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SUMMARY 

Forty-three cylinders of ti-inch length and ~6-hc11 diameter, made 
of 5052-O al&m-alloy sheets of 0.032-, O.Oh-, 0.051-, and 0.064-inch 
thickness, were subjected to bending moments constant along the cylinder 
snd in time in an oven which maLntained a constant temperature of 500' F 
during the teat. All the cylinders failed bybuczn. The time that 
elapsed between load application and collapse was measured. 

INTRODUCTION 

It is known that airplanes flyfng at supersonic speeds are heated 
by the airstresm. Since the structural KLents of these planes have 
to carry loads, they are simultaneously subjected to stresses and to 
high temperatures. Under such conditions t%, elents show deformations 
increasing tith time even if the loads are constant. Thisbehsvioris 
termed creep. 

When creep is present in a structure, the distribution of the 
stresses in it differs from that in a perfectly elastic structure that 
follows Hwke's law. In addition, creep causes new modes of instability 
to appear, and the structure is likely to collapse after some time even 
though it is perfectly capable of carr@ng the loads for a shorter 
period.. Since creep laws sre cqlex, until now it has been possible 
to develop theories for the effects of creep only for simple structural 
arrsngements; in particular, trusses, frames, snd columns have been 
studLed. 

Since thin shells sze at least as important as trusses snd frsmes 
in an airplane structure, an expertintal investigation into the failure 
of thin circular cylindrical shells subjected to constant bending moments 
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at elevated temperatures was undertaken at the Polytechnic Institute of 
IhOklyn. The present report is a description of the test equipment 
used and of the results obtained with 43 test specimens. The cyUnders 
failed by buckling, 8nd their lifetime depended greatly on the differ- 
ence between the applied bending moment and the critical moment at the 
test temperature. 

The investigation was csrried out at the Polytechnic Institute of 
Brooklyn under the sponsorship and with the fin8ncisl assistance of the 
National Advisory Corxnittee for Aeronautics. 
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SYMBOIS 

deflections shown in figure 7 

Young's modulus 

wall thickness of cylindrical shell 

moment of inertia of cross section of cylinder 

lengthshowninfigure 7 

lengths shown in figure 7 

bending moment 

crew exponent in steady creep law for tension 

radius of cylinder 

time, min 

change in length of vertical diameter of cylinder 

vertical displacement of point of intersection of axis with 
end plane of cylinder 

tensile creep strain rate 

axial displacement of point of intersection of axis with 
end plane of cylinder 

rotation of end plane of cyltider 

. 
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6 rate of end rotatfon 

k rate of change of curvature of axis of cylinder 

1,l.r constants in creep formulas 

cp anglemeasuredfromvertical Inplaneperpendicularto axis 
of cylhder 

a stress 

Subscripts: 

cc critical 

msx -: 

TEET APP- 

The main parts of the test amsr8tus ace a lever loading mechanism 
for maintaining a constant bend&q moment on the cylinder, a rigid sup- 
port for the cyHnder, and 8n oven capable of producing a constant ele- 
vatedtemperature in the cylinder. Details of the apparatus sre given 
in the following discussion. 

Iading Device 

The constapt bending.moment is applied to the cylinder by means 
of a horizontal lever in the shape of a long thin isosceles trisngle 
(fig. 1). Dead weights axe hnng at the qex*of the triangle from a 
fFxture which rests with a Wfe edge In a hsrdened V groove. A hori- 
zontal steel link connects each end of the base of the trkngle to a . 
heavy steel ring (ffg. 2) inside the oven. The test cylinder is secured 
to this ring by two rows of circumferential clssqs. A sImil8r steel 
ring is used to fasten the other end of the test specimen to a heavy 
attachment cylinder mounted on a massive strongb8ck (fig. 3). 

