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Abstract

THE Bresse equation for the buckling of
rings under radial pressure is modified to pre-
dict the general-instability collapse pressure
of cellular sandwich shells under hydrostatic
pressure. The validity of the equation is demon-
strated by implosion experiments with carefully
designed cellular sandwich shells, the general-
instability collapse pressures of which are com-
pared with the results obtained by the modified
Bresse equation. The results indicate that the
modified equation predicts the general-insta-
bility collapse pressure of cellular sandwich

shells within 5 per cent. 'This equation is recoin-
mended for use only when the ratio of shell ring
depth to shell mean diameter is less than 0.1.
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General Instability of Circumferentially Stiffened Sandwich Shells

Subjected to Uniform External Pressure

Introduction

CELLULAR sandwich shells are preferred for many underwater applications because of their
ability to withstand great hydrostatic pressures. The cellular sandwich shell, sometimes referred
to as a circumferentially stiffened sandwich shell, consists of two concentric cylinders joined by
a series of equally spaced circumferential annular stiffeners (Figs. 1 through 4), On the basis of
theories postulated by some authoritics (1,2), it appears that cellular sandwich shells possess the
highest pressure-to-weight ratio and thus represent the optimum design for pressure vessels sub-
jected to external hydrostatic pressure. However, the advantages of this design are offset by the
lack of design data for accurately predicting the hydrostatic-pressure capability of the shell. There
is a need for a simple equation that will accurately predict the hydrostatic collapse pressure of
the cellular sandwich shell.

PURPOSE OF TIlE INVESTIGATION

Cellular sandwich shells, like other types of shells, are subject to two broad categories of -

shell failure: elastic instability, and failure of the material. Of the two types of failure, elastic
instability is less predictable and thus of greater interest. There are many types of elastic insta-
bility, but this investigation was concerned with general instability - a type of clastic failure in
which all the shell components buckle simultaneously. It was the purpose of this investigation to
theoretically and experimentally develop a simple equation for predicting the general-instability
collapse pressure of a cellular sandwich shell subjected to hydrostatic pressure.

HYPOTHESIS AND METHOD OF INVESTIGATION

The theoretical basis of this investigation was Bresse's theory for the buckling of rings under
radially applied external pressure(3). It is postulated that a modified Bresse equation accurately
predicts the uniform external pressure at which general-instability failure of a cellular sandwich
shell occurs. The advantages of cellular sandwich shell construction were determined by tests in
which five types of acrylic resin shells were imploded (Figs. 3 and 5 through 8). To verify the

validity of the modified Bresse equation, two identical aluminum cellular shells and one acrylic
resin cellular shell were imploded in a carefully controlled pressurization system. Both types of
shells were designed to collapse by general instability, and their collapse pressures were then
compared with those predicted by the modified Bresse equation. The criterion by which the validity
of the modified Bresse equation was judged is its ability to predict collapse pressure within 10 per
cent of the experimental results.

This investigation was limited to the collapse of cellular sandwich shells by general instability,

and only those shell parameters and experimental data that have direct bearing on this method of

*Numbers in parentheses refer to References on p. 13.



collapse were investigated. However, local buckling of sandwich-shell facings and circumferential
stiffeners is discussed~in a general way.

BRIEF SUMMARY OF RESULTS AND CONCLUSIONS

The two aluminum shells were tested together, and collapsed at 2300 psi; the acrylic resin shell
collapsed at 1650 psi. When both collapse pressures were corrected for end conditions and com-
pared with those obtained by the modified Bresse equation, the difference was less than 5 per cent.
On the basis of this and other investigations, it is concluded that the modified Bresse equation
accurately predicts the general-instability collapse pressure of cellular sandwich shells, provided
the proper corrections for end conditions are made.

Theoretical Consideration and Discussion

STRUCTURAL ANALYSIS OF THE CELLUI.AI SANDWICH SHELL

The derivation of an equation describing the safe load of a novel structure can generally be
approached from two diametrically opposite viewpoints. One viewpoint is based on the supposition
that an equation describing the safe load forany new structure can be derived from the basic tenets
of statics and from the theory of elasticity, providing that a thorough analysis of thee distribution
of loads and boundary conditions has been made previously. The other viewpoint is based on the
supposition that any new structure can be considered as a combination of several structural ele-
ments for which load-carrying capabilities already have been obtained.

If an approach to the solution of a problem could be characterized by one word, the first view-
point might be called scientific and the second, engineering. Both viewpoints have their value, de-
pending on the aims of the investigatio!i. The scientific formula derivation has its value when the
aim of the investigation is the discovery of a basic set of equations. However, when the aim of the
investigation is applicable to a specific engineering structure only, the engineering approach is
much more desirable since the emphasis is on the utilitarian value of the formula and not on its
value as a contribution to the theoretical body of knowledge.

