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FOREWORD

This report summarizes research conducted under USAF Contract No. 04 (611)-
1053Z from March 1, 1965, to March 11, 1968. The contract was established under Air
Force Program Structure No. 7500, AFSC Project No. 6753, AFSC Task No. 675304.
The work was performed by the Battelle Memorial Institute Columbus Laboratories for
the Air Force Rocket Propulsion Laboratory, 7%esearch and Technology Division, Ed-
wards Air Force Base, with Capt. John L. Feldman and Messrs. A. D'Arcangelo and
Roy A. Silver serving as contract monitors. The principal contributors to the report
were: Dr. L. E. Hulbert, Division Chief; Dr. H. J. Grover, Senior Fellow; Dr. R. E.
Keith, Associate Fellow; Dr. J. C. Gerdeen, E. C. Rodabaugh, and J. D. Jackson,
Senior Research Engineers, Dr. J. F. Lestingi, Research Engineer; and T. M. Trainer,
Program Manager.

This technical report has been reviewed and is approved.

John L. Feldman
Capt., USAF
Projec.t Engineer
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ABSTRACT

A 3-year program was conducted to establish analytical design procedures,
stress-analysis methods, techniques for manufacturing control, and other factors essen-
tial to the successful design and fabrication of metallic bellows and diaphragms. These
objectives were accomplished through the identification of parameters pertinent to bel-
lows and diaphragm design and fabrication, the development of improved stress-
analysis and buckling-analysis procedures utilizing a digital computer, the investigation
of selected aspects of corrosion, and the laboratory verification of theoretically pre-
dicted performance characteristics such as spring rate, effective area, vibration re-
sponse, and fatigue life for representative formed and welded bellows and diaphragms.
Extensive theoretical and experimental information is presented in the report as well
as guidelines to assist in the analysis and design of bellows and diaphragms.
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ABBREVIATIONS AND SYMBOLS APPEARING IN REPORT BODY*

F Axial force on bellows, lb

No Meridional membrane resultant force, lb/in.

Q Effective shear resultant force in direction normal to the shell, lb/in.

Angle between normal to bellows surface and its axis of revolution, deg

r Radial distance from bellows axis to a point on the bellows, in.

k Bellows spring rate, lb/in.

Lo  Length of bellows included in mathematical model used for analysis, in.

Lc Total live length of bellows, in.

6 Assumed axial deflection imposed on mathematical model of bellows, in.

A Effective area of bellows or diaphragm, sq. in.

p Internal pressure in bellows, psi

W Effective radius or average radius of the bellows or diaphragm, in.

D Lateral bending stiffness of a bellows, lb-in. 2

E Modulus of elasticity, psi

I Moment of inertia of the bellows cross section, in. 4

Ro, Ri Outside and inside radii of bellows or diaphragm, in.

a Correction factor for Seide bending formula for bellows

CYT  Total bending stress, psi

a p Stress due to pressure, psi

(JA  Stress due to axial deflection, psi

0 M Additional stress caused by sidewise buckling of bellows, psi

d Nominal bellows diameter, in.

h Bellows thickness, in.

fn Natural frequency of bellows accordion vibration mode, cps

g Acceleration rate due to gravity, in. /sec 2

fL Natural frequency of bellows bending vibration mode, cps

Wm Weight of vibrating bellows, lb.

Individual listings of abbreviations and symbols have been prepared for each Appendix, where applicable.
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INTRODUCTION

The Air Force Rocket Propulsion Laboratory has a primary responsibility of pro-
viding advanced technology for rocket propulsion systems through exploratory develop-
ment programs. As a part of this mission, improvements in the performance and
reliability of fluid-system components (valves and regulators) are being pursued vigor-
ously. This is being accomplished by investigations into individual component parts or
modules, i.e., seals, fittings, seats, poppets, and actuators.

The Air Force Rocket Propulsion Laboratory initiated a contract with the Battelle
Memorial Institute Columbus Laboratories to investigate analytical design procedures,
stress-analysis methods, techniques for manufacturing control, and other factors es-
sential to the successful design and fabrication of bellows and diaphragms.

The initial phase of the program involved a literature and industry survey to deter-
mine the present state of the art of bellows and diaphragms. Technical Report No.
AFRPL-TR-65-215 (AD479056) was prepared to summarize the results of the survey
and present recommendations for activities during the remainder of the program. The
first half of the program was summarized in Technical Report No. AFRPL-TR-66-181
(AD801842)., The following report summarizes the entire program. Because of the
scarcity of theoretical and experimental information on bellows and diaphragms, an
attempt has been made to prepare a reference that will be useful to manufacturers,
users, and government agencies responsible for the purchase of bellows and diaphragms.
Detailed data from all phases of the program have been included, and guidelines have
been prepared to assist in the analysis and design of bellows and diaphragms.,

The report is divided into two major parts. The first part (the report body) sum-
marizes in essentially narrative form the principal features of bellows and diaphragms,
their primary performance characteristics, and the major associated manufacturing
aspects. The second part (the Appendixes) gives detailed summaries of the investiga-
tions conducted during the program. Although discussions of the data have been pre-
pared, further study of the data by the reader will undoubtedly yield additional insight and
understanding.
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DESCRIPTIONS OF BELLOWS AND DIAPHRAGMS

Bellows and diaphragms are thin elements whose deflection characteristics are

utilized to provide movement in the structure of fluid systems. Generally, these items

are used when the need for motion is combined with the need for a hermetic seal.,

Bellows and diaphragms are made in many sizes and shapes from a variety of ma-

terials. This program has been concerned with the types of metallic bellows and dia-
phragms used in aerospace tubing systems, and in components such as valves and regu-

lators. By mutual agreement with the Air Force, consideration has been given solely
to configurations operated either totally or largely within the elastic state. Thus, no

work has been done with bellows and diaphragms used as expulsion devices.

This report section summarizes the principal types of metallic bellows and dia-
phragms of interest, and describes typical assemblies and applications. Because some
confuaion exists as to terminology, an attempt has been made to use terms which are

consistent with current practice and clarity.

Bellows Convolutions

Most metallic bellows are cylindrical elements which contain annular circumfer-

ential corrugations. In flexible hose, the corrugations may be formed in a continuous

helix.. Some bellows are not cylindrical but have elliptical or other noncircular cross
sections., However, these shapes are sufficiently unusual that they have not been in-
cluded in the program.

Bellows are generally classified according to one of the four primary methods of

manufacture, i. e. (1) formed, (2) welded, (3) deposited, or (4) machined, Within these
classifications, the bellows are usually categorized according to the appearance of the
convolution cross section, as shown in Table 1.

Formed Bellows

Formed bellows are usually made from butt-welded tubing that has been fabricated

from sheet metal with closely controlled thickness. Formed bellows constitute at least
75 percent of the bellows which are manufactured. They can be produced in many ma' e-

rials and sizes, and at a cost much lower than that for other types of bellows., Diameters
up to 4 feet can be obtained, and one manufacturer advertises diameters up to 50 feet.

In comparison with welded bellows (see below), formed bellows have a higher spring rate

and require more ductile materials. However, because of the absence of circum-

ferential welds, they are more reliable than welded bellows.,

Although Table 1 shows only single-ply configurations, most formed bellovs can

be made with multiple plies., Three- and four-ply bellows are common. Multiple plies

are used to provide a greater resistance to pressure and a lower spring rate than would
be obtained with a single ply equal in thickness to the total thickness of the multiple plies.,
The major types of formed bellows are described briefly.

2



TABLE 1. MAJOR BELLOWS CONVOLUTIONS AND CHARACTERISTICS

Resistance
Convolution Axial Long Stroke to Diff.

Shape Spring Rate Capability pressure

FORMED

Semitoroidal J Very high Very poor Very good

U-shaped J Medium Fair Fair

U-shaped, ext. ring High Fair Very good

support HigjFirVey oo

U-shaped, int. ring High Fair Very goodsupport. . . ,. HghFrVeyod

U-shaped, ext. T-ring High Fair Very good
support

S-shaped M Medium Fair Fair

S-shaped, ext. ring High Fair Very good
support

Toroidal, ext, pressure Very high Poor Excellent

Toroidal, int. pressure Very high Poor Excellent

WELDED

Flat Medium Fair Good

Stepped Low Good Fair

Single sweep 'fedium Good Good

Nested ripple ~4 ~Very low Excellent Poor

DEPOSITED

U-shaped (can be varied) Low Good Fair

MACHINED

Rectangular J High Fair Excellent

3



Semitoroidal. Semitoroidal bellows are attractive for materials with relatively

low ductility. The form also offers good pressure capability and stability. The con-
volutions may be truly semicircular, elliptical, or some combination of curves. A low
deflection capability per convolution and a high spring rate are major limitations of this

configuration.

U-Shaped. When flat sections are placed between the semitoroidal sections, a
U-shaped, or flat-plate, bellows configuration is formed. Over 50 percent of all the
bellows are of this type. The shape is amenable to any of the methods for manufacturing

formed bellows, a variety of performance characteristics can be achieved by varying the
radii and depth of convolution, and supporting devices are easily installed externally or
internally.

S-Shaped. The S-shaped bellows is similar to the U-shaped bellows. By slanting
the straight sections between the semitorAdal sections, or by connecting the semi-

toroidal sections with curved sections, it is possible to form more convolutions and thus
achieve more deflection per unit length., The S-shaped bellows is not as easy to manu-
facture and not as amenable to the use of supporting devices as the U-shaped bellows.

Toroidal. Toroidal bellows have been developed to reduce the pressure-induced
stresses in the bellows. By using a shape which is essentially circular, the effects of
pressure are more evenly distributed along the convolution. In addition, the stresses in
the convolution are less affected by an increase in bellows diameter than is the case with

the other convolution shapes. The Marquette Coppersmithing Company claims that their
OMEGA shape distributes the stresses more evenly than a true toroidal bellows. Zallea
Brothers advertise a HyPTor, or modified toroidal shape which is satisfactory for inter-
mediate pressures and is more flexible than a true toroidal shape. Although the toroidal

bellows permit high operating pressures, they are more diffilcult to manufacture than
the other formed bellows and have a high spring rate.

Rippled-Sidewall.. Rippled-sidewall bellows are formed bellows that have convolu-

tion shapes similar to those of welded bellows. These bellows are relatively new and
the manufacturing methods are still being improved. The bellows are almost as compact
as welded bellows arid are less expensive. The fatigue life of rippled-sidewall bellows
is more predictable than that for welded bellows because of the absence of circumferential
welds., If very ductile materials are used, rippled-sidewall bellows can be made with low
spring rates., However, some rippled-sidewall bellows have spring rates as high as or

higher than those for formed bellows. It is difficult to summarize the characteristics

associated with this new type of bellows, and pelformance data must be obtained from

each manufacturer.

