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ABSTRACT 

\ 
Experimental data are provided to assist in 

establishing design criteria for the elastic 

stability of conical shells and pressure stabi¬ 

lised axially stiffened cylindrical sh'.Us. The 

buckling of a series of Mylar cones and cylinders 

under ' nial compression or uniform external 

r'* Bssure was investigated. Some attempt j are 

made to correlate the experimental data obta. ed. 

The buckling coefficients of the preliminiry 

results of the initial program (see Refsium |) ^ 

found to be much lower than the v.*’.ues 

obtained in subsequent tests. The cones and 

cylinders in the second series of compression 

tests had stronger seams so that buckling was 

not precipitated by initial dimples adjacent to the 

seam. Test equipment and specimens for the 

stiffened cylinder investigation were being con¬ 

structed at the close of the year. 

i 

* 
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I. INTRODUCTION 

Despite the basic nature of the problems that exist and the considerable 

effort that has gone into instability investigations over the years, the under¬ 

standing of shell stability is, at present, limited almost entirely to monocoque 

cylindrical shells under simple types of loading; and even in these cases, con¬ 

troversy exists regarding the correct interpretation of test data. For conical 

shells, the theoretical investigations are few, and the available experimental 

data is quite inadequate. 

The purpose of this program is to establish design criteria for the elastic 

instability of conical shells and pressure stabilized stiffened cylindrical shells. 

The specific objectives of the experimental work include thf determination of: 

a. The design criteria for conical shells under various loading 
conditions. 

b. The effect of internal pressure on axially stiffened cylindrical 
shells under similar loading conditions. 

c. The effectiveness of floating rings in stabilizing unpressurized 
cylindrical shells in various loading conditions. 

As described in Project Plan 165-27 (Reference 2), the approach employed 

in the experimental program consists of a parametric study using Mylar as the 

specimen material, with corroboration of the Mylar results furnished by tests 

on larger scale metal specimens. 

The results of two experimental stability investigations utilizing Mylar 

cones are reported herein. The first investigation is on the buckling of Mylar 

cones and cylinders under uniform compression. The effects on the buckling 

load cf cone angles, radius-thickness ratio, and length-radius ratio were 

explored in some detail. The results of this investigation are presented in 

both tabular and graphical form and some tentative correlations of the data and 

conclusions are made. The second investigation concerns the stability of Mylar 

cones and cylinders under uniform external pressure. 
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In the same period, test fixtures and specimens were designed and 

constructed for the internally pressurized stiffened cylinder program. A 

description of these is given, and the results of some theoretical investigations 

to aid in guiding the experimental program are discussed. 
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II. CONICAL SHELL PROGRAM 

In the present program period, the axial compression tests outlined in 

Reference 1 were completed. In addition, tests were made on conical shells 

subjected to uniform external hydrostatic pressure. The results of these tests 

are given herein. 

A. Testing Technique 

1. Axial Compression 

Some modifications of the testing technique were made to insure 

greater accuracy of the results. In Reference 1, it was noted that an initial 

dimple appeared in the seam for almost all of the cones. Subsequent tests 

revealed that for some of the specimens, the dimple grew as the load was 

increased until the cone collapsed. On these cones the well known diamond 

shaped buckles never appeared, and the collapse load was usually very low. It 

was found that a l-l/4-inch seam overlap, rather than the 3/8-inch overlap used 

in the tests of Reference 1, eliminated this type of premature failure. 

The test fixture was unchanged except for the use of an electronic 

load cell (Figure 1) rather than the load rings used previously. The test proce¬ 

dure was changed, however, to eliminate the effects of eccentricity of loading. 

The first axial compression test on any cone was performed with the steel ball 

and loading plate centrally located. At buckling, the location of the first buckle 

was recorded. The loading plate and steel ball were then moved l/4-inch away 

from the buckle, along the diametral line through the buckle. This procedure 

was continued until a maximum compressive load was obtained. 

2. External Pressure 

F or cones under external pressure, the following technique was 

used. The specimen was first fixed in the upper clamping fixture and then 

placed on the inner portion of the lower clamping fixture which had been raised 

approxim. ely two inches above the base of the loading fixture by two parallel 

blocks. This prevented the bottom of the cone from pressing on the base of the 

loading fixture. The outer portion of the clamp was then placed over the cone 
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Figure 1. Axial Load Test Fixture.