As this investigation was initiated to acquire an engineering design formula for the prediction
of a particular mode of failure of a special type of structure, it was decided at the very outset that
only the engineering approach was desirable. This decision was further substantiated by other
reasons, such as limited funds and a short period of time in which to conduct the investigation,

DEFINITION OF TERMS

The terms used in this report are defined below. Some of the structural members (such as
I rings and 1-ring flanges) do not exist as such, but are referred to for purposes of analysis. The
cellular sandwich shell, for instance, can be thought of as concentric cylinders joined by annular
stiffeners; or as a series of wide-flange I beams formed into rings, the flanges of which form the
inner and outer cylinders (Fig. 2).

Annular Stiffeners - Rings joining the outside and inside shell facings to form an integral struc-
ture (Fig. 2).

Shell Facings - Thin shell-like cylinders joined by annular stiffeners (Fig. 2).
I Ring - A wide-flange I beam rolled into a circular shape (Fig. 2).
I- Ring Flange - That portion of the I beam forming the inside and outside facing of the shell (Fig. 2).
I- ling Web - That portion of the I beam supporting the flanges.
Pressure-to-Weight Ratio - An arbitrary ratio for the comparison of various shells subjected to

internal or external pressure. This comparison index takes into account both the strength-to-

2
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weight ratio of the structural material and the buckling resistance of the shell design. The
ratio is defined as:

where

"ce = the experimentally determined hydrostatic collapse pressure of the shell,

.3
V. displacement volume of the vessel per unit shell length (in. per in.),

and

A W. weight of the shell per unit length (lb per in.).

Hydrostatic Pressure - External pressure of uniform magnitude applied both axially and radially
to the enclosed pressure vessel.

Collapse Pressure - External hydrostatic pressure that causes the pressure vessel to lose its
structural integrity.

Infinitely Long Pressure Vessel - Pressure vessel possessing bulkhead spacing such that any
further increase in the spacing will not decrease the collapse pressure of the vessel.

Short Pressure Vessel - Pressure vessel whose collapse pressure depends to some extent on the
reinforcing action of tho bulkheads.

Failure by General Instability - Type of failure in which all the structural components of the shell
fail simultaneously by buckling.

General Instability Equation - Bresse's theory for the buckling of rings adapted for the calculation
of the external hydrostatic pressure at which an infinitely long cellular sandwich shell will
collapse because of general instability.

APPLICATION OF1. BIESSE RING- BUCKLING EQUATION

The sandwich shell, when analyzed structurally, can be thought of as either an assembly of
typical wide-flange I rings, or as outer and inner cylinders joined by circumferential annular stiff-
eners at regular intervals. Although equations describing the general-instability collapse of smooth
shells and circumferential rings exist, the structural interaction between these shell components
is such that the general-instability collapse pressure of the assembly is not necessarily equal to
the sum of the individual collapse resistances of the components. Thus, for the engineering type
of investigationi, it is fruitless to p;rsuae the structural analysis approach, which treats the shell
as a combination of inner and outer smooth cylinders joined by annular stiffeners. The method
that logically promises a solution to the problem is the one in which the shell is considered to be
made up of infinitely repeatable wide-flange I rings (Fig. 2).

When the hypothesis is made that the shell is only a series of wide-flange I rings, then it follows
that the over-all collapse resistance of the shell to external pressure is equal to the buckling re-
sistance of the structural module, the wide-flange I ring. Therefore, the over-all collapse resis-
tance of the shell can be determined if the buckling strength of a single wide-flange I ring is known.
Fortunately, the problem of ring stability under uniform, radially applied, external loading was
solved long ago by liresse(3); the solution was then extended into the plastic strain regions by
Engesser(4). The difference between the loading of Bresse's ring and that of the typical shell I ring
being investigated is in the superimposition of axial load upon the ring along its outer and inner
flanges.

The expression for the uniformly applied radial loading that produces radial buckling of the
ring has been very lucidly presented by Timoshenko(5), and his notation is used in deriving the
general-instability equation for the cellular sandwich shell. This equation actually represents a
semiempirical adaptation of the tiresse ring-buckling theory(3) to the buckling of sandwich shells

3



by general instability. The adaptation is performed on the basis of structural similarity, and the
validity of the adaptation is supported by experimental data.