Welded Bellows

Approximately 20 percent of the manufactured bellows have welded convolutions.,

Welded bellows are made up of shaped diaphragms which are alternately welded together

at the inner and outer diameters. Although they are more expensive to manufacture

than formed bellows, welded bellows offer three significant advantages o rer formed
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bellows, (1) a wider choice of materials, (2) more deflection per unit length, resulting
in shorter assemblies or longer strokes, and (3) a wider choice of performance char-
acteristics because of a greater variety of convolute dimensions and shapes. A few
companies offer a two-ply welded bellows, but most welded bellows have a single ply.
In general, welded bellows are available in sizes from 1/2 inch to 7 inches outside
diameter. Bellows in excess of 12 inches in diameter have been produced.

Table 1 summarizes the major types of welded convolutions, and their primary
characteristics. Most welded bellows are of the nested-ripple configuration because
this design makes maximum use of the advantages of low spring rate and compactness.,
However, the other configurations have attractive characteristics for certain applica-
tions., Despite the impressive welding techniques that have been developed by the manu-
facturers of welded bellows, the large amount of welding required (approximately
18 inches per convolution in a 3-inch-OD bellows) makes fatigue failure less predictable
for welded bellows than for other types of bellows.

Deposited Bellowe

Two kinds of deposited bellows are commercially available:, chemically deposited
and electrodepo sited., Both methods can be used to produce any shape that can be de-
posited on a machined mandrel. In each method an aluminum mandrel is machined for
each bellows, and after the bellows material is deposited, the mandrel is dissolved.
The primary advantages of the processes are the ability to produce: (1) very thin-walled
bellows, (2) bellows having no welds, (3) very small bellows, and (4) special shaped
bellows. Chemically deposited bellows can be made with wall thicknesses from 0, 0003
inch to 0., 005 inch, and with diameters from 0. 060 inch to 12 inches. Electrodeposited
or electroplated bellows are usually produced in nickel or nickel-cobalt alloy. Sizes are
available from 0. 063 inch to 1.,250 inches in diameter, with wall thicknesses varying
from 0. 0003 inch to 0. 006 inch.

Machined Bellows

Machined bellows are turned or ground from bar stock, tubing, or forged rings of
most materials used in other types of metallic bellows, as well as of materials not found
in sheet stock. High-strength, high-endurance, heat-treatable tool steels, in addition to
high-strength, low-modulus titanium alloys can be used. The design of machined bellows
is customized, with most machined bellows having high spring rates. Machined bellows
have been made from 1/4 inch to 60 inches in diameter, for pressures as high as
12, 000 psi.

Bellows Assemblies

Although bellows can be used in an extremely wide variety of ways, certain types
of assemblies have become relatively common. In general, these assemblies, some of
which are shown in Figure 1, prevent certain types of motion and limit other types of
motion.
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Braided Assembly Slide Assembly

Internally Linked Assembly Internal Gimbal Assembly

External Gimbal Assembly Universal Assembly

Insulated Universal Assembly Ducting Assembly

(Permission has been granted to use the above reproductions by the
Aeroquip Corporation /Marman Division, Los Angeles, California)

FIGU.- 2 1 TYPICAL BELLOWS ASSEMBLIES
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Braided

Bellows can b; distorted by internal pressure in a manner referred to as "squirm".
When squirm occurs, the bellows deflects as a column, causing plastic distortion in one
or more convolutions. Metal braiding is commonly used to provide external support for
such bellows and to protect the bellows from external damage. This configuration is
most common in flexible metal hoses. Braiding may cause abrasion of the bellows and it
may accelerate corrosion of the bellows.

Sleeve

A bellov s may be provided with an internal sleeve to reduce fluid-scrubbing con-
tact with the bellows. Such contact can cause flow losses, abrasion, noise, and flow-
induced vibration which can lead to early failure. The length of the internal sleeve can
also be used to limit the amount of axial compression of the bellows.

Slide

A slide assembly is similar to a sleeve assembly except that telescoping sleeves
provide axial guiding and prevent squirm. Slide assemblies are attractive for systems
subjected to high surge pressures and temperatures.

Universal

A universal assembly contains two bellows joined by a common connector for the
purpose of absorbing any combination of the three basic movements, i.. e. , axial deflec-
tion, lateral deflection, and angular deflection. Limit rods are often used to distribute
the movemeit between the two bellows and to stabilize the common connector. This
configuration can tolerate more lateral deflection or offset than one bellows equal in
length to the two bellows.

Internally Linked

Internally linked assemblies utilize struts inside the bellows in the flow stream to
limit movement in all directions. Such assembies are simple, compact, and lightweight,
but they introduce significant flow losses.,

Hinged

A hinged bellows is designed to permit angular deflection in one plane only by the
use of a pair of pins through hinge plates attached to the ends., The hinges and hinge
pins must be designed to resist external forces and thrust due to internal pressure.

Gimbaled

Gimbaled bellows assemblies provide for angular deflection in any direction from
the tubing axis., Internal or external gimbals can be used. They are made with two
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sets of hinge plates attached to a gimbal ring and function in a manner similar to a
universal joint.

Pressure Balanced

A pressure-balanced bellows assembly is designed to absorb axial movement and/
or lateral deflection while absorbing the end thrust by means of tie devices interconnect-
ing the flow bellows with an opposed bellows also subjected to line pressure. This type
of assembly is normally used where a change of direction occurs in a run of tubing.

Bellows Applications

Bellows are used primarily in two ways: (1) as motion compensators and (2) as
calibrated transducers. Typical applications are discussed briefly.

Expansion Joints

Many bellows are used as expansion joints to compensate for movement occurring
in tubing as a result of temperature changes and/or external loading. With the wide
variety of tubing systems, movement can be transmitted to a bellows as compression,
extension, offset, rotation, or combinations of these motions. Many of the "standard"
bellows assemblies were developed to compensate for thermal changes in industrial tub-
ing and piping systems.

Flexible Connectors

Bellows are often used to compensate for structural deflections, misalignment,
and tolerance accumulation. Theo, 'unctions may be fulfilled by a short, plain bellows
or by relatively long, flexible metal hoses with metal braiding or other types of ex-
terior covering.

Pressure and Temperature Sensors

One of the most common uses for bellows is the actuation of some device as a func-
tion of a change in the pressure or temperature of a fluid system. The fluid may be ex-
ternal or internal to the bellows. For temperature sensing, the bellows system often
incorporates a liquid whose vapor pressure reflects the temperature being sensed. The
vapor pressure is then used to actuate the bellows. When the bellows moves in response
to pressure changes, the movement is utilized to actuate a device such as a valve or
switch. Because the bellows responds very quickly to changes, the movement can be
used both as a proportioning signal and an on-off signal. Diaphragms and Bourdon tubes
are also used extensively for these functions.
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Reciprocating Shaft Seals

Although most reciprocating shafts are sealed with some kind of packing, increas-
ingly stringent operating requirements have resulted in the wider use of bellows for
sealing. In a number of aerospace valve configurations, formed and welded bellows have
been utilized to provide: (1) hermetic sealing in the closed position, (2) opening forces
(from controlled pressure differentials), and (3) closing forces (from the spring rate of
the bellows). The use of metallic bellows makes possible the provision of these features
over a wide Lemperature range for a variety of corrosive and reactive fluids.

End- Face Seals

The ability of a bellows to provide sealing and to act as a spring ani motion com-
pensator makes it ideal as a means of pressing face seals together on rotating shafts.
Because of their compact construction and low spring rate, welded bellows are com-
monly used in face-seal assemblies.

Hydraulic Motors and Actuators

For small power requirements, particularly for remote operation, bellows can be
used for converting mechanical work to hydraulic work or for converting hydraulic work
to mechanical work. For example, a liquid-filled system may consist of two bellows
connected b tubing. The movement of one bellows causes movement of the other
bellows.

Vibration Dampeners

Just as springs with frictional elements for energy adsorption are used as vibra-
tion dampeners in mechanical systems, bellows may be used as vibration dampeners
for fluid-containing structures. Because the bellows itself responds to certain vibration
frequencies, care must be taken to assure that the bellows is not excited by the fre-
quencies transnitted 'from the system structure.

Accumulators and Shock Absorbers

In a hydraulic system, a bellows can function as a flexible container to maintain

oil flow or to absorb surge pressures. The primary requireilents are long stroke,
resistance to high differential pressure, and quick response.

Volume CompensaLors

For liquid systems of small volume, bellows furnish an attractive means of com-
pensating for fluid expansion or contraction Hermetically sealed floated instruments
such as gyros and accelerometers are typical applications.

9



Flexible Couplings

Although bellows are not usually designed to transmit torsional loads, bellows
have been found to be attractive for transmitting small torques, particularly for
instrumentation-type equipment. The bellows can tolerate some misalignment and the
torsional stiffness of the bellows insures accurate rotational transmission., Bellows-
type flexible couplings are available for shafts up to 1/2 inch in diameter.

Di ?hragm Configurations

A diaphragm is a thin disk-like element which deflects in a direction substantially
perpendicular to its flexible surface., Metallic diaphragms are classified as flat, or
nearly flat, and corrugated. They are used primarily as actuators to transform pressure
into linear motion and force. Corrugated diaphragms are preferred for aerospace com-
ponents such as valves and regulators because their average sensitivity over a large
range of pressure is greater than that of flat diaphragms of the same size, their zero-
position under no-load is more stable, much larger deflections can be obtained without
permanent deformation, and a variety of pressure-deflection characteiistics may be ob-
tained for a given size diaphragm by using different depths or shapes of corrugations.
This report is concerned only with corrugated diaphragms.

In contrast with the variety of information on bellows sizes and shapes contained in
the open literature and listed in catalogs, little information is available on commercially
available corrugated diaphragms. The most complete discussion of possible diaphragm
configutations and their performance characteristics is contained in a publication by
Newell( 1 )*

In general, the work reported by Newell(l) and by Wildhack, et al. , (2) shows that
increasing the number of corrugations increases the initial flexibility as well as the
average flexibility over the usable range, although diaphragms with more corrlugations
may be more nonlinear. Diaphragms with shallower corrugations exhibit better initial
flexibilities within limits, but at the expense of decreasing the linear range. According
to Wildhack, et al. , (2) diaphragms made with triangular and trapezoidal shapes provide
linear force-deflection characteristics for deflect.ons up to at least 2 percent of the
diameter, with the trapezoidal shape being slightly stiffer and the triangular shape being
slightly more flexible than the corresponding diaphragm with the same number of circu-
lar corrugations. Although empirical relationships have been developed, the design of
corrugated diaphragms is reported to be largely a procese of trial and error.