The weight of the steel end ring, its bolts, and its attachments, 
as well as half the weight of the two steel l&&s, is counterbalanced 
by the weight suspended from the horizontal beam that is pivoted in the 
middle of the vertical leg of the isosceles triangle (fig. 1). All the 
vertical forces of the system 8re finally transferred from the castored 
base plate of the los.dIng device to the supporting structure; thus no 
shear force is transmitted to the test cylinder. The pure bending moment 
applied to the cylinders is the weight suspended from the apex of the 
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loading triangle times the distance from the apex to the pivot in the 
middle of the base of the trfangle (fig. 1) plus the weight of the loading 
triangle times the distance of its center of gravity from the pLvot. 

. 

oven -. 

The oven was designed to produce constant temperature in the speci- 
men throughout the temperature range of 150° to l,OOO" F with a tolerance 
of fl" F. It was constructed in four moveable sections (fig. 4). Each 
section is mounted on wheels set in tracks laid pa;rsUel on either side 

.of the strongback structure. To facLliate mounting of the cylinder, 
attachment of thermocouples, asd other necessary prelIminsries to a 
test, the sections can be moved away from the strongback. When these 
preparations for the test are completed, the oven sections 8re returned 
and clamped in place around the specimen. 

The tot&l intern&L volume of the oven is 54 cubic feet. The inter- 
nal dimensions are 52 inches (length), 46 inches (height), and 37 inches 
(width) l The intetior facing is $- inch-thick Transite sheet bolted to 
a steel angle-section frame. A 2-foot lsyer of 83-percent-magnesia block 
insulation encases the heat- chamber. A facing of &-inch-thick Transite 
sheet bolted to a steel s&e-section fr~pne forms the outside surface 
m&3. 5). Structurai connection between the inner and outer frames is 
made by h-inch-thick Transite tie plates (fig. 6). Mating faces of each 
of the moveahle sections sxe stepped to minimize heat 1oss~a-t the 
junctions. 

The power necesss2y to bring the test chs&er to 500° F in approxi- 
mately 1 hour was calculated to be shout 30 kilowatts. The power required 
to matitain this temperature sgainst conduction losses after the test 
tqerature had been attained wss determined to be of the order of 6 to 
7 kilowatts. The oven is heated by 128 two-way strip heaters with a 
maximum power rating of 32 kilowatts. The strip heaters 8re arranged in 
3 individually controlled banks, 40 along the oven bottom, 48 along the 
sides, and40 along the top. The two-way strip heater is 8 resistance 
element with a center tap. By connecting the power across the center 
tap and the two end termin8ls (psrsJ.lel), maximum 0u-bpu-b is achieved. 
This arrangement is used for the initial stage of heatfng from room tern- 
perature by direct connection of the heaters to a power source. When 
the oven temperature becomes sufficiently high, automatic stepless con- 
trollers sre switched into the circuit. The controLLers ase connected 
across the end terminals of the heaters (series), thus reducWg the con- 
trolled power to one-quarter of the rated power or 8 kilowatts. While 
this procedure requires some alertness on the part of the testing crew, 
it is considerably more economical thsn full power control. 

. 
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The stepless controIkr suppliedby the West lkst rlmlent Corp. of 
Chicsgo, T7ois, is essentially a pyrometer controller ctiined with a 
satureble core reactor. 

Tpsrperature control is accomplishedby three thermocouples, one 
for each of the three banks of heaters mentioned. To maintain sn even 
distribution of heat throughout the oven, it is necesssxy that sU heaters 
function properly. For this reason, e8ch individual heater is connected 
to 89 indicating lamp. If any of the heaters has open circuits, the 
light Fmmeaiately indicates the malfunction. 

Conduction losses'thxough the strongback sre compensated for by 
one l,OOO-watt tubular heater on the cylinder clamping ring, one l,OOC- 
watt tzibulsr heater inside the strongback attachment cyMnder, snd two 
l,OOO-watt Fnnnersion heaters secured to the supporting legs of the strong- 
back attachment cylinder. Conduction loss through the load l&&age if3 
compensated by-one l,OCO-watt tubular heater on the front cylinder 
ramping rFng- The ccanpensating heaters sre m8nusU.y controlled through 
powerstats. 

TemperatureMeasurmnt 

Tqeraturss were measured at nine points on the s-pectin. Iron- 
constantan thermocouples were tied with copper wire to the specimen in 
amannerto insurethstthe junctions remained in close contact with 
the surface at 8U times. The thermocouples were wired to a selector 
switch connected to a No. l.ll7 Brown indica-king potenticm&er. The 
temperatures at the nine points were re8d consecutikly. 