■ V

Figure Z. External Pressure Test Fixture.
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and brought down looaely on top of the inner lower clamp. Thie procedure was 

developed after it was discovered that if the lower clamps were fastened by 
screws, dimples appeared and caused premature buckling. 

The cones were loaded in the test jig shown in Figure 2. Differ¬ 

ential pressure was applied by evacuating the interior of the cone using a vac¬ 

uum cleaner motor. An alcohol-kerosene manometer was used to measure the 
pressure differential. 

The vacuum was increased slowly by increasing the speed of the 

vacuum cleaner motor with a Variac until the cone was fully buckled. At this 

point, the alcohol-kerosene manometer was read and the buckling pressure 

obtained through the use of the previously determined calibration factor. Each 

run was repeated four times. The number of buckles around the circumference 

was recorded in addition to the buckling pressure. A picture of a typical buckled 
cone appears in Figure 3. 

B. Results and Discussion 

1. Axial Compression 

In Reference 1 it was explained that small deflection theory for 

the buckling of conical frustums under axial compression gives the buckling load 
as 

P cone 
2 cos a (1) 

where 

PCyl = the theoretical axial buckling load 

of a long cylinder (0. 6 x ZirEt^) 

a = Semivertex angle of the cone 

A modification of this formula to take into account the well-known 

discrepancy between theory and experiment for axial compression of cylinders 
was suggested as 
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Figure 3. Cone Buckled by External Pressure.
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Pcyi 8 <c*) 2irEt2 (2a) 

where C* is an empirically determined coefficient for cylinders (Reference 1)( 

where P = average radius of curvature of the cone 

i = slant length 

The dimensions of the cones were chosen so as to provide some basis for testing 

this hypothesis. In a number of cones having the same semi vertex angle, the 

value of p/I was held constant and p/t was varied. The results of the tests 

carried out on the various cylinders and cones are given in Table 1, where 

experimental values of C given by 

ZirEt cos a (3) 

are compared with the value of C* computed from Equation (2b). 

Two phenomena can be noted immediately from an examination of the 

last column of Table 1, where the ratio C /C is listed. One is that for 

cones of all angles, including cylinders, the ratio of experimental and predicted 

values of C appears to increase as the average radius-thickness ratio increases. 

The other is that the ratio increases as the semivertex angle increases. These 

two effects are shown graphically in Figures 4 and 5. The increase with radius- 

thickness ratio is seen more clearly by isolating the results of these tests for 

which only the thickness was varied. Thus, in Figure 6, values of P/2irEt are 

plotted as a function of thickness. Also given are the values obtained from 

Equation (2b) multiplied by cos2a. It can be seen that the experimental buckling 

coefficient P/2vEt2 does not show as much variation with thickness as it pre¬ 

dicted by Equation (2b). Indeed, if one takes all the scatter into account the 

results indicate, on the average, no variation with radius-thickness ratio. 
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It ia somewhat difficult to explain these occurrences. One expla¬ 

nation might be that the lack of significant variation with radius-thickness ratio 

is due to the Mylar cones being more nearly ideal than is possible with metal 

shells. Another, and more likely, explanation is that ths number of tests for 

each radius-thickness ratio is insufficient to yield any statistical variation. The 

increase of the buckling coefficient ratio with semivertex angle is likewise diffi¬ 

cult to explain. A possible explanation might be the stiffening effect of wedging 

the cones against the lower clamps when loaded in axial compression. On the 

other hand, this phenomenon may be entirely characteristic of conical shells 

and might be expected if a large deflection analysis of the buckling process were 
available. 

A more significant correlation of the data is obtained when the 

values of P/2irEt are plotted, as a function of the semivertex angle a, without 

regard to length or thickness (Figure 7). In this plot, the scatter band is about 

±20 percent wide about the mean value for each angle, which is quite good con¬ 

sidering the amount of scatter that is usually associated with shell experiments. 

The trend of the mean of the results is in good agreement with the cos2a variation 

predicted by small deflection theory, although it should be noted that the results 

are somewhat lower than the predicted variation for angles near 0 and somewhat 

higher for angles above 45 degrees. For angles between 15 and 45 degrees, the 

mean buckling coefficients are quite well represented by the curve 

p - n i 2 -« = 0. 3 cos a /a» 
ZffEr 

which is about half of the value predicted by small deflection theory. Confidence 

in the validity of the experimental values for Mylar is enhanced by the fact that 

the data of Reference 3 for aluminum cones fell within the scatter band. The 

point above the scatter band was obtained from Reference 4, in which tests on 

aluminum cones under axial compression and external pressure are reported. 