According to a survey by Giannini Controls, (3) corrugated diaphragms are manu-
factured in sizes from 0. 875 to 6,0 inches in diameter, and are usually joined together
in pairs to form a capsule. 2hey can be used to sense pressures from 0. 5 to 400 psi;
however, the majority of units are used to sense pressures from 5 to 100 psi, and most
units are less than 2. 5 inches in diameter. Most diaphragms will not be more than
1 percent nonlinear if the displacement is kept below 2 percent of the diameter. If non-
linearity of more than 1 percent is acceptable, displacements up to 5 or 6 percent can
be obtained.

l~fLrences are given on page 73.
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Diaphragm Applications

The publication by Newell(I) lists 15 major and several minor application classifi-
cations for corrugated diaphragms. The most important applications from the stand-
point of this program are: (1) pressure and . mperature sensors, (2) reciprocating
shaft seals, and (3) volume compensators. Since these applications have been discussed

previously for bellows, they will not be repeated. It should be noted that the primary
advantages of diaphragms as compared with bellows are greater sensitivity and more
compact shape for some components., Low deflection and low pressure capability are
the primary limitations of diaphragms, although the pressure capability is often in-
creased by the use of supporting springs and stops.,
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PERFORMANCE CHARACTERISTICS OF
BELLOWS AND DIAPHRAGMS

Bellows and diaphragms are usually used to provide motion in some part of a
liquid or gaseous system while maintaining.a hermetic seal between the system and its
environment. In such applications, a bellows or a diaphragm may be subjected to dif-
ferent combinations of pressure and deflection loading. When the application is that of
a calibrated transducer in an instrument, the primary characteristics of the bellows or
diaphragm which determine satisfactory performance are: spring rate, effective area,
effective volume, and those material characteristics which cause changes in reading,
such as hysteresis, inelasticity, creep, etc. When the application is that of a motion
compensator, the primary bellows and diaphragm performance characteristics are
spring rate, effective area, buckling pressure, fatigue life, corrosion resistance, and
vibration response. When a bellows is used in a tubing system, flow losses and flow-
induced vibration are also important characteristics. Motion compen_ zion was of
primary interest to this program, and the associated performance characteristics are
discussed in this report section., For completeness, brief comments are also included
concerning the characteristics associated with instrument applications.

To obtain reliable estimates of most bellows characteristics, a basic requirement
is the accurate prediction of the stresses and strains at each point of the bellows under
the given loading conditions. Most manufacturers have developed approximate pro-
cedures for predicting maximum stresses and strains in their standard bellow lines.
Thebe procedures are based on beam or plate theory or, in some instances, on simpli-
fied shell theory. The application of such procedures usually includes provision for
empirical correction factors which have been determined from tests on sample bellows.
Once these formulas have been established experimentally, they can be utilized in the
design of similar bellows. However, these procedures do not give detailed stress calcu-
lations in all parts of the bellows, and each empirically established formula is applicable
only to bellows very similar to the ones tested.

One of the principal objectives of the current research was the development of a
unified procedure for accurately predicting the detailed stresses and deflections in
bellows and diaphragms of any cross-sectional shape. Because of the complex shape of
many types of bellows and diaphragms, it became clear early in the study that a com-
puter program would be required as part of the procedure.

After considerable investigation, it was decided that the most useful available com-
puter program was one developed by Dr., A. Kalnine of Lehigh University (formerly of
Yale University). A modification of this computer program, called MOLSA, was used in
the early part of the research. Later, MOLSA was replazed by a computer program
NONLIN, which was developed by Dr. J. F. Lestingi*., Program NONLIN provided for
the analysis of the geometrically nonlinear elastic deformations of bellows and dia-
phragms, as well as for the analysis of linear deformations as accomplished by MOLSA.
A discussion of the selection and evaluation of the computer programs is given in
Appendix A., Appendix B gives a detailed description of the computing program NONLIN.
It is believed that program NONLIN will become a standard tool for estimating stresses
and strains in bellows and diaphragms.

Now at the University of Akron
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Appendixes D, E, F, G, and H give detailed results of the theoretical analyses of
typical formed and welded bellows, and a comparison of these analyses with experi-
mental results. These investigations are summarized here.

Stresses in Bellows and Diaphragms

Program MOLSA was first evaluated through comparisons of computer results
with theoretical and experimental results for bellows and diaphragms reported in the
literature. These comparisons demonstrated the general applicability and reliability
of the computing program. To evaluate MOLSA and NONLIN in more detail, a major
part of the research consisted of: (1) formulating a procedure that yielded accurate
mathematical models of formed and welded bellows and of diaphragms, (2) utilizing
these mathematical models in the computing program to obtain predictions of stresses
and strains in representative bellows or diaphragms under typical loads, and (3) com-
paring these predictions with experimentally determined stresses and strains.

After some investigation, it was determined that no nondestructive method would
provide sufficiently accurate dimensions for the mathematical model, The method
finally adopted involved encapsulating the bellows or diaphragm, sectioning it along a
diameter, polishing the sectioned specimen, and measuring the required dimensions with
a traveling microscope. Each specimen chosen for encapsulation was one of several that
were made at the same time with the same set of dies, so that the specimens of each lot
were very similar. It was believed that the predicted stresses and strains based on the
analysis of the mathematical model of the encapsulated specimen could be used to pre-
dict the stresses and strains in other specimens of the same lot.

To check the analytically predicted stresses, 1/64-inch strain gages were mounted
on one specimen of each lot., For formed bellows, gages were mounted on the outside
stlrface of selected bellows crowns and on the inside surface of selected bellows roots.
On welded bellows, the strain gages could be mounted only on the bellows flats near the
crown weld. On the diaphragm, it was possible to mount strain gages at several radial
positions. Appendix Q contains a detailed description of the placement of the gages, of
the conduct of the tests, and of the methods used to select representative measured
strains for calculating experimentally determined stresses.

Stresses in Formed Bellows

Analysis of Stresses -.n Formed Bellows. In order to test the general'applicability
of the analysis procedure for formed bellows, it was decided to test formed bellows in
three sizes and two m; terials. Type 347 stainless steel bellows were obtained with in-
side diamneters of 1 inch, 3 inches, and 5 inches. Bellows made from Inconel 718 were
obtained with inside diameters of I inch and 3 inches. The configurations were analyzed
utilizing the computing program NONLIN as applied to mathematical models obtained
from careful measurement of encapsulated specimens. The stresses and strains ob-
tained from these analyses were compared with strains measured by strain gages on a
convolution near the center of each strain-gaged bellows.

Table 2 shows a comparison of the theoretically calculated and experimentally
determined stresses in the different formed bellows loaded by internal pressure and by
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axial compression. This comparison shows excellent agreement between the theoretical
and experimental stresses for the 3- and 5-inch bellows, and somewhat poorer agree-
ment for the 1-inch Inconel and the 1-inch stainless steel bellows., All stresses for the
larger bellows agreed within 15 percent except for one measurement on the 3-inch
Inconel bellows. For the 1-inch bellows, the theoretical meridional stresses (which
were the largest stresses) agreed with the experimental stresses to within 30 percent.
The source of error was not determined. Since it was believed that the resolution of
this discrepancy would require a considerable effort, and since the theoretical predic-
tions for the small bellows were always conservative, it was decided to postpone further
investigation of this problem. However, computer programs are now being developed
for the analysis of 3-dimensional bodies of revolution (as opposed to shells of revolution).
It is believed that the use of these programs will permit investigation of the applicability
of the theory of thin shells to the analysis of bellows in which there are limited sections
with small radius-to-thickness ratios.

As described in Appendix Q, data from only, two meridional strain gages were used
to calculate the experimental values of the crown meridional stresses on the middle con-
volution. A further check on the theoretical predictions of the stresses at the crown was
.made by comparing the theoretical meridional crown strain with the strains measured
by all five of the meridional crown gages that were used on each bellows. The results
of this comparison are summarized in Table 3. This table lists the theroetically pre-
dicted crown strains for internal pressure and axial compression, the representative
strains as obtained from the two crown gageB used to determine the representative
stresses reported in Table 2, the largest strains and the smallest strains measured at
one or the other of the five gages, and the overall average of the strains of all five gages.,
Both internal pressure and axial deflection are included. An examination of Table 3
leads to the following cenclusions:. (1) in almost every case the averaged value of the
strains for the five gages was closer to the theoretical value than the average of the two
gages used earlier, (2) there was considerable improvement in the correlation between
the theoretical predictions and measured strains for both 1-inch bellows, and (3) except
for the maximum deflection strain measured in the 3-inch Inconel bellows, all measured
strains were either very close to or were less than the theoretically predicted strains.

It is believed that the correlation between the theoretical and experimental results
reported here gives impressive evidence of the accuracy and applicability of the analysis
procedure in predicting stresses and strains in formed bellows.

Discussion of Stresses in Formed Bellows. Formed bellows are used in systems
that must be subjected to relatively high pressures and in applications where relatively
high spring rates and small axial deflections can be tolerated. The formed bellows de-
signed for a given application is always a compromise between a deep U-shaped bellows
with larger deflection capability and a shallow convolution semitoroidal-type bellows
with more pressure capability., Within the constraints imposed by spring-rate require-
ments and minimum buckling loads, the selected bellows should have the lowest maxi-
mum stresses under the most severe combinations of the operating pressure and
deflection.

In selecting the best formed bellows configuration, the parametric studies of
formed bellows discussed in Appendix D will be helpful, As shown in Appendix D, the
deflection and pressure stress patterns vary greatly, depending on the general bellows
configuration. Because the pressure and deflection stresses are combined algebraically,
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TABLE 3. THEORETICAL AND EXPERIMENTAL STRAINS FOR CONVOLUTION
CROWNS OF TYPICAL FORMED BELLOWS

Meridional Deflection Strains, Meridional Pressure Strains,
pin./in. pin./in.

Theoretical Experimental Dff. Theoretical Experimental Diff.

Rep. +541 -2.3 Rep. -1700 -5.6

Max +600 +8.3 Max -1932 +7.3

+554 -1801
U +544 Avg +525 -3.4 Avg -1728 -4.1

r-.