BUCKLING OF A CELLULAR SANDWICH SHELL UNDER HYDROSTATIC PRESSURE

In the original Bresse ring-buckling equation,

qct" M•

R3

where

q =t ; the radial external collapse pressure of the ring (lb per in. of circumference measured
along the neutral axis of the ring),

E = modulus of elasticity in compression (psi),

4I = moment of inertia of the ring (in.4),

and

R = radius of the neutral axis of the ring (in.).

The Bresse equation is correct for only a single ring under radially applied external pressure.
This means that there is no loading perpendicular to the plane of the ring and no external restraint
on the buckling ring. Whenshells of typical wide-flange I rings are considered, it becomes apparent
that the flanges of an individual I ring are restrained from distortion by the adjacent I rings, and
that they are subjected not only to radial loading but also to axial loading. The restraint on I-ring
flanges and the superimposed axial loadin,• ,..ust bc accounted for in some manner;hrse,
erroneous answers will be obtained from Eq. 1.

The simplest approach to the problem of restraint on the flanges of an I ring by neighboring
I rings is to assume that the cross sections of the I rings will not become distorted during compres-
sion because the adjoining flanges will prevent them from distorting. This assumption is basically
the same as that made for the derivation of the buckling formula of an infinitely long smooth shell
subjected to uniform external radial pressure(6). Since the cross section of the flanges will not
be distorted during the compression of the rings under load, a new expression(5) must be sub-
stituted for the modulus of elasticity in Eq. 1. Thus, E '-M2 is substituted for E in Eq. 1, giving a
new expression:

R3 I. x. 2 ,
where

Pot = the external hydrostatic collapse pressure of the shell assembly,

* = external shell radius,

and

S= Poisson's ratio in the elastic range of the material under uniaxial compression.

The factor RIRo is used to correct for the large difference between the outside shell radius and
the radius of the neutral axis of the ring. For thin-walled smooth shells, such a correction is not
necessary; but, for thick-walled shells, or for sandwich shells whose ratio of ring depth to ring

4



external surface radius is greater than 0.1 (h/R 0 >O.l), such a correction is mandatory because
4 it generally amounts to approximately 10 per cent of the uncorrected value of Pct. Even with the

correction, Eq. 2 is not exactly correct since the flanges of the I rings do not constitute the whole
I ring but only a part of it. However, a detailed correction of Eq. 2 is not necessary: a comparison
of the inertias of the web and the flanges shows that the contribution of the web to the moment of

"* - inertia of the I ring is very small.
In the derivation of Eq. 2, it was assumed that the ring material followed Hooke's law faithfully

from zero stress to the moment of buckling. There are very few materials that behave in such a
manner; therefore, the equation must be modified to account for materials that do not follow
Hooke's law. Engesser(4) and Southwell(7) have developed expressions that allow for the deviation
of materials from Hooke's law and yet predict the buckling of structural members.

The Engesser solution must be used to calculate the general-instability collapse pressure of a
ring or cylinder fabricated from aluminum. For the buckling of structures fabricated from materi-
als not having linear stress-strain properties, the Engesser solution substitutes the tangent modu-
lus of elasticity for the modulus of elasticity in Eq. 2. Little experimental data have been found on
the correctness of the Engesser solution as applied to the collapse of shells or rings, but some
data have been accumulated on its application to the buckling of slender rods, as shown in Fig. 9.
This figure shows that the experimental points follow the theoretical curve predicting the buckling
of slender rods. Since the buckling of both rods and shells is based on similar structural parame-
ters, it is felt that the Engesser solution will hold equally well for shells and composite shells.

Equation 2 can be further refined by substitution of y, for p since g S is Poisson's ratio of the
shell material at a given stress level. In the elastic strain region, Poisson's ratio changes very
little with the increasing stress level; but, in the plastic strain region, Ploisson's ratio increases
considerably as compared to its value in the elastic strain region. When p2 is used instead of j in
Eq. 2, the magnitude of the calculated collapse values for the plastic strain region may increase
by as much as I8 per cent(8). The difficulty in applying this correction is the scarcity of published
data on the change of $, with the change in the stress level; thus, $k is usually used instead of p,
By not using /i,, some of the calculated collapse-pressure values are placed in error; but, since it
makes the calculated values smaller, it is accepted as a safe and conservative practice.

Although specifically derived for radial loadine of rings. Eq. 2 can also be used to predict the
general instability of cellular sandwich shells under the joint action of axial and radial external
pressures. The applicability of Eq. 2 to cellular sandwich shells subjected to radial pressure, or
to combined axial and radial pressures, is based on the fact that buckling in a smooth cylinder
requires a much greater axial pressure than a radial pressure or combined axial and radial pres-
sures(9). Since the axial and radial external pressures are of equal magnitude in the hydrostatic
loading of a shell, the cylinder will become unstable because of radial preasure long before buck-
ling because of axial pressure will occur. Although this has been proved experimentally and theo-
retically for smooth cylinders only, it is assumed that it will also apply to sandwich shells because
of the similarity of the relevant shell parameters.