The average radius-thickness ratio for the cones represented by this point was 
152 which is well below the range of the Mylar cones. 

2. Uniform External Pressure 

For conical shells under uniform external pressure, many theoretical 
investigations are reported in the literature. These are surveyed in Reference 5 
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Figure 7. Variation of P/2»rEt with Cone Angle. 
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where it ii shown that most of the significant investigations indicate that the 

critical pressure of the conical shell is related to the critical pressure of the 

equivalent cylinder defined previously for axial compression. 

The experimental critical pressures p obtained from tests carried 

out on Mylar cones are given in Table 2. The computed values of critical pres¬ 

sure p were obtained by modifying the formula for cylinders given in Reference 6 
to read 

The number of circumferential buckles 

p was obtained. The computed number 

Table 2 was obtained by multiplying the 

n was varied until a minimum value of 

of buckles given in the last column of 

value of ñ yielding minimum critical 
pressure by cos a, as suggested in Reference 5. 

In Figure 8. the values of p/p for the cones tested are plotted as a 

function of cone taper ratio and are compared with various available theoretical 

results. It can be seen that on the average, p/p is insensitive to taper ratio 

and is equal to unity, thus verifying the approximation given by Niordson. The ' 

scatter band is about ±20 percent, the same as for conical shells in axial 

compression and, for the most part, lies between the theoretical band defined 

by the theories of Seide and Bijlaard. On the same figure, experimental results 

for aluminum and other plastic cones, obtained from References 4 and 7, are 

plotted and indicate the same behavior. The points plotted above the theoretical 

band may be explainable by deviations of the actual modulus of elasticity from 

the average values used in computing p. Another explanation may be afforded 
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by the difficulty in determining the buckling pressure for some cones for which 

the formation of buckles was characterized by a slow progressive process rather 
than a sudden appearance of buckles. 

The number of buckles is similarly in fair agreement with the Niordson 
approximation, although the computed results are, for the most part, higher 

than those obtained experimentally. A possible explanation for this discrepancy 

may be the stiffening effect of the 1- 1/4-inch seam which would affect the buckle 

pattern in its vicinity. Thus, some of the buckles may have been "washed out" 
in the vicinity of the seam. 

1. The good agreement with the results of investigations involving 

some other materials indicates, at least tentatively, that Mylar is adequate as 
a material for buckling tests. 

2 2* The Axial compression tests confirm the predicted variation of 
P/2ir£t with semivertex angle, the value for semivertex angles varying from 
15 to 45 degrees being given by 

(6) 

Equation (6) is ^conservative for angles near 0 degrees, where the coefficient, 
multiplying cos a, varies from 0.18 to 0. 3. and is conservative for angles 

near 60 degrees, where the coefficient varies from 0.3 to 0.44. The use of 

Equation (3) for the buckling load coefficient will be conservative for most cones 

and may be justified if the manner of load introduction is uncertain. However, 

the amount of conservatism indicated by the present test results is quite high ' 
for the larger semi vertex angles. 

3. Although the scatter of the test results for a given cone angle is in 
general satisfactory, certain areas show excessive scatter and will be the sub¬ 
ject of additional tests. 
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4. The critical uniform hydrostatic buckling pressure for a conical 
shell is shown by the tests to be adequately defined by the approximate formula 

where i = slant length of the cone 

p = average radius of curvature 

t = thickness 

(7) 

The scatter in the results is approximately ±20 percent about the mean value 
given by Equation (7). 

5. The test results indicate the need for a large deflection theory for 
buckling of conical shells, possibly to explain the increase in axial buckling load 

coefficient with semivertex angle, and the discrepancy of Equation (7) with the 
results of the theory of Reference 5. 

D. Program Plans 

To increase the confidence in the results of Mylar test specimens, a 
series of tests utilizing steel conical shells has been planned. During the next 

program period, work will continue on the interaction between axial compres¬ 

sion and external or internal pressure utilizing Mylar specimens. Additional 

axial compression testing is planned in order to check scatter points in certain 

area, such as a = 30°, p/t = 1200° to 1800, a = 45°, p/t = 1300, and 
u = 60 , p/t = 1200 and 1600. 
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III. INTERNALLY PRESSURIZED LONGITUDINALLY STIFFENED CYLINDERS 

It has been established that die critical buckling stresses for pressurised 

cylinders are greater than those for unpressurised cylinders. Since the strength 

weight ratio of efficiently stiffened shells exceeds that of unstiffened ones it is 

believed that weight saving is possible in many practical cases by combining 

pressurisation and stiffening. The purpose of this program is to determine 

what advantages can be derived from this combination, and to set up criteria for 

the design of efficient structures. The first phase of the program consists of an 

experimental study of the influence of internal pressure on the local and general 

instability of longitudinally stiffened cylinders ander axial compression. 