Min +439 -20.8 Min -1600 -11.2

Rep. +401 -17.2 Rep. -1295 -15.5

o ( Max +437 -9.7 Max -1557 +1.6
M -4
0 +484 -1532

+ 48 Avg +409 -15.5 Avg -1326 -13.4C')

e Min +394 -18.6 Min -1166 -24.0

Rep. +871 -13.3 Rep. -800 -23.4
P,2

Max +1073 +6.9 Max -1049 +0.5o 0
- +1004 -1045

S. Avg +922 -8.2 Avg -895 -14.3
r .

Min +735 -26.9 Min -789 -24.4

Rep. +610 -5.1 Rep. -1480 -12.4

Max +755 + 17.5 Max -1539 -8.9
- +643 -1690

U Avg +649 +1.0 Avg -1409 -16.6

Min +599 -6.8 Min -1326 -21.5

Rep. +1233 -26.4 Rep. -572 -18.3

Max +1432 -14.6 Max -675 -3. 6
+1676 -700

Avg +1305 -22.2 Avg -606 -13.5

.. Min +1188 -29.1 Min -55] -21.3
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the parametric curves in Appendix D can be used to estimate the best approximate con-
figuration for each application. To determine the pressure and deflection stresses
accurately in the final bellows configuration, however, it is necessary to calculate the
stresses for the exact bellows dimensions. This can be readily accomplished with the
computing program NONLIN.

Stresses in Welded Bellows

Analysis of Stresses in Welded Bellows. The procedures for the theoretical and
experimental stress analysis of welded bellows are generally the same as for the
formed bellows., A comparison of the theoretically predicted and experimentally deter-
mined stresses for four typical welded bellows made of two representative materials is
given in Table 4. A review of Table 4 shows fair agreement between the theoretical and
experimental stresses. This agreement is significant since the strain gages were placed
in zegions where the stresses were varying rapidly so that the stresses measured by
the gages were affected considerably by the location of the strain gages. Moreover, the
comparison between the experimental and theoretical stresses depended upon the deter-
mination of the radial location of each strain gage.

Although the data accumulated for the welded bellows were not as extensive as that
obtained for formed bellows, it is believed that the applicability of the theoretical-
analysis procedure to welded bellows has been demonstrated.,

Discussion of Stresses in Welded Bellows. Welded bellows are used in applications
involving moderate pressures and large axial movement at low spring rates. In con-
trast to formed bellows, the maximum pressure and deflection stresses in welded bel-
lows of standard design always occur near the root and crown welds. This is extremely
undesirable since it means that the maximum stresses occur in a notched heat-affected
zone., The change in section resulting from the weld bead also represents a possible
source of stress concentration.,

One of the most significant results of thir research program has been the dis-
covery that it is possible to redesign nested-ripple welded bellows so that the stressed
near the crown and root welds are virtually eliminated., This design change involves
tilting the bellows flats with respect to the axis of the bellows. Appendix D gives a dis-
cussion of an investigation of the optimum tilt angle for two bellows configurations.
These results show that (1) it is possible to find a tilt angle for the flats that achieves
dramatic reduction in the stresses in the weld areas for both axial deflection and pres-
sure loading and (2) tilting the flats raises the spring rate by less than 20 percent.

By reducing the stresses near the welds, so that the maximum stresses occur
away from the weld areas and in an area where the metal has the properties of the
original sheet material, the fatigue life of welded bellows shouLd be significantly im-
proved., It is believed that this slight design change alone should result in a major im-
provement in the operating characteristics of welded bellows if optimum tilted flat con-
figurations can be found for most types of welded bellows convolution shapes.
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Stresses in Diaphragms

Analysis of Stresses in a Diaphragm. The diaphragm used for this study was a
4-inch convoluted diaphragm made of stainless steel. In contrast to the bellows, the
diaphragm configuration allowed placement of strain gages at several positions. This
permitted a far more detailed comparison of the theoretical and experimental stresses
than was possible for the different bellows. The stress analysis of the diaphragm under
upward and downward axial deflection of the hub and under pressure loading is discussed
in detail in Appendix I. The comparison of the theoretical and experimental stresses in
the diaphragm under the different loading conditions is shown in Figures 1-18 through
1-20. These figures demonstrate the impressive accuracy of the theoretical analysis
tech±que in predicting stresses and strains in corrugated shells.

Discussion of Stresses in Diaphragms. Diaphragms have a wide application in
pressure-measuring instruments and other systems where maximum sensitivity to
change in pressure is desired. Corrugations have been added to diaphragms to increase
their flexibility. When flexible corrugated diaphragms undergo large deflections of
several times the thickness, they exhibit highly nonlinear behavior. This means that
deflections and stresses cannot be accurately predicted with linear theory, but nonlinear
theory must be used. Accurate nonlinear calculations are now possible with the use of
computer program NONLIN, although the accuracy does decrease as the degree of non-
linearity increases. There were insufficient funds on the program to investigate this
relationship in detail.

For the 4-inch diaphragms analyzed during this research program, it was found
that the stresses were high near the outside edge, but highest near the inside edge
adjacent to the hub. It was also found that care had to be taken in superimposing stresses
from pressure and from central hub loading, because the nonlinear response was differ-
ent for the individual loadings than for the combined loadings. For example, upward
pressure loading and downward deflection loading of the hub produced maximum stresses
of the same sign near the hub. Simple addition of stresses from the individual loadings
gave a total stress which was appreciably different from the actual total stress under
combined loading. Even though individual results may be fairly linear, combined load-
ings can result in nonlinear response due to higher combined deflection. Computer pro-
gram NONLIN can be used for combined loadings as well, and such a calculation should
be made if combined deflections are expected to be large.

Very large deflection loading of the 4-inch diaphragm produced fatigue failures at
an inner convolution. This was probably a result of geometrical nonlinearity causing
the location of maximum stress to shift from the hub to an inner convolution. It has not
been determined whether NONLIN can be used for this degree of nonlinearity..

Spring Rates of Bellows and Diaphragms

The spring rate of a bellows or diaphragm can be defined as the average axial
force necessary to deflect the bellows or diaphragm a unit distance, or as the ratio of
a given axial force to the axial deflection caused by that force. The former value is
usually supplied by the manufacturer. However, since many bellows and diaphragms
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exhibit some spring-rate nonlinearity even in the "linear" region, the value for the
latter calculation may be different from that for the former calculation. (For example,
see Tables G-3 and G-4 of Appendix G.)

Spring rate is one of the important characteristics needed for the selection of
bellows and diaphragms. Although it is quite easy to measure the spring rate of a
bellows or diaphragm, this has always been one of the most difficult characteristics to
predict accurately. The primary reason for this difficulty is that the spring rate in
essence is an integration of the stresses in all parts of the bellows or diaphragm. Con-
sequently, measured spring rates were expected to be a sensitive indication of the
accuracy of the stresses calculated using the compating program NONLIN. It was found
that, in almost every case, the theoretical spring rate predicted for each lot of experi-
mental bellows was within the range of experimentally measured spring rates for that
lot.

The spring rate of an analyzed configuration can be calculated very simply from
the analyses of the axial deflection cases, In an analysis of a bellows or diaphragm, an
assumed axial deflection, 6, is imposed on one end of the theoretical model. Once the
stress analysis has been performed, the axial force, F, required to produce the deflec-
tion 6 is found from the formula

F = 27Tr (No sin 0 + Q cos 0),(I

where No and Q are the meridional and transverse resultant forces at any point in the
bellows or diaphragm, r is the radius of the point from the centerline, and 0 is the angle
between the normal to the shell and the axis at the point., Although this formula holds at
every point, it is obviously more convenient to use at some point where 0 is 0 deg or
90 deg, that is, at a point where the shell is either normal or parallel to the axis. Oncze
F has been determined, the spring rate, k, of the bellows i.s calculated from the formula

F Lo
k- 6 Lc ' (2)

where Lo is the axial length of the mathematical model, and L c is the live length of the
actual bellows. For a convoluted diaphragm, the spring rate is simply given by

k = F/6

since the mathematical model on which the analysis is based is the same as the actual
diaphragm.,

The experimental determination of the spring rate is made by observing the incre-
ments of bellows cr diaphragm deflection caused by increments of axial force.

Comparison of Theoretical and Experimental
Spring Rates for Bellows

Table 5 shows the measured spring rates for the formed bellows test specimens,
the average spring rate for each bellows type, and the theoretical spring rate calculated
from each bellows model. In every case the predicted spring rate was within 10 percent
of the averaged measured spring rate. Table 6 shows a similar comparison between the
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theoretical and experimental values of the spring rates for welded bellows. The the-
oretical spring rates for the welded bellows were calculated from a nonlinear deflection
calculation. Although the agreement between the theory and experiment is not as

striking for welded as for formed bellows, it is still very good.

Some appreciation of the variation in bellows behavior introduced by the welding
in welded bellows can be gained by comparing the compressive-extension spring-rate

relationships for formed and welded bellows. In formed bellows, the absolite spring-

rate values varied, but the extension spring rate was almost always the higher value.
Within a given lot of welded bellows, at least one or two bellows departed from the
pattern relationship established by the majority of the lot. The variations in welded

bellows spring rates can also be large. For example, compare the compression spring
rates of JD134 (60 lb/in.) and JDI41 (95 lb/in.), and the compression spring rate of

JD135 (62 lb/in.) with the extension spring rate of YD135 (85 lb/in.). It is apparent that,
for critical applications, the spring rates of each welded bellows must be determined
experimentally.

Comparison of the Theoretical and Experimental
Spring Rates for Diaphragms

Table 1-7 compares the theoretical and experimental spring rates for a convoluted

diaphragm. It is seen from this table that the calculated spring rates were somewhat

higher than the experimentally measured spring rates. It is believed that this was

caused primarily by differences in shape betveen the diaphragm on which the spring
rate was measured and the diaphragm used to construct the mathematical model. Dif-
ferences in shape in diaphragm convolutions might have a cumulative effect on the spring

rate of the diaphragm, while differences in the convolutions of bellows tend to average

out. It was shown in Appendix I that there was a significant chance that the diaphragm
could interact with the hub as well as with the rim when it was deflected downward, and
that this interaction could have a significant effect on the spring rate. However, it was
not determined whether this had any bearing on the di3crepar,-y between the measured
and experimental spring rates.

Effective Area of Bellows and Diaphragms

The effective area of a bellows or a diaphragm is a measure of the axial force

caused by internal or external pressure. If a bellows loaded by a pressure, p, is re-

strained by an axial force, F, so that its length under pressure equals the free length,
then the effective area of the bellows is given as:

A = F/p

The effective area of a pressurized diaphragm held to its free position by an axial force
on the hub is determined by the same formula.