The final version of the Bresse ring-buckling equation, modified to include the tangent modulus
of elasticity in compression Et, Poisson's ratio at a given strain level * , and the correction factor
R/Ro, can be now written as

P, z R )I E, 3~ 3 
)j2 R '

where

J (h-t%-tt,) (h-to- t, t.

12 Lr 2

h = over-all wall thickness, to = outside flange thickness, ti = inside flange thickness, Lr = annular
stiffener spacing, and tw = annular stiffener width. Equation 3 will be used to calculate the general-
instability collapse of sandwich shells.

5



Whien the shell material has a definite yield point and becomes plastic without strain hardening,3
Engesser's solution does not apply; Southwell's modification (7), or some other modification, must
be applied. Since this investigation does not concern itself with shells fabricated from such ma-
terials, these modifications to the Bresse equation will not be discussed.

Experimental and Testing Procedures

ACRYLIC RESIN SHELLS

Five inexpensive acrylic resin shells were constructed to determine the relative merits of the
different types of shell construction. These shells, shown in Fig. 3 and Figs. 5 through 8, were of j
identical weight, length, outside diameter, and usable inside diameter. They were fabricated from
commercially available tubes, and their rings were cut from commercial acrylic resin sheet stock.
All the structural components were joined into a single homogeneous structure with acrylic resin
solvent. To eliminate residual strescs .it, ,c, by machining a'd bocuding oi tihe materi"al, tIei
finished shell assemblies were annealed in temperature-controlled ovans. Figure 10 is an assembly
drawing of the acrylic resin shells.

For implosion testing, the shell ends were sealed with identical friction-type closures and
immersed in a 2000-psi-capacity pressure chamber (Fig. 11). The collapse pressures for all the
shells were carefully recorded, and are presented in Table I. The results indicate that, among
those tested, cellular sandwich construction is the best method of stiffening shells against external
pressure.

TABLE I

COLLAPSE PRESSURES OF ACRYI,1C RESIN SHELLS

Pressure-to-
Collapse Weight Ratio

I've ssu re** ' (v\
Description* (psi) -Pc iT

Smooth shell 590 0.585 x 105

Smooth shell stiffened by 1200 1.185 x 105

equally spaced circum-
ferential plain rings

Smooth shell stiffened by 1450 1.44 x 10[
equally spa( ,d circum-
ferential T rings

Longitudinally stiffened 1100 1.09 x 10 5

sandwich shell

Cellular sandwich shell 1650 1.63 x 105

*Material properties are shown in Fig. 31.
"e*Pressurization rate: 20 psi per sec.

61
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ALUMINUM CELLULAR SANDWICH SHELLS

Equation 3 was used to design two larger aluminum cellular sandwich shells (models A and A')
to test the general-instability collapse theory postulated. The shells were constructed of wrought
aluminum, a typical construction material, which was selected solely on the basis of cost and ease
of fabrication, Since engineering design formulas for this type of shell were not available at that
time, both the shell facings and the rib spacing were selected on the basis of general engineering
stability principles(l0, 5). The thickness of the shell facings and the spacing of the ribs were
critical and were selected so that local buckling(11) or yielding would not occur before the shell
collapsed as a whole under the action of external pressure. Figure 12 is the assembly drawing for
the aluminum cellular sandwich shells.

Since so many variables enter into the design of a sandwich shell, it is not prudent to accept
the experimental collapse pressure of a single shell as the typical collapse pressure of that sand-
wich shell design. The bestapproachwouldbe to test as many shells of the same design as possible
and to evaluate the collapse pressures by statistical methods., but such an approach would be too
expensive for th: ý investigatica. To overcome this limit ition and to obtain at least a Eernblanca of
a typical collapse pressure, it was decided to make both aluminum shells of identical dimensions
and to average their collapse pressures. The dimensional tolerances for the fabrication of both
shells were very "tight," as indicated in Fig. 12. These tolerances ensured that the shells would
be as nearly identical as possible and that they would collapse simultaneously during testing.

During the fabrication of the shells, all conceivable quality controls were instituted and adhered
to in order to make certain that the final product tested was the same as that described in Fig. 12.
The shell design demanded an unusually high degree of attention to manufacturing details on the
part of the contractor - details that are generally ignored in everyday shop practice. The welding
fabrication method, in particular, presented more than the usual problems.