Of the points surveyed three were at the front end of the cylinder, 
three hslfway between the ends, 8ndthree at the resr end. In each of 
the three plases one thermocouple was located at the top, one at the 
bottom, and one on the horizontal dieter of the cylinder. The control 
points for the automatic tqerature regulation were h8lf'wqy between 
the two ends of the cylinder. 

Measurement of Deformations 

The deformationsmeasuredwere: 

(1) Rotation of the end plane of the cylinder 0 

(2) Vertical displacement of the point of intersection of the 
axis of the cylinder with the end plane S 

(3) LongitudLnsl displacement of the point of intersection of 
the sxis of the cylfnder with the end plane q 
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(4) Change in vertical. diameter in a plane perpendicular to the 
axis of the cylinder and bisect- the cylfnder f3D 

When the first three of these deflection quantities were measured, 
use w&s made of the geometry of the loading linkage to transmit the motion 
of points in the end pLELne of the cylFnder to the outside, where measure- , 
ments could be made at room temperature.' Measurements were then made of 
the strains produced in t&In, cantilever-bee Qn amometers by the motion 
of the loading linkage. The Str8in6, 8s read on 8 Baldwin strain India- 
cator, were calibrated against the deflection of the end of the bearms 
so that by reading the strains one could find the beam deflections and 
thence the cylinder deflectfons from the geometry of the system (fig. 7). 
In each p8rticular case this was done 8s follows: 

To measure 0, one end of a cantilever beam of length 21 was 
clamped 5x11 a vertical position to the upright of the castored base plate 
that acts as a fulcrum for the counterbalancing beam. The other end of 
the cantilever ~8s set sgainst the base of the loading trkngle. From 
the geometry of the linkage it is seen that . 

k/21 =taae-0 (1) L 
where dl is the deflection of the end of the cantilever beem. 

To determine 6, one end of a canttiever beam of length 22 wae 
clsmped in a horizontal position to the upright of the base plate. The 
other end of the cantilever was set 8gains-t: the counterbtiancing beam. 
From the geometry it is seen that 

6 =(L/22& (2) 

where Q is the deflection-of the end of the csntilever and L is the 
length of the counterbalancing beam fm the fulcrum to the center of 
the cylinder end plane. 

For determining q, one end of a c8nKLever beam ~8s bolted to the 
supporting structure on which the base plate rests. The other end was 
set against the edge of the caatored base plate. In this case 

where d3 is the deflection of the end of the cantilever. 

Measurements made in the first few experiments indicated that the 
msgnftude of q w&s mnR.11 colnpared tith that of 8 and 6 and in 
subsequent tests only the latter two quantities were measured. 
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The change indiameterwas measuredbymeans of ah&@-temperature 
IFnear vsriable differential transformer made by the SchaexLtz Engineering 
Co. of Camden, New Jersey. The statfonsry transformer coil was suspended 
from the upper surface inside the cylinder. A long slender rod was 
attached to the transformer core and the assembly was placed insfde the 
coil with the end of the shaft resting on the bottom surface of the cylin- 
der sothatthe assembly couldmove freely in avertlcsl direction. The 
relative motion between the core and coil as a result of the cylfnder 
flattening changed the output of the transformer. The change in output 
voltage was calibrated to give the change in asmeter. A graphical record 
of the change indiemetertithtime was obtafnedwlththe aidof a&own 
"Electronik" recorder made by the Minneapolis-Honeywel Regulator Co. 
Measurements of the change in dismeter indicated that this quantity was 
small compared with the other deformations measured. 