The theoretical prediction of the effective area of either a bellows or a diaphragm

is calculated quite easily from the analysis of the pressure-loaded and axially restrained
bellows or diaphragm. The axial force for the diaphragm is obtained from the formula:

F = 27TrQ + 7Tro 2 p , (3)

where r o is the radius of the hub and Q is the transverse shear at the edge of the hub.
In a bellows the axial force is determined from the formula:
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F= Zir o (Q cos - No sin) +7rro2 p , (4)

where Q and No are the transverse and meridional stress resultants, ro is the radius to
the point at which Q and No are determined and 0 is the angle between the normal to the
bellows surface at this point and the bellows axis. While this formula holds at any point

of the bellows, it is most convenient to use at a point where 0 is 0 or 90 deg. Both No
and Q are printed out by program NONLIN at each point of the bellows or diaphragm to
facilitate this calculation.

Appendix D describes the parametric stress analysis of 24 formed bellows. Effec-
tive areas were calculated from analysis of each of these bellows under pressure loads.
In every case the effective area was given to within 1-1/2 percent by the formula
A = 7TR2, where Z is the average of the OD and ID of each bellows.

Comparisons of the experimentally determined and theoretically calculated effec-
tive areas for the formed- and welded-bellcwv test specimens are given in Table 7.
The agreement between these results is good.

The theoretical effective area for the diaphragm JD181 was 7. 55 in.,2 while the

effective measured effective area of Diaphragm 3D190 was 7. 72 in. 2 .

TABLE 7. THEORETICAL AND EXPERIMENTAL EFFECTIVE AREAS FOR
TYPICAL FORMED AND WELDED BELLOWS

Theoretical Experimental
Bellows Size Bellows Effective Area, Bellows Effective Area,

and Type No. sq in. No. sq in.

Formed Bellows

5-inch stainless steel JD92 22.3 JD88 21.0
3-inch stainless steel JD68 8.62 JD69 8.66
1-inch stainless steel JD29 1.05 JD28 1.06
3-tr..h Inconel 718 JD124 8.41 JD122 8.33
1-inch Inconel 718 JD117 0.98 JDl10 0.96

Welded Bellows

3-inch stainless steel JD136 8.10 JD131 8.25
1-inch stainless steel JD171 1.37 JD167 1 26
3-1/2-inch AM-350 JD158 7.85 JD155 7.32
1-inch AM-350 JD150 1.30 JD143 1.27

Elastic Buckling and Plastic Collapse
of Bellows and Diaphragms

The thin-wall construction of bellows and diaphragms makes them particularly sus-
ceptible to overstressing and excessive deformation due to pressure. Although bellows
manufacturers usually provide pressure ratings for each bellows, standard rating defini-

tions have not been established and the detailed procedures and calculations used to
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determine the pressure ratings are often not available. More importantly, it has been
established in the current research program that a bellows may be overstressed at low
pressures and small deflections because of elastic buckling (partial squirm). Further,
when combined with compression, internal pressures that are less than the maximum
rated operating pressure may cause plastic collapse of the bellows (squirm) within the
maximum deflection rating. Thus the response of bellows to internal pressure is an
important consideration in their design.

Elastic Buckling of Bellows

As far as is known, the problem of elastic sidewise beam-column buckling, or
partial squirm, is appreciated by few, if any, bellows designers, and estimates of
stresses resulting from elastic buckling cannot presently be obtained from bellows manu-
facturers. Hoiever, as discussed in Appendix J, such stresses can be estimated if:

(1) The lateral bending stiffness D, lb-in. 2 is calculated using the analysis
procedure described in Appendix B

(2) Imperfections in the bellows are included in the analysis.

Calculation of Lateral Bending Stiffness, D. The buckling strength of a bellows as
a beam column is proportional to its lateral bending stiffness, D. D is comparable to
EI for conventional beams, where E = modulus of elasticity, psi, and I = moment of
inertia, in. 4. Theoretical calculations and experimental measurements of D are shown
in Table 8 for typical bellows analyzed in this research program. The bending stiffnesses
increase with the nominal diameter, and are much lower for welded bellows than for
formad bellows. The experimental values in Table 8 are average values for each bel-
lows lot. The specific values of D showed some variation within each lot.

In the literature, the lateral bending stiffness, D, of a bellows has been related to
the axial spring constant, k, by the Seide formula:

D = 0. 500 k R2 Lc (5)

where
R R.

2 average bellows radius

Lc = total live convolution length of bellows.

The factor 0., 500, which is exactly correct for a cylindrical shell, has been shown in this
research program to be incorrect for some bellows. The Seide formula has been re-
written with a factor 'a-

D =tk Lc (6)

Theoretical and average experimental values of a are shown in Table 9 for typical bel-
lows. The experimental range of ( for all sizes of formed bellows tested was 0. 356 < )<
0.643. Thus, ( = 0. 500 can be used as an approximate average value for bellows, but
for a more accurate determination a computer calculation should be made.
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TABLE 8. THEORETICAL AND EXPERIMENTAL VALUES OF THE
LATERAL BENDING STIFFNESS D FOR TYPICAL
FORMED AND WELDED BELLOWS

Nominal Bellows Number Lateral Bending Stiffness, D, lb-in. 2

Diam, in. of Plies Material Theoretical(a) Experimental Average

Formed Bellows

1 1 321 SS 13.8 12.2
1 1 Inconel 718 15.4 16.4
3 1 321 SS 480.4 586.3
3 1 Inconel 718 -- 413.4
3 2 321 SS 960.8 1007.3
5 1 3Z1 SS 4507.0 4124.0

Welded Bellows

1-1/2 1 347 SS 9.44 6.80
1-1/2 1 AM-350 12.83 8.02

3 1 AM-350 58.50 63.5
3-1/2 1 347SS 37.90 44.5

(a) Calculated using the analysis procedure described In Appeadix P.

TABLE 9. RELATION BETWEEN BENDING STIFFNESS D AND
SPRING CONSTANT k FOR TYPICAL FORMED AND
WELDED BELLOWS

Factor a D

Nominal Bellows Number

Diam, in. of Plies Material Theoretical(a) Experimental Average

Formed Bellows

1 1 321 SS 0.480 0.434
1 1 Inconel 718 -- 0.493
3 1 321 SS 0.540 0.583
3 1 Inconel 718 -- 0. 547
3 2 3Z1 SS 0.540 0.501
5 1 321 SS 0.536 0.471

WeldeQ Bellows

1-1/2 1 347SS 0.581 0.406
1-1/2 1 AM-350 0.699 0.430
3 1 AM-350 0,457 0.495

3-1/2 1 347 SS 0.537 0.575

(a) Calcuiated using the shell computer program for a mathematical model of an encapsulated and cross-sectioned specimen.
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Calculation of Theoretical Critical Loading Conditions. With the bending stiffness
D known, the Euler critical load for a perfectly straight bellows may be calculated from
the formula:,

4r 2 D (7)
cr -- 2Lc

For a bellows under internal pressure and axial compression, the equivalent axial load

Pcr is a co-mbination of a pressure force and a compression force as given by Equa-
tion (J-16) in Appendix J. Critical internal pressures without axial compression are

given in Tables J-23 and J-24 for typical formed bellows and typical welded bellows,
respectively If the bellows were perfectly made, these would be the conditions that
would cause gross buckling, or squirm, of the bellows.

Calculation of Stresses Caused by Elastic Buckling. Although the critical buckling
pressure calculated for one of the experimental formed bellows was more than 330 psi,
the actual bellows tested were found to exhibit detectable sidewise movement at pres-
sures of less than 80 psi. The reason for this was found to be that instead of being per-
fectly straight, the bellows were actually bowed slightly, so that they had the appearance
of a slightly bent beam, (Deviations like this from the ideal shape are usually called
"imperfections".) Because of this imperfection, internal pressure in the bellows in-
duced a bending moment that tended to increase the bow, and the bellows began to de-
form sideways from the onset of the pressure loading. It was also observed that the
ends of many of the test bellows had a sideways offset relative to each other, so that the
bellows had a slight S-shape. This is another type of imperfection that will lead to an
early sidewise deformation when the bellows is pressurized internally. Theoretically

derived curves of load vs. sideways deflection are shown in Figure J-8 for two types of
bowing imperfections.

The sidewise movement of a bellows introduces additional strains and stresses in

the convolutions of the bellows., Thus, the total stress is:

a T = ap +CA + aM , (8)

where ap and aA are the usual axisymmetric stresses from internal pressure p (psi) and

compression A (in,.) and am is the additional asymmetric stress from sidewise bending
of the bellows due to beam-column buckling. As shown in Appendix J, the stress aM can
be determined from computer calculations using the mathematical model of the bellows

if measurements are made of the bellows imperfections.,

At the inner surface of an inner convolution of a 5-inch bellows, the meridional
stresses were calculated to be:

U - 40, 000 psi

and

UM J I, 500 psi

for p = 78.6 psi andA 0.0 in. The stress value 11,500 psi corresponded to a modest
sidewise deflection of 0. 004 in. Thus, elastic beam-column buckling of a bellows may
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result in an appreciable increase in stress in the bellows. If this stress fluctuates with
the other fluctuating stresses, the fatigue life of the bellows may be significantly re-
duced, (In the fatigue tests conducted during this research, the pressures were held
constant, so this type of stress was probably not a factor in the fatigue failures.)

Plastic Collapse of Bellows

Plastic collapse of a bellows results in gross permanent deformation of the
bellows which makes it unfit for further use. At the limit load at which collapse occurs,
a sufficiently large region of the bellows convolutions becomes wholly plastic so that
adjacent elastic or elastic-plastic regions of the convolutions no longer restrain the
plastic region., Whereas initial buckling deflections can be analyzed using elasticity
theory, the terminal-collapse state necessitates the use of the plasticity theory., Only
axisymmetric plastic collapse under internal pressure was considered in detail during
this program. However, comments are included on nonsymrnmetric plastic collapse,
i. e., the permanent squirm which results when the elastic beam-column buckling loads
are exceeded. Comments are also included on the plastic deformation of diaphragms.

Axisymmetric Plastic Collapse. The elastic solution for stresses in shells has
been employed by Marcal and Turner(4 ) to obtain a lower bound on the axisymmetric
collapse pressure for bellows. As a first approximation, this method was also tried in

this study. The method consists of scaling up the maximum elastic stress state at a
point in a shell to the plastic collapse value. In the 5-inch bellows the maximum stress
occurred at the roots of the convolutions and was predominantly a bending state of stress.,
Scaling up the corresponding bending moment to the plastic collapse value gave a plastic
collapse pressure of 116 psi.

Tests with these bellows showed that collapse occurred at internal pressures of
about 260 to 270 psi. Even if allowance was made for strain hardening due to forming
and fatigue-test cycling at the root, it did not appear that this accounted for the larger
observed collapse pressure - particularly since the root area was also observed to re-
main relatively rigid at collapse. Thus, use of the elastic solution to predict lower
bounds based upon maximum elastic stress did not provide sufficient accuracy.