Because of the extreme length of welds, and the required postweld heat treatment, the wrought
aluminum shells required special care to avoid residual-stress distortions. Only by the use of
elaborate welding jigs and uniform welding rates was it possible to keep the distortion of the shells
within the design specifications. The most important single item in the structural strength of the
wrought aluminum shells was the quality of the welds, which was so high that it surpassed the fabri-
cation specifications by 21 per cent, as shown in Table I1.

Another important item in the design and fabrication of these shells was the location of the
welds. Actually, there are several ways in which shell components can be joined to form a welded
shell structure; the selection of the weld type and its location depends primarily upon the stresses
created by external pressure application. Since external pressure loading generates the greatest
stresses in the circumferential direction, the welds had to be located along the circumference of
the shell; but, even at this location, there were several alternatives for the selection of weld type
and placement.

After a careful evaluation of all the possible weld types and locations, a weld was selected that
would be almost as strong as the parent material, provided it was properly applied and located.
This weld, which is shown in Fig. 12, was placed in the circumferential direction and joined the
flanges of individual wide-flange I rings.

Each of the shells was provided with a wedge-band joint at each end for coupling with another
shell of identical construction. The joints were equipped with standard neoprene 0 rings in a
radial-type sealing arrangement that effectively sealed the shell assembly against high external
testing pressures.

TEST APPARATUS AND SHELL END SUPPORTS

The basic apparatus required for implosion testing consisted of two shell end closures, an
internal pressure vessel, a hydraulic pump, and several accurate pressure indicators. At the time
this investigation was conducted, the Ordnance Research Laboratory did not have pressurizing
equipment of sufficient capacity to test the two aluminum experimental shells. All experimental
testing of the aluminum shells was performed at the Southwest Research Institute, San Antonio,
Texas.
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TABLE II

MATERIAL PROPERTIES OF COLLAPSED ALUMINUM SHELLS

Cross Elongation in Ultimate
Test Section 1 In. Load Strength

Sample No. (in. 2 ) (per cent) (lb) (psi)

Parent 1 0.0986 17.47 4765 48,327
material 2 0.095 19.50 4650 48,947

1 0.1005 4.42 4010 39,900
2 0.1003 3.90 4005 39,930
3 0.0995 5.18 4200 42,211
4 0.102 4.06 4110 40,294

Weld 5 0.099,7 3.68 3910 39,218
coupon 6 0.1003 4.60 4045 40,329

7 0.101 4.08 3855 38,168

8 0.1005 4.46 4260 42,388
9 0.1005 4.89 4180 41,592

10 0.1005 4.89 4165 41,443

Material and Constru'ction

Parent material - 6061-T6 aluminum alloy
Welds -

Root pass: 5356 filler, heliarc-welded
Filler passes: 4043 fille, Sigma-weided

"Weld type - 90-deg single-vee butt weld

Material Strengths

Specified weld strength - 33,500 psi (see Fig. 12)
Average weld strength - 40,547 psi; 83.5 per cent of average parent

material strength
Specified lparent material strength - 42,000 psi (see Fig. 12)
Average parent material strength - 48,637 psi

Test Description

Method of testing - tensile

Strain rates - 0.001 in. per sec

The method of mounting the shells inside the tank requires careful consideration. Depending on

the type of shell support inside the tank, the experimental collapse of a given shell will vary any-
where from 5 to 500 per cent of an infinitely long shell collapse pressure. These percentages de-

pend on the shell's ratio of ring depth to mean diameter (h/D) and its ratio of length to mean di-
ameter (LID).

There are four types of shell end supports: rigid, simple, friction, and elastic (Fig. 13). Each
type of end support imposes a different shell end condition, which, in turn, usually changes the
experimental collapse strength of the shell. There is, generally speaking, no one preferred type
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of shell support; they all have their value, depending on what the testing arrangement is supposed
to simulate. For this investigation, the friction type of end support was selected.

Shells are classified as infinitely long when their dimensions are such that a further increase
in length will not change their collapse pressure. Shells of interest to the Laboratory - that is,
shells whose LID ratio is greater than 5 and whose h/D ratio is between 0.1 and 0.05 - are con-

* sidered to be infinitely long shells.
Two approaches to shell testing are possible: the most s traightforward, but more expensive,

approach requires experimental shells whose bulkhead lengths are more than five times their di-
ameters (L>5D) and whose ends are rigidly or simply supported; and a less accurate, but also
less expensive, approach that uses shorter shells equipped with friction end supports to simulate
the collapse strength of longer shells (L>5D).