Dimensional analysis indicates that the probable most important nondimen- 

sional parameters are 

or 
- * Function 
E s 

where the notation is 

A^ cross-sectional area of stiffener 

b circumferential width of panel between stiffeners 

D flexural stiffness of skin 

E^ Young's modulus of stiffener material 

Eg Young's modulus of cylinder material 

(EI)^ flexural stiffness of stiffeners 

(GJ)j^ torsional stiffness of stiffeners 

L length of cylinder 

p internal pressure 

R radius 

t skin thickness 

t effective thickness, t = t + E,/E A /b 

o* average critical stress cr 

R_ 

t 

_b _L _e 
> t 

t b t 

t (El), 

bD bD 

(£r] 
EtJ 

(8) 



STL/TR-59- 0000- 09959 
Page 18 

The ratio« of bending and torsional rigidity of the stiffeners to the flexural 

stiffness of the skin are the same parameters used in the analysis of a plate with 

elastic edge supports. For plates, the buckling stress deviatès from that for a 

clamped plate only when these ratios are very low. For the problem under 

consideration, these ratios are relatively high when the stiffeners are required 

to remain straight (References 8 and 9). Therefore, because of the similarity 

between these two cases, it is likely that if the stiffeners remain straight when 

the panels buckle, the panels will behave as if clamped along their edges. This 

case is difficult to analyze, however, and an alternate investigation of the effect 

of pressure on cylinder panels was made using the theory of Reference 6, assum¬ 

ing the long edges to be simply supported. The results of the analysis are given 
by 

<r cr 
m^ß 

(m+1)2 
■L (m2 + I)2 

2 —7 
12(1 - Y )ßm2 

(9) 

in which 

The solution of this equation, after minimizing with respect to m, is illustrated 
in Figure 9. 

In the figure, as b2/Rt becomes very large, ^ approaches the theoretical 
value for the unstiffened cylinder, whereas for low values of b2/Rt, <r is 

significantly greater than the un.tiffened cylinder value. For comparison with 

this small deflection solution, some experimental data (References 10, 11, 12) 

for curved panels are plotted in Figures 10 and 11. In Figure 10, the critical 

stress is plotted as a function of shell geometry parameters for two pressures. 

As might be anticipated from the work of Reference. 13, 14 and 15, the experi¬ 

mental points for the unpressurized shells are well below theory. However, 
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these data for p * 0. 5 are in much better agreement with the theoretical results. 

The trend for the critical stress to approach the theoretical value as the internal 
pressure increases is illustrated in Figure 11. 

A more complete parametric study has been proposed using Mylar as the 

cylinder material. The excellent recovery properties of Mylar enable each 

specimen to be tested several times; thus permitting each cylinder to be tested 

over a range of internal pressures. A similar material, cellulose acetate or 
polystyrene, will be used for the stiffeners. 

The first series of tests have been derngned to determine what influence the 
stiffener size will have upon the buckling stress of a given panel. This series 

of specii.'em vill be identical with the exception of stiffener cross sections. A 

la:gw ange of flexural and torsional rigidities /ill be covered. The parameters 
selected for this series are 

( 

R = 4.0 

t = 0.005 

L = 8.0 

N = 30 

= 25.4 

(ei>l 
bD 

<GJ>L 

bD 

500 • 2500 

20 - 800 

If the analogy with the plate on elastic supports is correct, then little differ¬ 
ence should be observed for this range of stiffness. If the assumption of clamped 

edges is not valid, then this series will establish some criterion for the actual 
edge conditions. 

{ 
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C 
The second series of tests will be conducted to determine systematically 

the influence of each of the other geometric parameters as indicated in the dimen¬ 

sional analysis. The number of stiffeners, skin thickness, length and radius 

will be varied independently. Each specimen will be tested over a wide range of 

pressures, thus giving the critical stress as a function of pressure for each 
geometric configuration. 

Two major pieces of equipment are required for the cylinder test program: 

the test fixture itself, and a device for cutting uniform stiffeners. These two 
pieces of equipment are near completion. 

( 

( 
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