Marcal and Turner had much better success. This is believed to be due to two
different kinds of plastic collapse which are related to two different ranges of diameter-
to-thickness ratios. The diameter-to-thickness ratio for the 5-inch bellows was
d/h = 5.,0/0. 010 = 500, whereas the ratio for the bellowa tested by Marcal and Turner
ranged from 8. 2 to 23.,6. It is reasoned that a membrane stress state predominates at
plastic collapse of the thin-walled bellows (d/h = 500), and that a bending-stress state
predominates at plastic collapse of thick-walled bellows (d/h - 10).

If the above reasoning is correct, then the maximum membrane stress calculated
elastically should result in a better prediction of the collapse pressure., The following
method was tried: the membrane stress resultants from the elastic computer solution
were taken at the inflection point where the bending moment was 0, and were scaled
up to the collapse va.ue., The resulting calculation of 313 psi was quite close to the ex-
perimental values. It was believed that this was as close an approximation as could be
made without conducting a complete detailed theoretical-plastic analysis, which was be-
yond the scope of the present program.
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Theoretical predictions of collapse pressures were then made for other bellows.
The pressures causing axisymmetric plastic collapse were found to be significantly
higher than the elastic buckling pressures., Thus, beam-column buckling will be the
mode of failure, unless the bellows is restrained, e. g. ) by a housing, guide rods, etc.

An interesting use of restraint has been reported by Newland( 5 ), who analyzed the
buckling resistance of a universal expansion joint. Such a joint incorporates two bellows
joined by a length of rigid pipe. He has shown that, by providing a correctly designed
supporting structure, the critical buckling pressure can be increased up to four times
the value for the same system without supports.

A bellows clamped at both ends and subjected to external pressure will not buckle
as a beam column, but it may buckle locally as a shell. The crowns of the formed
bellows, which are parts of toroidal shells, will develop compressive hoop stresses
under external pressure. Thus, the crowns may buckle( 6 ) in a nonsymmetric mode,
particularly if the shell thickness is small in relation to the radius of curvature of the
crown. Welded bellows also may be subjected to local shell buckling in their leaves
under external pressure. The analysis of shell buckling is very complicated and was
beyond the scope of the present research program.

Bellows subjected to external pressure can be expected to have plastic-collapse
pressures of about the same values as predicted for internal pressure collapse, For ex-
ample, plastic-collapse internal pressures found for 5-inch formed bellows were 250 to
270 psi. External pressures of this magnitude, likewise, may cause plastic collapse.

It is difficult to predict whether elastic buckling or plastic collapse will be tne
dominant failure mode under external pressure, If the bellows is very thin, then elastic
buckling may predominate. If not, plastic collapse may predominate. A combination of
failure modes may also occur, i. e., elastic-plastic buckling. This is a problem that
warrants further investigation.

Estimates related to axisymmetric plastic collapse pressures can usually be ob-
tained from bellows manufacturers. Often called "maximum allowable pressure", or
"proof pressure", the cited values usually incorporate a safety factor so the bellows will
not suffer permanent deformation when the fluid system is given a proof-pressure test
at the rated pressure. The values are usually based on tests in which the bellows is re-
strained at its free length and laterally supported. As described above, if the bellows is
not given lateral support, deformation will occur at pressures much below the cited
value. Even with lateral restraint, if the bellows has a large deflection loading, the
bellows convolutions may collapse below the cited pressure value.

Some manufacturers list burst pressures for bellows. This may be the pressure
at which axisymmetric collapse is expected., Since the material usually does not rupture
at the initial stage of collapse, this value represents a safety factor for burst. A burst-
pressure value can also represent a calculation based on the ultimate tensile strength of
the bellows wall., As such, it has little practical meaning since rupture may take place
at a lower pressure in a location where the bellows has creased during deformation.

Nonsymmetric Plastic Collapse, If the elastic beam-column buckling loads are
exceeded, the highly stressed parts of the bellows convolutions will deform plastically
and a state of permanent squirm deformation will result, Equation (8), above, can be
used to calculate the pressure and axial compression required to cause stresses in the
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plastic range and thus to predict the loading conditions that cause the beam-column type
of plastic collapse., This collapse is essentially a continuation of the elastic buckling
deformation beyond the elastic limit f the material, and it, too, depends upon the bow-
ing and offset imperfections of each bellows.

This mode of failure is reasonably well known and squirm-producing combinations
of pressure and deflection can be obtained from some manufacturers. However, some
references have implied that a bellows which is "square" (length equal to or less than
the diameter) will not squirm. On the contrary, many "square" bellows will squirm at
less than their maximum compression rating when the internal pressure is equal to the
maximum rated operating pressure.

Plastic Collapse of Diaphragms

Overpressure experiments were conducted on the 4-inch stainless steel corrugated
diaphragms. The diaphragms exhibited plastic deformation at pressures as low as 12 to
17 psi., These initial plastic-collapse pressures were relatively small; the diaphragms
withstood much higher pressures withLut burst (up to 300 psi), but they did so with a
great change in shape., This behavior was attributed to favorable geometry change during
deformation. As noted in Figure 1-26, the diaphragms deformed from the corrugated
shape toward a semitoroidal shape with flattening of the corrugations. Thus, large
plastic (and permanent) deformations were possible without appreciable material stretch-
ing, but with appreciable bending at the roots and crowns of the corrugations, i. e., ma-
terial was available in the corrugations to permit a grossly deformed shape without re-
ducing the thickness.

Overload deflection experiments were also conducted. The central hub of a dia-
phragm was deflected with the outside rim clamped. Plastic deformations were first
observed at a load of 13.7 pounds. Subsequent tests to higher loads (up to 26., 3 pounds)
showed that strain results for subsequent runs at a certain load level were essentially
the same. These results indicated that the diaphragm could be cycled into the plastic
range with repeated strain readings .%fter very few cycles. However, the spring constant
changed during cycling, and the load-deflection curves became quite nonlinear (concave
upward).

It was found that the pressure and deflection load required to cause initial plastic
deformation could be estimated by a lower-bound analysis. The maximum bending
moments predicted by linear computer calculations (using NONLIN) were scaled up to
the yield values. Lower bounds of 5. 5 psi ind 13. 6 lb were estimated as compared with
initial plastic loading values of 12 to 17 psi and 13. 7 lb from the experiments.

The overload experiments indicated that corrugated diaphragms can withstand
loads much beyond their initial plastic-collapse values, Accurate prediction of this kind
of behavior would require an elastic-plastic theoretical analysis.

Vibration of Bellows and Diaphragms

The life of bellows and diaphragms may be drastically reduced if resonance causes
amplitudes greater than those estimated for the normal operating conditions., Res nance
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can occur in response to vibration of the supporting structure. Beilows in a fluid line
can also experience flow-induced vibration.

Structurally Induced Vibration in Bellows

The general approach to a structurally induced vibration problem is to use a
bellows which will not resonate with the structure, or to apply various dampening de-
vices to the bellows. Formulas can be used to estimate resonant frequencies in a
bellows. Because bellows are lightly damped structures, resonance must be prevented,
and the adequacy of each assembly in the vibration environment must be demonstrated
in the laboratory.

Vibration Formulas, The problem of structurally induced vibration in bellows was
investigated in some depth by the Bell Aerosystems Company(7 ) as a part of a program
on the design of expulsion bellows. Three modes were studied: (1) the longitudinal or
accordion mode, (2) the transverse or beaem mode, and (3) the liquid mode.

Bell was able to predict the accordion and beam vibration modes using formulas
for a solid bar and beam when the constants used in the formulas were interpreted cor-
rectly. Calculations of the natural frequency for bellows clamped at both ends, un-
damped, and vented to atmosphere can be made by substituting the appropriate values
in the frequency equations shown below.

Accordiop Mode Beam Mode

f V W m  
An kRo2 g

f =1/ =(9)
n WL27T Zc(win)

where

fn = fundamental natural frequency for the accordion mode, cps

fL = fundamental natural frequency for the lateral beam mode in cps
when the constant An = 22

k = axial spring rate of bellows, lb/in.

g = acceleration due to gravity, 386 in. /sec 2

Wm = weight of metal in the convolutions, lb

R o - outside diameter of the convolutions + 2, in.

Lc =live length of the bellows.

The liquid mode, which occurs in the longitudinal direction when vibration-induced
pressure surges in the contained liquid interact with the expulsion bellows, was more
difficult to analyze. Although Bell developed an analysis approach for this problem, this
mode usually does not occur in bellows used in aerospace components such as valves and
regulators, and the accuracy of the analysis method was not investigated,

31



Investigation of Vibration Formulas. The applicability of Bell's accordion and
beam-mode formulas for small bellows was evaluated during the current program through
theoretical and experimental vibration analyses of each of the test bellows. Each analy-
sis consisted of: (1) determining the weight and spring rate of the bellows, (Z) calculating
the natural frequency for the accordion and beam modes of vibration, and (3) subjecting
the bellows to axial and transverse vibrations on a Caladyne shaker table. Since this
work is not described in an appendix, it is reported in some detail here.

The estimated weight of the bellows was obtained by estimating the developed

length of the bellows and multiplying this by the average thickness to obtain the volume
of metal used in the bellows. As a check, a similar estimate was made of the weight of
the end fittings and other parts of the test specimens not including the bellows., This
weight was subtracted from the measured weight of the test specimen to obtain the
bellows weight.

The axial spring rate of each bellows was obtained by miasuring the load-deflection
characteristics of the bellows, and then calculating the slope of the load-vs. -deflection
curve., Since vibration of the bellows alternately places the individual convolutions under
tensile and compressive loads, the spring-rate value used in the frequency equation was
the average of the extension and compression spring rates.

When the theoretical resonant frequencies of the bellows had been calculated, the
bellows were mounted in a fixture (see Appendix Q) and attached to the Caladyne shaker
table. Each bellows was subjected to accordion and lateral-mode frequency scans from
100 cps to 10, 000 cps to determine resonant frequencies. Since some indications of
resonance by tne acceleration meter on the shaker console were produced because of
fixture vibration, each indicated resonant period was checked by means of stroboscopic
observation to verify that the resonant behavior was associated with the bellows and not
the fixture, In some cases the amplitude of lateral response was so slight that accelera-
tion indications of resonance were meaningless and a touch sensing approach was used
to detect the resonant periods.