The reasoning behind the second approach is based on the assumption that the collapse resist-
ance (psi of external pressure) of a short shell is actually the collapse resistance of an infinitely
long shell stiffened by the presence of friction end supports at each end of the shell. The stiffness
of the end rings, and the friction between the end rings and the closure plates, are calculable;
their effect on the shell collapse strength can be subtraciteu from the over-a!! short sandwich shell
collapse pressure - the end result being the collapse pressure of a long sandwich shell. '[his type
of end support was used for the testing of both the small-scale acrylic resin shells and the large
aluminum shells. The stiffness of the end rings, and the friction between the end adapter rings
and closure plates, were different for the two types of shells; but, in each case, the variable
parameters were the same and could be calculated by the same equations.

TEST FACILITIES AT THE SOUTiIWEST RIESEARICH INSTITUTE

Pressurization System. 'ihe pressure tank in which the implosion testing of the shells was
conducted (Fig. 14) is located at the Mechanics Laboratory of $il. The dimensions of the tank are
30 in. in diameter by 150 in. long, and it is able to safely contain pressures up to 10,000 psi. The
tank is actually composed of a section of straight thick tube threaded internally at both ends and
capped with solid steel discs. The sealing between the Oiscs and the tube is accomplished by
standard 0 rings backed with steel expansion rings. The cap on the loading end of the tube has an
8-in.-diameter opening that permits observation of the inside of the shell during implosion testing.
The whole tank assembly is positioned inside a concrete-lined silo in the floor of the-building, with
the loading end of the tank being almost flush with the floor.

Instrumentation. To record the strains and deflections of the shell inside tile pressure chamber,
several types of instruments are available at Sill. However, electrical resistancc strain gages and
strain-recording equipment were used exclusively for this investigation.

For the recording of strains indicated by the strain gages, an automatic scanner-recorder was
used, permitting the balancing and recording of 48 gage circuits in 1 min. The rapidity with which
all the strains could be read and recorded eliminated any discrepancies resulting from creep of
shell material or from creep of the adhesive with which the gages were attached to the shell.

The electrical-resistance strain gages were mounted on critical areas of the shell assembly.
The location and the identification of gages are shown in Figs. 15 and 16. Since all the strain gages
were mounted on the inside of the shell, only a temperature-compensating gage was required, and
the pressure-compensating gage was eliminated.

TESTING PIIOCEI)URE FOR SHELL MODELS A AND A'

Both the instrumentation and testing procedures were planned to provide the greatest amount of
information possible. In addition to obtaining the collapse pressures of Models A. and A', it was
desirable to obtain information about the influence of end conditions on collapse pressure.

The twin shells were assembled into one pressure vessel assembly capped at both ends with
friction-type end closure plates (Fig. 14). The assembly was placed inside the pressure chamber,
the chamber cover was screwed down tight, and the entrapped air in the chamber was bled off to
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the atmosphere. After the chamber was checked for leakage, the oil inside the chamber was pres-
surized to 100 psi, and all the strain gages were balanced at that pressure. The pressurizing of
the oil in the tank and the recording of strains were performed simultaneously by two operators,
the pump operator following orders from the strain-recorder operator. Upon command, the pump
operator increased the pressure to 200 psi for the duration of the automatic scanner-recorder's
strain-recording cycle. When the recording cycle was completed, the pressure was raised to 300
psi and the recording cycle was repeated. This procedure was repeated until a pressure of 1100
psi was reached,

At 1100 psi the strain recorder was disconnected and the pressure was cycled from 0 to 1100
psi 25 times. The cycling of pressure at 1100 psi eliminated any residual stresses caused by the
prior welding and heat treating of the shell assembly. After the cycling was completed, the strains
were recorded again in an identical manner to check for any creep or redistribution of strains that
might have occurred during the repeated pressure cycling. Upon completion of the pressure-cy-
cling, stress-relieving program, the shells were coupled in reverse order and again positioned
inside the pressure chamber to obtain some strain readiigs ai the ahell a•isc•bly unds resting

against the end closure plates. The comparison of circumferential strain readings at the center
and ends of the shell assembly showed the influence of the end adapter rings sliding upon the end
closure plates.

For the actual implosion test, the pressure was raised in 200-psi increments, and the strains
were recorded at each level. The pressure increases were continued until implosion of the shell
assembly occurred at 2300 psi. Both shells collapsed simultaneously, so further testing was not
necessary. Figure 17 shows a collapsed shell; Fig. 18 shows the deformation of the shells after
implosion.