DESCRIPTION OF TESTS 

Test Specimens 

All specimens tested were made of 5052-O aluminum-alloy sheets with 
thicknesses of 0.032, 0.040, 0.051, and 0.064 inch. The sheet w rolled 
into a cylinder 16 inches Fn diameter and 48 inches long with a l$-inch 

overlap at the Une of Juncture. AN43OAD4 rivets spaced 1 inch apart 
2 

closed the cylinder. Steel clsmping rings with 16-inch inside diameter, 

ldnchthick and 4 tithes longwith$- by 2$-inch flanged ends were 

slipped over the ends of the cylFnaer. Two circumferential rows 
of g inch-diameter holes li and 3 inches from the end of the ring were 

provided to te&e through bolts for drawing 24 burled-faced convex cl-s 
in two rows against the inside surface of the cylinder and to secure in 
this manner 4 inches of the end of the cylinder tit& a steel ring at 
each end. 

The flanged portion of the rear clamping ring contafns a circumfer- 
entiLL set of holes which ere matched to studs protruding from the strong- 
back. The cylinder was secured in place on these studs, forming a canti- 
lever cLamped to the strongback. 

The load llnlrs and the counterbalance beam sre attached to a vertical 
fitting consisting of two steel bars +hbyJby2linches8paeed 

1: inches apart and welded to the front face of the front clsx~ing ring 



and extending across the entLre diameter of the ring (fig. 2). The 
loading links are pinned to the ends of the fitting by means of l-inch- 
diameter hardened steel pins, whfle the counterbalancing beam is pinned 
to the midpoint. The center-to-center spacing of the end holes is 
18 inches; the third hole is exactly halfway between the ends. 

Test Procedure 

With the test specimen securely mounted, the thermocouples were 
tied in place. The clamping-ring heaters were positioned and connected, 
and the oven was rolled into place around the specimen and sealed. The 
load links were connected to the lever, and the counterbalancing beam 
was pinned and weighted. A hydraulic jack was placed under the apex to 
support the end of the loading lever, and the dead-weight load was 
applied. At this stage of the test, the entire weight was supported by 
the jack. 

Switches were thrown and full power was fed to aU heaters. As 
the temperature of the oven increased, a careful check was maintained at 
each of the nine'tistrumented points. Some pofnts naturally approached 
the test temperature more quickly than others. As the test temperature 
was reached at these points, the corresponding heaters were cut back to 
maintain it. Stabilized test temperature was reached in l$to 2 hours 

and was maintained therefrom with a maxFnnrm vardation of a0 F for the 
remainder of the test. 

When the temperature had been stabilized, the load was applied. 
This was accomplished by opening the metering valve of the Q@raullc 
jack and allowing the ful& force of the load to be smoothly transferred 
from the jack to the end of the lever. The operation consumed about 
10 seconds of time. The time to failure of the cylinder was measured 
from the instant of full load application. 

To measure changes in the length of a vertical diameter, the dif- 
ferential transformer was placed on the cylinder and electrically con- 
nected to the Brown Recorder. A long, thin wire was attached to the 
transformer core for calibration purposes and csrried through an aperture 
in the oven wall to the outside. The oven was then closed and power was 
fed to the heaters. To measure the remaining three deformation quantities, 
the three dynamometers were positioned and connected to strain indicators 
while the oven was heat-. When the oven was fully staM.lized at the 
test temperature, the transformer was calibrated by displacing the free 
end of the wire known amounts tith a micrometer feed and by noting the 
corresponding readings on the recorder. The recorder was set In motion 
and the load applied. The strain indicators were read at regular tLtne 
intervs.CLs until the cylinder buckled and the t5me required for buckling 
was noted. 

. 
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PRESESTATION AND DISCUSSION OF RESULTS 

. The main results of the experiments are collected in table 1. Of 
the 43 cylinders tested, 10 were loaded "statically." This term means 
that the loads were increased from zero to the vslue at which the cylin- 
der collapsed as is usual in rout- static testing. The buckling mnts 
at collapse are Usted in the table. 