Results of Theoretical and Experimental Analysis. Calculated and observed
resonant frequencies for the test bellows are shown in Table 10. For the formed bel-
lows, the experimental results for the accordion mode correlated -.ery closely with the
formula predictions, The experimental results for the lateral beam mode did not cor-
relate well with the theoretical predictions, and it was concluded that the beam formula
is not applicable to the type of bellows tested. Exa.-iination of the results in Table 10
showed that the experimental lateral frequencies were everywhere substantially less than
the theoretical predictions of the classical beam theory. This was attributed to the
effects of shear deformation and rotary inertia. These effects are known to result in
lower frequencies than predicted by the classical theory and cause a greater reduction
for shorter length beams. (8) Inclusion of these effects for the complicated geometry of
a bellows was considered beyond the scope of the present program.,

The results for the welded bellows were essentially the same as for the formed
bellows: the calculated and observed values for the accordion mode were quite close,
while the calculated and observed values for the beam mode disagreed more than for
the formed bellows.

All the bellows tested exhibited low internal damping and extremely narrow re-
scnant periods., Except for nonstandard modes ol vibration caused by noncentroidal
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excitation, bellows response to inputs other than true harmonics was practically negli-
gible. Light applications of Coulomb damping eliminated bellows vibration altogether.

Flow-Induced Vibration in Bellows

Little theoretical work has been done on flow-induced vibration in bellows, and
since this is not a problem in bellows used in aerospace components, this performance
characteristic was not investigated during the current program. If flow-induced vibra-
tion occurs, it can often be prevented by a liner in the bellows which separates the con-
volutions from the flow stream. However, unexpected flow-induced vibration is a
frequent cause of bellows failure in piping systems.

Vibration of Corrugated Diaphragms

The only publication found in the literature search that pertained to the analysis of
the vibration of corrugated diaphragms is a paper by Akasaka and Takagishi. (9) Their
analysis is very approximate: they predict the natural frequencies of a diaphragm with
shallow corrugations using formulas for orthotropic flat plates. The corrugated dia-
phragm has less stiffness in the meridional direction than in circumferential direction.
The authors have used the method of Haringx(10) to estimate the stiffnesses in the two
directions. (Haringx conducted only static analyais. ) They also include the effect of a
concentrated mass (hub) at the center of the diaphragm. Their results of an experiment
on ore diaphragm agreed very well with the approximate formula. This diaphragm, how-
ever, was very shallow - the amplitude (half-depth) of the corrugations (0. 85 mm) was
only about twice the thickness (0. 4 mm) and the half-wave pitch of the corrugations was
very large (6 mm).,

The formula of Akasaka and Takagishi is not considered applicable to nonshallow
diaphragms, where the amplitude-to-pitch ratio is much greater than 0. 1. The authors
mention that "informal" experiments show that the formula predicts frequencies much
too high. For nonshallow d.iaphragms, rotary inertia of the corrugations and other
secondary effects must be accounted for. This is best accomplished by conducting a
correct shell analysis of the diaphragm. This, however, was beyond the scope of the
present program.

Akasaka and Takagishi show that the natural frequencies increase with increase of
edge tensile force, as would be expected. It is also expected that the frequencies would
be higher for a pressurized diaphragm.
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Flow Losses

No work was done in the current program on the problem of flow losses in bellows
because this performance characteristic is not of major importance for bellows in
aerospace components. However, for completeness, the following material has been re-
produced from the literature.

LTHOUGH satisfactory design data are avail- from Fig. 1. Direct substitution permits solving
able for turbulent flow in smooth tubes, for the pressure loss.
rough tubes, channels, valves, and elbows, Specific data for various flexible hoses can be ob-

data for turbulent flow through unlined flexible tained.' ,2,  For approximate calculations, typical
hose and bellows are severely lacking. To fill this physical dimensions are given in Table 1 for several
void, data from several sources, in addition to the nominal diameters.
authors experimental data, were correlated to pro- 'References tre tabulated at end of article.

vide a generalized method for predicting the pres-
sure loss of both straight and bent flexible sections.

Generalized Method: Friction factors for straight Nomenclature
flexible sections as a function of the flow param-
eter, Reynolds number, and the relative rough- d= Inside diameter of bellows, in.
ness of the internal diameter are shown in Fig. 1. e = Average height of convolution, in.

ne= Darcy-Weisbach friction factor
These friction factors can be used in conjunction g = Acceleration of gravity, ft per sec 2

with the Darcy-Weisbach pressure-loss equation: 32.2 ft per sec2

2  L = Length of bellows, in.

-= L x V Xl) S, = Cross-sectional area of bellows, sq in.

d 2g St = Cross sectional flow area of fitting, sq In.
V = Fluid velocity, ft per sec

The hose selected determines the values of the AP = Pressure loss, psf
physical dimensions. Using the values of the rel- p = Fluid density. lb per cu ft

ative roughness, e/d, and the Reynolds number, # = Fluid viscosity, lb per ft per sec
dVp/121t, the value of the friction factor f is read

0.2 # /d:=0.35- -

0.2 , -i 0.25 *
0.18 0 _- :..2 O

0.14 . .8.. 6
0.1 - 0.05o

0.18, r l : i.,"["l

0,06 __II 1J =

0 .0 4 ' . _
101 2 4 6 8 105  2 4 6 8 10

s  2 4 6 8 101

Reynolds Number

Fig. 1-Friction factors for flexible metal hose as a function
of Reynolds number and relative roughness.

f)aniels, C., M., and Cleveland, J., R., "Determining Pressure Drop mn Flexible Nietal Hose", Adapted from MACHINE

DLSIGN, November 25, 1965. Copyright 1965 by The Penton lublhshllg Company, Cleveland, Ohio
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lend Losses: Since the flexible section is used
to allow variable misalignment or bends in a tube Table I-Typical Dimensions of Flexible Secitions
or duct system, the pressure-loss factors of bent

fleibl sctinsareinludd s afuctin f bnd Nonal Inside Outsid W1111l Red& of
fleibe ecton ae iclde asa untio o bnd size Dimeter Diameter Thleksem Convolutionsradius, Fig. 2, and bend angle, Fig. 3. (in.) d(1,L) (in.) (in.) (in.)

To obtain the bend ioss, first calculate the rela- 31 .8 .0 .0 .3
tive radius, Rid. From Fig. 2, find the total loss 31 .8 .0 .0 .3
for a 90-deg bend as equivalent length, L/d. Ob- % 0.255 0.491 0.010 0.108

tain the bend-angle correction factor, C, from Fig. % 0.390 0.668 0.012 0.127

3. To obtain the pressure loss, substitute C (Lid) % .50 .804 0.012 0.130

for L/d in Equation 1. Friction factor f is obtained % 0.582 0.861 0.012 0.128
from Fig. 1. % 0.750 1.190 0.014 0.206

The sarrie answer can be obtained by adding 1 1.000 1.398 0.012 0.187
the inertia loss of the bend from Fig. 2 (corrected 1~/ 1.284 1.850 0.016 0.267
for bend angle by data from Fig. 3) to the length 1%' 1.500 2.132 0.016 0.300
of the flexible hose. This latter method may be 2 2.000 2.676 0.016 0.322

3 2.962 3.413 0.027 0.424

4 4.000 4.700 0.027 0.323

easier If the entire flexible hose is not used ini
40 - - __ the bend.

Connection Losses: Because the inside diameter
35- ff -- of the flexible section seldom matches the Inside

Totallossdiameter of the connecting tube or duct. expansion-d Ttal ossand contraction pressure losse~s are encountered.
of bend These follow the established analogeS.4

2 Ke + - )2
-j

K, = .51I

The values of K calculated from these equations
20 -t-------------------can be substituted for f (Lid) in the Darcy-Weis-

Iertia loss bach equation to obtain pressure loss.
of ben RaEIEUNcu

1 5- - 1. C. M. Daniels- "Pressure Lossee In Flexible Metal Tubing."
Product 3mgi,.eering, Vol. :7, No. 4, April, 1956. pp. 223.227.

2. C. id. Dan~els and R. X. Penton-" Determining Pressure Drop
in Flexible Metal Hose." MACKNX DUIGH, Oct. 13, 1960. pp.
105-lea1.

-O L - 3. R. C. Hawthorne and H. C. Helms-'Flow to corrugated Hose,"
4 6 8 10 12 14 16 18 20 Product Engpineering, Vol. 34, No. 15, June, 1943, pp. 08.100.

4. J1. H. Perry-Chemical Zugtnsa nedbookc, McGraw-Hill BookRelative Radius, R/d Co. Inc.. New York. 1950, p. 2US.

Fig. 2-Bend-loss factor for a 14
90-deg bend angle as a function
of the ratio of elbow bend a K0
radius to the Ilexible hose dia- .
meter.

o0.8
LL.

~06

co 0.4

Fig. 3,-Bead-loss factor in 0.2 Z -

terms of a 90-deg bend loss.

0 360 90 120 150 180

Bend Angle, 8(deg)
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Fatigue of Bellows and Diaphragms

Fatigue failure is one of the most common types of failures in bellows and dia-
phragms. In normal service, the life of a bellows or diaphragm is determined by the
cumulative effect of the deflection and pressure stresses (or strains) to which it is sub-

jected. As summarized in the next section, corrosion can significantly reduce fatigue
life. Fatigue life can also be reduced by stress concentration at points of geometrical
discontinuity, material variations, residual stresses, and heat-affected material. On
occasion, unexpected modes of deformation can cause high stresses which result in pre-
mature fatigue failure. Common causes of such overstressing are damage during ship-
ment, improper installation, dynamic resonance, excessive stroke, and excessive
pressure.

Until the present program, there has been no method by which the deflection and
pressure stresses could be accurately evaluated for bellows and diaphragms. Thus,

each manufacturer has been required to develop empirical design data based on fatigue
tests of the manufacturer's bellows. With sufficient data, it has been possible to con-
struct nomographs relating different fatigue life cycles to different percentages of max-
imum deflection and maximum pressure for the types of bellows tested. (Maximum de-
flection and pressure are those values, with appropriate safety factors, which will
cause permanent deformation in the bellows.) Such nomographs are available from a
number of bellows manufacturers.

It was demonstrated in the present research study that the computing program

NONLIN could be used to accurately predict the elastic strains in bellows or diaphragms
of any shape subjected to either axial deflection or internal pressure. One of the major
tasks in the study was an investigation of the feasibility of using the theoretically pre-

dicted maximum strains in a bellows to predict the fatigue life of the bellows under a
given cyclic load. The planned approach involved testing formed bellows, welded bel-
lows, and diaphragms to establish their fatigue limits at different levels of cyclic strain

as calculated by the program NONLIN. These experimental results were then to be
compared with data obtained from standard fatigue tests made on metal coupons of the

same material. If a correlatihn could be established between the fatigue lives of the
bellows and diaphragms at the calculated strain ranges and the fatigue lives of the cou-

pons at the same strain ranges, then the relatively ample coupon fatigue data available
in the ifterature could be used, together with NONLIN, to predict fatigue life of bellows

and diaphragms. Appendixes K through N give detailed descriptions of the fatigue tests
conducted in the program and the resvlts obtained. These results are summarized
briefly here.