The collapsed shells were dissected (Figs. 19 and 20), and the thicknesses of the I-ring flanges
and webs were compared to the specifications (Fig. 12) to determine any possible deviations. Since
the welds comprise a large amount of filler material on the shell, coupons were cut from the im-
ploded shells and tested to destruction to determine their strength.

Experimental Results

SHELL STRAINS UNDER EXTERNAL l'RlESSURE

The strains recorded by the strain gages (Figs. 21 through 27) give considerable information
about the behavior of the shells under load. There was no difference between the readings of the
mid-bay strain gages at the beginning and end of the cycling test, so only one set of curves was
plotted (Figs. 21 through 24). These curves indicate that only a negligible amount of residual
stress was present; otherwise, the difference between the strains recorded at the beginning and at
the end of the test would have been noticeable, indicating that some realigning of stresses had
taken place. This realigning was expected because of the repeated elastic loading and unloading of
the shell structure, but the resultsdonotbear this out. There is a considerable difference between
the strains at the shell mid-bays and at the shell ends, proving that individual shell ends are stiffer

than the I rings.
Both shells imploded simultaneously, but the rate of deformation and the extent of damage were

not the same. The strain gages at mid-bay locations did not indicate any noticeable difference in

circumferential strains, but the gages located at the ends of the shells showed a difference. When
the circumferential strains at the ends of the two shells were compared, it became apparent that

the ends deformed at different rates and thus supplied different amounts of restraint to the shelln,

causing one to fail sooner than the other. The difference in the final amount of deformation can be
deduced from the measurements of the outside shell diameters at different points along the length
of the shell (Fig. 18). From the difference in the plastic deformation of the two shells, it is esti-

mated that the collapse strengths of the two shells differed by 50 to 100 psi, which is less than 5

per cent of the actual experimental collapse pressure of 2300 psi.
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DISSECTION OF IMPLODED SHELLS

An examination of the collapsed shell (Fig. 17) and of the dissected collapsed shell (Fig. 19) did
not indicate that any local buckling occurred before total collapse by general instability. Detailed
observation of the I-ring flanges and webs indicated that these members were in excellent condi-
tion. These results are of great importance, for they eliminate the need to consider the influence
of local instability on the buckling by general instability. The fact that local buckling did not occur
is the single most important result of this investigation. If local buckling were present, the com-
parison between theoretically predicted and experimentally determined collapse pressures would
be difficult. As mentioned previously, the theory developed in this report presupposes only the
existence of general instability unimpaired by the influence of failures caused by local buckling of
material.

To determine whether the shells actually represent the shell specified in Fig. 12, accurate
measurements of the I-ring flanges, webs, and web spacings were made at various locations. The
measurements failed to disclose any deviation from the specifications. Coupons were cut at various
locations arid subjected to tensile tests in a hydraulic press (refer to Table II). Both the material
and the welds were found to surpass the specification tolerances by approximately 20 per cent.

Comparison of Experimental and Theoretical Results

Figure 28 compares the collapse pressure calculated by means of Eq. 3 with the collapse
pressure obtained experimentally. The corrected theoretical collapse pressure for the two shells
almost coincides with the experimental collapse pressure. Figure 28 actually shows the relation-
ship between the over-all depth of a sandwich wall and the collapse pressure, providing the cross-
sectional area of the sandwich wall remains constant as the depth of the wall varies. Such a graph
is especially useful in the design of sandwich shells, and was used in designing Models A and A'.
Once Eq. 3 has been plotted, it is easy to select the optimum wall depth for a shell of given outside
diameter, material, and weight. The optimum wall depth (denoted in calculations by h, Fig. 2) is
represented by the sandwich wall that provides the most rigidity fuio the shell and o~cupias the least
internal shell volume. The optimum wall depth for the aluminum shells is shown in Fig. 28 and
that for the acrylic resin shell, in Fig. 29.

For the aluminum shells, a pcint on the graph (Fig. 28) has been selected where the rate of
gain in resistance to collapse is the least and the rate of increase in the wall depth, h, is the
greatest. This point is located immediately after the change-over from the linear slope to the al-
most horizontal slope in Fig. 28. This point also represents the shell wall depth that gives the
maximum internal shell diameter. Selection of any other point on the graph will result in a shell
that has considerably lower collapse pressure and slightly larger internal diameter, or in a shell
that has slightly higher collapse pressure but considerably smaller inside diameter.