Table 2 repeats this experimental information for the static-test 
cylinders and compsres it with the predictions of theory. On the assump- 
tion of perfectly elastic behavior the following formula was derived fn 
reference 1 for the maxfmum stress in a bent cylinder at the moment of 
collapse: 

%.EZ = 0.35E(h/r) (4) 

where E is Young's modulus, h, the w&ILL thickness, and r, the radius 
of the cylinder. Except for the numerical constant, this formula is the 
same as the one generally used for the calculation of the bucking stress 
of axially cqressed thin circular cylinders. The critical bending 
moment is obtained fram equation (4) if the stress is nuiLtiplLed 
by I/r = fir2h. The result is 

Mcr = l.lErh2 (5) 

The values of this critical bendcln moment are also given fn table 2, as 
well as the ratfos of the.experimentsl mcxnents to the theoretical mmnents. 
The average ratio is 0.614. 

The deviationbetween the experfmental snd the theoretical values 
is less than that found with cylinders slibjected to Worm sxisl com- 
pression. There the theoretical coefficient obtaJned from the smsll- 
deflection theory is 0.6 while the experfmental values rsnge between 0.09 
and 0.36 (see ref. 2). Nevertheless, the cmarison between the experi- 
mental results of the present test series and the theory is not entirely 
justifiable because the deformations were not purely elastic. In the 
room-temperature tests the maximum stresses calculated from elastic theory 
ranged between 8,090 and 14,480 psi; in the tests csrried out at 500° F, 
the corresponding values were between 6,790 and 11,110 psi. In cc.mp%ri- 
son, the ultimate and the yield stresses of the materisl were approxi- 
mately 28,000 and ll,5OG psi at room temperature and 7,500 and 7,000 psi 
at 500' F. Some inelastic deformatfon was likely to occur above 7,500 psi 
at room temperature and above 3,000 psi at 5W" F. The values of the 
modulus were about 10.5 X 106 and 8 X 106 psi at the two tqeratures 
mentioned. 



10 NACA RM 57FL7 

For a satisfactory comparison between theory and experiment the 
plastic deformations of the material should be taken into account. For 
the time being this is not possible for two reasons: First, no theory 
has yet been developed for the buckling of cylinders in the inelastic 
range when the loading consists of constant bending mments; and, sec- 
ondly, no reliable tangent-modulus vahes are available for the material 
at 500' F. 

As far as the creep-buckling tests are concerned, the basic infor- 
mation is the critical time listed in table 1 and the plots of vertical 
end displacement and of end rotation against time. The latter were 
obtained for cylinders.15 to 43; three such plots are reproduced here 
in figure 8. Each curve shows an instantaneous, elastic or elastic-and- 
plastic deformation at the mcment of load application. This is followed 
by a short, slightly wed line attributable to primary creep snd to 
the interaction between elastic and creep deformations. The maJor por- 
tion of each diagram is taken up by the straight lines corresponding to 
steady creep, and before collapse the experimental lines curve up rapidly 
in consequence of the instability of the structural deformations. 

Frcm the straight-line portion of the curve the steady rate of 
change 6 of the end rotation was determined for each cylinder. This 
value was then plotted against the applied rnment on logarithmic paper. 
Figure 9 contains these plots for the wall thicknesses h = 0.032, 0.040, 
and 0.051 inch. The figure shows that a straight line can be passed 
through the experimental potits without an undue mount of scatter. The 
slope of the line is the creep exponent n in the steady creep law for 
tension 

where d is the strain rate in tension, u the tensile stress, and h 
a constant, as well as in that for bending 

where G is the rate of change of the curvature of the axis of the 
cylinder, M is the applied bending moment, and P is a constant. 
In the tests here described the connection between k and the rate 
of rotation 6 of the end of the cylinder was 

. K = 6/L = e/40 

Finally, the value of A was determined frm the test data with 
the aid of the formula 

r 

A= 



NACA RM 57Ftl7 11 

where r is the radius of the thin cylinder and cp is the angle meas- 
ured from the vertical in the plane perpendiculsr to the axis of the 
cylinder. Equation (9) was derived in reference 1. 

Table 3 gives the values of the creep constants. No vslues sre 
given for the 0.0%fnch-thick sheet; the cylinders msde of this sheet 
were tested in the first experfmental series at a time when the 
deformation-measuring equipment was not yet developed. The values given 
for the 0.0X-inch-thick sheet are not considered entirely reliable 
because of the small nu&er (four) of creep bending tests performed. 
The results of the tests carried out with the O.O&- and the O-032-inch- 
thick specimens appesr satisfactory. 

