8_
per cent design ult:Lm_ load by crippling of the outer akin in an area
_h_e.h was bey=_ the support of the lnmr e_ akin. Th_ spot-

used in the specimen was oh_mssA to s stitch weld of greater
strength in the vehicle side fslrln_ to achieve 100 per cent strensth.
During the elew_ed temperature part of the test, the outer shell with-
stood 150 per cent design ultimste bendi_ _cment without failure. How-
ever_ _ a mabsequent load_ the miter shell fa_led &% lhO per cent
design ultlw_e load.

The final _o_ test was a %renew_ree shear feet in _d_.eh an ultl-
•ste load of _,1_0 pounds w_s aI,P_ed at St_ti_ 80 sn_ reacted st the
floor mounting. This test was eceduc_ st _ temperature and was
completed without failure.

This series of tests is tTFAeal of the procedure followed in the
design of sn alrfrsme of u_ stru_ ehar_ristics.

TESTS OF A _ _CAL __

The purpose of T_histest was %0 evslua"oe _ ic_erons, frames,
and frame stabilizing strs_s of a large fuselage specimen shown in
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Figure _. This specimen was circular with a dismeter of I00 inches

and length of 64 inches. The shell wall was 6V - 4AL titanium riveted

to _AL - 3Mo - IV titanium frames and ten H-If steel lon_erons° The

specimen was subjected to bending about m,tually perpendicular axes,

both singly and in cumbinatian as l_IsfR_l_helow:

I =  5,ooo, o pmmas s= =  o,ooo

III- My - k2,000,O00 inch pounds Sz = 91,000 pounds_

J
The basic internal stresses were obtained by elementary bendin8

theory plus the effects of d/agonal tensicm as these might affect the
I_. A multi-support beam-col_ analysis was developed for the

iQngercn. Frum loads were derived considerlng the skin diagonal ten-
sion and the frame solution was based on the theory of minims, strain

energy. The calculated strength of the freme inner flanges L_dicated

low o_ressive strength and these were to be investigated as part of
this test.

In _=1_,1_ting the besa coluJn strength of the Icn@erons, the in-

tera_i_ effects of the other l_gercns were not c_sidered. The

frame stifTnesses at each l_2geran were c_ate_ and used as flexible

supports. Considering the _ and lon_ero_ _rles, the _eflec-

ti_n p_ of the l_er_: could be determine_ Using an iteration

process, the critical load of any longer_n could then be determined.

The predicted buckling stress of the side Io_geron was 19_000 psi. At
per cent of t_ side _ test (.5_ x 32,500,000 l_ch _),

visual observations gave sl_as of t:_e_t_g faAlux_. The strain gages
indicated stzesses of 220,000 and 120,000 psi =easuze_ _ opposite sides

of a loage_ elem_t. The calc_ate_ stress level, however, was 180,000
psi. It was concluded that the calculated and predicted failing stresses

were in good agreement. The strain gage readings also indicated a _e-

crease in stress at the 90 per cent load increment. The test was stopped

a_ this loa_ level.

A_ _he seine time that the side Ic_ger<m was at the point of fail-

ure, the upper and lower shoulder lungerc_s were also indicating fail-
ure because of increased deflections. The critical predicted buckling

s_resses _re 120,000 an_ 182,000 psi, respectively, for these lungerons.
The calculated stresses at this point in the test were IOA,O00 psi and

171_O00,ps£. Strain ga@_s monitored during the test indicated i00_000

and 160,000 psi. The test in side bending was not carried beyond this

poln_ since design requirements were met and other tests were still
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l_d. The test dad l_oate that the cal_ted add predActed crit-

ical i_ loads wee close, ecBsldez_Angthat failure was imminent
and not aetualo

An energy solutlon of %Tpieal frames, eonsl_eriag the sEtu 41ag-
_nsi_ stresses and ic=ge_ effects, indAe&_ed that the optimum

strsp spscl:_ for the inner flanges was 11.5 inches. After sustalnlng
the max_ vertical loe_ eo_ti_ of _5,000,000 inch pou_ mclent

and 210,000 pounds shear, one half of the stz_ps _re re_ and the
fraaes continued to carry tbls test loading. Strat_ gage read/ags tndA-
eared tnpending failure of the flanges. The original strap spacing vas
renaed sad failure oecwmzed st _lAO per cent of the above loading con-
dl_ion In the outer _mges of the frames. This fail_Lre 1ms e_sidered
a general Instability fallure of the shell. Once the lateral strap
spantag vas detenmlned, the ealeulated and pre_Lteted frl:e flange load-

of 1659 pounds and 1960 pounds, respectively, eouAd be detezaAned.
Conslderlz_ the _ varlahles Involved, _hls e_rlng spprosch to a
tTpleal _ _ill_y proble: proved adequate.

REGOM_ONS FO_ RES_AR_

(I)

(3)

Expand present theo_ and _autques to laelu4e non-
e_ and u_,,_e_rAeal _ee_i_ns, espeelall_ wlth
areas of re-en_nnt e_.

pmse_ _eoz7 and "_eehalques to Inelu_le sa_-
_Leh ahells where the _hear rlgi_I.t-y of surface ele-
vates Is si_nlfleant.

_velop s'__ ec_'e_s e_x_vlng a high degree of
pos_-buckl.i_ s_#_h to _.J-_--e the haza_ of line-
d.late total eoll_se.

(_) Dew_op and _er_ ne_J_]Ls of ana_Tsls to include inter-
action effects of =ultlple los_.

REFERE_S

(_) WACA_a_ea_ Report Wo. 8?_, "A S_Aea _ oZ
Elas_le S_ili_y A_alysls for Thin OJ'l_eal _lls",

(2) RASA Technical Note 373_, "Ben_ Tests of Ring-Stiffened
Circula_ Cylinders", by James P. Peters_n.
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Figure I -AXIAL STRESS COEFFICIENTS FOR CURVED PANELS
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Figure 2- X-15 FUSELAGE SPECIMEN
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Figure 3- X-15 FUSELAGE SPECIMEN
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Figure 4 -FUSELAGE SHELL SPECIMEN