For the plotting of 1;q. 3, it was necessary to obtain data on the behavior of both 6061 - T6 alumi-
num alloy and acrylic resin. These data consisted of three curves: a stress-strain curve, a tan-
gent-modulus-of-elasticity-vs-stress curve, and a Poisson's-ratio-vs-stress curve. The firsttwo
curves for 6061-T6 aluminum alloy were obtained from Alcoa Research Laboratories, and the
most important one is reproduced in Fig. 30. Since a literature search failed to unearth any data
on the third curve and since funds were not available to determine it experimentally, the curve of
Fig. 30 was plotted by means of Poisson's ratio for zero stress level, obtained from Alcoa. It was
assumed that the error introduced by this simplification is of only minor magnitude. The assump-
tion that the error introduced by the use of g instead of is small is based on the known change
of Poisson's ratio for 2014-T6 aluminum alloy. Poisson's ratio at a given strain level of this alloy
increases to 0.4 in the intermediate plastic strain region. If this ratio also becomes 0.4 for
6061-T6 aluminum alloy in the intermediate plastic strain region, failure to take this into account
would introduce only a 6 per cent error in the calculated collapse pressure of the shell. The data
for the determination of the tangent modulus of elasticity for acrylic resin were obtained experi-
mentally, and are presented in Fig. 31,

When comparison is made between the theoretical and experimental collapse pressures, a
distinction must be made between experimental values and corrected experimental values. The
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recorded experimental collapse pressures must be corrected to take into account the reinforce-
ment of the shell by individual shell joints, end adapter rings, and friction end closure plates. If
corrections were not made for this strengthening effect, the experimentally obtained collapse
values would not represent the collapse pressure of a long shell, but would represent the collapse
pressure of a short section stiffened at the ends, for which Eq. 3 is not applicable. When all the end

conditions were taken into account, the collapse strength of the aluminum shell assembly tested
was calculated to be 380 psi greater than that of an infinitely long shell of the same design. The
difference between the corrected, experimentally obtained, collapse pressure and the collapse
pressure predicted on the basis of Eq. 3 is 80 psi, which is less than 5 per cent, and thus satis-
factory for engineering design purposes.

The corrected collapse pressure of Fig. 28 shows very close agreement with the collapse value
theoretically calculated on the basis of the modified Bresse equation (Eq. 3). However, because
some of the assumptions on which the corrections are based may contain inaccuracies, the coin-
cidence of the two values alone is not construed as absolute proof that Eq. 3 predicts the general-
instability collapse pressure of a cellular sandwich shell.

Further evidence that Eq. 3 predicts the general-Instability collapse of sandwich shells was
obtained from calculation of the collapse pressure of the acrylic resin sandwich shell (Fig. 29)
and from calculation of the collapse pressure of steel cellular shells tested by the David Taylor
Modell Basin(12). The experiments performed at DTMB utilizad steel shells of similar sandwich
construction but of different h/I) ratios; and their collapse preo&sures, when recalculated by means
ofEcn. 3, alougy wita, tie experimental collapse pressures.

When all this experimental evidence is taken into consideration, it can be stated that sufficient
support exists to substantiate the hypothesis that Eq. 3 accurately predicts the general-instability
collapse of cellular sandwich shells.

Summary and Conclusions

Both aluminum cellular sandwich shells collapsed at 2300 psi because of general instability.
When this pressure was corrected for the reinforcing effect of joint rings and friction-type end
supports, a corrected collapse pressure of 1920 psi was obtained. The corrected experimental
collapse pressure of 1920 psi, when compared with the collapse pressure of 2000 psi calculated
by the modified Bresse equation, shows little difference. Similar results were obtained when the
corrected experimental collapse pressure of the acrylic resin cellular sandwich shell was com-
pared with the collapse pressure calculated by the modified Bresse equation. In both cases, the
accuracy of the modified Bresse equation is less than 5 per cent.

It is concluded that the modified Bresse equation accurately predicts the general-instability
collapse pressure of infinitely long cellular sandwich shells. This conclusion is based on the com-
parison of theoretically and experimentally determined collapse pressures. Although the modified
Bresse equation is intended for infinitely long cellular sandwich shells, it can also be used for
short shells provided the proper corrections for end conditions are made.

The modified Itresse equation is limited to the collapse of cellular sandwich shells by general
instability. However, there are many other types of shell failure that should be investigated: local
buckling of ring flanges, local buckling of ring webs, or local yielding of the shell material. The
greatest impediment to these investigations is the lack of well documented implosion-test data for
cellular sandwich shells of different lengths and diameters. Both experimental and theoretical
approaches are necessary to obtain workable design equations for cellular sandwich shells.
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Fig. 5 -Acrylic Resin Tubular Sandwich Shell
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Fig. 18 - Deformation of Cellular Sandwich Shells after Implosion
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