It is somewhat surprising to see the great variation in the creep 
constants n and A in table 3 when the only difference among the three 
sets of tests is the thickness of the sheet. The reason may be the dif- 
ferences in the batches from which the sheets were manufactured, in the 
manufacturing processes the sheets underwent before delivery to the labor- 
atory, and in the smount of cold-work to which they were subjected in the 
laboratory when the cylLndrical shells were made out of flat sheet. 
Certainly the forming operation was more severe for the O.Ogl-inch-thick 
sheet than for the 0.032-inch-tuck sheet when they were rolled Fnto 
cylinders of the 8s~ radius. 

The technique of measuring the changes in the length of the vertical 
diameter of the cylinder at the oven tqerature of 500’ F was developed 
while the 0.032~Lnch-thick cylinders were tested. All the measured values 
were small; moreover they did not vary monotonically. Probably the 
development of a bulge at some distance from the measuring detice had an 
effect upon the measurements at the location of the device. For these 
reasons it is not considered useful to include a plot of these values. 

The most important information obtained from the expertients is 
that related to the failure of the specimens. Every spec5men failed by 
buckling. At the moment of_buckling the end of the loading triangle 
began to accelerate downward and within a few seconds it hit the jack 
which was about 6 inches below the original position of the loading 
triangle. Buckles developed at the load end in 6 specimens, in the 
middle of the cylinder in 8 specimens, and at the fixed end near the 
strongback in 19 specfmens. Figures 2, 10, and 11 show three represen- 
tative cylinders with the buckles in the three locations. 

The collapse time is listed in table 1 and the ssme information is 
again presented in figure IS!. The experimental. points canbe connected - 
by smooth lines, and, although the individual points do not lie exactly 
on the lines, the scatter is not pronounced. 

Polytechnic Institute of Brooklyn, 
Brooklyn, N. Y., August 6, 19%. 
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Temperature, BeMing moment, 
% 

The to failure, 
In-Lb ma 
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.051 
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TABIE 2 

COMPARISON QF SWIG TEST iTEWEE3 !KMB EIAS'PEC WFiORY 

TJliO.lOESS, Temperature, Theoretical crit- Ratio of experimental 
*linaer in. ?F -, ical lmment, to theoretical 

in-lb in-lb mane& 

1 0.064 Room 1.36,400 37%~ 0.40 
2 .064 z EXE =,m l 399 

z 
.0!3- > 183,m 
.04Cl 500 113,ooo :Ei 

22 =.3,ooo -751 
23 :Z z 

E:E& 

z 
.032 Rocan ;;:;g yz 

.032 5m 1 '72:100 
2% 

.032 72,100 :g? 

.032 
z 

72,100 
.Oj2 500 T2,1~ :E 

TABLE 3 

Thicbess of sheet, 
Ill. n 

0.051 5-8 
.040 

23,800 
51,ooo 

.032 J":: 79,m A 



, , 

A 



/ “’ 

! :/ 
: 

’ 

L-57-2547 

Figure 2.- Cylinder kl after failure showing attachment to loading ring. 
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L-57-2548 

Figure 3.- Strongback attachment cylinder. 
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Figure 4.- Over&L view of oven. 
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L-57-2550 
Figure 5.- PartS~ c&ILeted section af oven. 



Figure 6.- Skeleton of an oven section before installation 

L-57-2551 
of bmiLat ion. 
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Figure 7.- Schematic drawing of equipment to measure deflections. 
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I&d, $30 pounds; bendbg moment, 41,000 inch-pounds; thickztess, 0.0&d inch. 

Figure 8.- Continued. 
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Figure 8.- Concluded. 
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(a) h = 0.032 inch. 

Figure 9.- DetermWatlon .oP creep constmts. 
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(b) h = 0.040 inch. 

Figure 9.- Continued. 
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L-57-2552 
Fibwe 10. - Failure of cylinder 16. Buckle at load end.. 

. , 



L-57-2553 
Figure 11.- Failure of cylinder 25. Large buckle at fixed end and mailer 

one in middle. 
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