Formed Bellows

An investigation was carried out for formed bellows made of Type 321 stainless
steel and Inconel 718. The results of this investigation showed that NONLIN could be
used together with cuupon data to estimate the minimum fatigue life of a formed bellows
subject to the following limitations:
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(1) The lifetime values estimated from coupon data may be optimistic because of
variations of actual bellows from the geometric model on which the computa-
tions are based, and because of residual stresses and material variations
which the theoretical treatment does not include.

(2) When such factors have been taken into account by a few fatigue tests on bel-
lows formed by a similar process and from similar material, the stress
analysis can be used to provide good interpolations and moderate extrapola-
tions for different loadings and moderately different gometries.

Welded Bellows

In contrast to the formed-bellows fatigue tests, no satisfactory correlation could
be obtained betwecn the fatigue life and the theoretically predicted maximum strain for
welded bellows made of either Type 347 stainless steel or AM-350. As discussed ear-
lier, it was demonstrated that the strains predicted by Program NONLIN were satis-
factorily accurate. However, the tests showed considerable variation both in fatigue
life and failure location for bellows subjected to the same maximum strain range. This
fatigue-life variation was apparently the result of manufacturing variations associated
with the welding process (such variations are not accounted fcr by Program NONLIN).
Significant variations in the fatigue life were observed both for bellows made by differ-
ent manufacturers and for nomninally identical bellows made by the same manufacturer.

As a result of the tests, it was concluded that the variability of the fatigue life
resulting from manufacturing variations must be experimentally determined for each
manufacturer's process. This requires the same type of testing that manufacturers
currently perform to establish fatigue nomographs. Thus, although the computer pro-
gram NONLIN can be used to analyze the stresses and strains in welded bellows and to
aid in their design, the fatigue life of welded bellows must still be established experi-
mentally. It must be emphasized that experimental determination of welded-bellows
fatigue life must be based on a sufficiently large number of tests.

As discussed in Appendix N, it has been demonstrated that a combination of com-
pression and presbure may reduce the life of welded bellows significantly. This occurs
if the slight ballooning caused by the pressure causes the diaphragms of the bellows to
interfere during compression, thereby greatly increasing the stresses at other points of
the cross section. Although the analytical prediction of this condition would be very
difficult, it can be determined experimentally because the diaphragm interference
causes a significant change in the spring rate of the bellows. Since each welded bellows
should be used as much in compression as possible to obtain the longest fatigue life
(see Appendix N) these tests must be conducted to assure that diaphragm interference
will not be encountered.

The tilted-edge welded-bellows configuration to be investigated in a follow-on pro-
gram is expected to experience fatigue failure in the parent material rather than in the
weld areas. If this is achieved, the procedure for estimating the fatigue life of formed
bellows may be applicable to the tilt-edge configuration.
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Diaphragms

Insufficient tests were conducted during the present program to provide the depth
of understanding of fatigue-failure modes for diaphra,;ms that was obtained for formed
and welded bellows. It is believed that the fatigue characteristics of diaphragms are
very similar to those of welded bellows when the maximum cyclic stress occurs in a
weld area. When the maximum cyclic stress occurs at one of the convolutions, the
failure mode is more like the failure mode of formed bellows. The nonlinear-stress-
analysis program can be used as a basis for estimating the fatigue life of diaphragms.

Corrosion of Bellows and Diaphragms

Because of the thin materials of construction, bellows and diaphragms are very
susceptible to corrosion-induced failure. To prevent this, three types of precaution
must be taken. First, the bellows or diaphragm material must be selected so that little,
if any, corrosion will occur under normal operating conditions. Second, the manufac-
turing procedures must be reviewed in detail to determine that corrosion will not be
initiated during fabrication and that the finished item will be completely free of corro-
sive substances. Third, all system abnormalities must be reviewed for the possible
creation or introduction of corrosive agents in the fluid systems.

An understanding of the different types of corrosion and of the applicable corro-
sion data is required to accomplish these objectives. Appendix 0 presents information
pertinent to the corrosion of bellows and diaphragms in aerospace applications. Because
corrosion rates are greatly affected by many factors, i. e. , temperature, time, mate-
rial composition, etc., care should be taken in extrapc ,ting corrosion data. It may be
necessary to conduct test3 to simulate the expected corrosion conditions.

The prevention of fatigue failure is particularly important for bellows and dia-
phragms in aerospace applications. Because very few data were available concerning
the effect of typical rocket fuels and oxidizers on the fatigue life of typical bellows and
diaphragm materials, selected tests were conducted to obtain representative data (see
Appendix 0). The following guidelines summarize the results of these tests.

N204

At 200 F, a reduction in the design fatigue life (based on 200 F air data) should be
made for most of the common alloyb. A reduction of at least 50 percent is suggested for
aluminum-base alloys and 60 percent for the austenitic stainless steels. Thus, if the
air data suggest a 10,000-cycle life, a reduction of 60 percent to 4000 cycles should be
applied to the 300-series stainless steels. A 60 percent reduction is also recommended
for the martensitic or other high-strength steels, until such time as additional data are
available.

Laboratory data suggest that titanium and its alloys have excellent resistance to
impact-fatigue-type loading in N20 4 at 90 F (1l) At 200 F, however, some reduction in
design fatigue life is indicated particularly for the red grade of N2 0 4 . No reductions
may be necessary for the green grade of N 20 4 , This is based on the fact that at tem-
peratures above, say, 100 F, titanium alloys have been found to stress-corrosion crack
in red N2 0 4 but not in green N2 0 4 .,
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The fatigue life of most metals would probably be reduced less as the temperature
of the environment is lowered. However, since no data are available at this time, the
same reduction in cycle life should be applied at room temperature as at 200 F. Above
200 F, a greater reduction in cycle life should be applied.

Hydrazine Fuels

At 200 F, no detrimental behavior was found for 6061-T6 aluminum alloy or Type
347 stainless steel in the UDMH-hydrazine mix. No correction for corrosion fatigue
should, therefore, be required for other aluminum-base or stainless steel alloys in any
hydrazine-type fuel. All corrosion data available to date indicate that hydrazine,
UDMH, A-50, and monomethyihydrazine behave similarly for aluminum and stainless
steels.

It is pointed out, however; that specification hydrazine can contain as much as
2. 5 percent water. High water content would be expected to promote corrosion and thus
could adversely affect fatigue life. In this case a particularly weak area might be at the
juncture of the bellows and end fixtures, where galvanic effects from dissimilar metal
contacts could lead to premature failures.

No recommendations can be made at this time about the fatigue behavior of other
alloys in hydrazines because of the inherent danger of catalyzed decomposition of the
fuel and the possible increased rate of corrosion.

CIF 3

In ClF3 , aluminum-base and nickel-base alloys (provided they have adequate gen-
eral corrosion resistance) should provide a fatigue life equivalent to their respective air
data. Thus, no correction for corrosion fatigue may be required up to 200 F.

Copper and many of its alloys show an equally high order of resistance to CIF3
compared with the nickel-base alloys. It is believed that no corrosion fatigue will re-
sult in ClF3 up to 200 F.

A correction for corrosion fatigue should be made for all stainless steels. A re-
duction by up to 60 percent of the air fatigue life is suggested as a reasonable value.

Titanium and titanium alloys are rapidly attacked by CIF 3 and should not be con-
sidered for such service,

Other Fluorine-Base Oxidizers

The behavior of aluminum-base and nickel-base alloys in other fluorine-base
oxidizers such as fluorine, FLOX, NF 3 , and N2F 4 , would be expected to be similar to
that in ClF 3 . Thus, no correction for corrosion-fatigue behavior is believed necessary
up to 200 F.

In fluorine-type propellants, copper-base alloys would be expected to behave
similarly to the nickel-base alloys, and should perform with little or no reduction in

fatigue pr'operties up to 200 F.
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As with ClF 3 , a reduction by 60 percent of the air-fatigue-life value is recom-
mended for the stainless steels in other fluorine-base oxidizers.

It appears that corrosion-fatigue data on fluorine-base propellants should not be
extrapolated at this time to other than the materials discussed above,

Consideration should also be given to the limited protection to physical damage
afforded by the thin walls of bellows and diaphragms. In fluorine-base oxidizers this
problem is especi. ly serious because the protective fluoride film can be easily damaged
by abrasion or by the mechanical motion of the bellows. Breaktiown of the film in local-
ized areas could lead to reduction in fatigue life. Thus abrasion vibration, impingement,
high flow rates, etc., should be avoided.

Characteristics Important to Instrumentation Applications

Ideally, bellows and diaphragms would deflect exactly the same amount when an
equal increment of force or pressure load was added or subtracted. Linearity of re-
sponse can be prevented by geometrical aspects of the bellows and diaphragms. How-
ever, even when there is geometrical linearity and when the material remains well
within the elastic limit, small departures from linearity can occur which are important
to precision instruments. The term Ilanelasticity " has been used to denote the non-
elastic behavior of solid materials in the low stress range. Included in this term are
such effects as hysteresis, drift, aftereffect, recovery, and zero shift. Changes in
temperat ure can affect response because of thermal expansion of the material and be-
cause of changes in the elastic modulus of the material. In addition, edge attachments,
particularly of diaphragms, have been shown to affect linearity of response.

Anelastic Effects

Hysteresis is the diffe.'ence between the deflections of a bellows or diaphragm at
a given load for increasing and decreasing loads. Drift is the increase of deflection
with time under a consttnt load. Aftereffect is the deflection remaining immediately
after removal of the load, i.e., hysteresis at no load. Recovery is the decrease of
aftereffect with time under no load. Zero shift is the permanent deformation, i. e.,
the difference in position before loading and sufficiently long after unloading for re-
covery Wo occur.

Since these anelastic effects stem from nonelastic behavior of the bellows or dia-
phragm material, the effects are not generally predictable from elastic analysis and
there is, at present, no basic theory covering such behavior. However, there are some
guidelines for design:

(1) Anelastic behavior generally causes larger errors at higher stresses. Hence,
bellows or diaphragms designed to operate at a low peak stress are desirable
for precision instruments.

(2) The various effects are interrelated, although details of the interrelation may
be only approximately known. Thas, a bellows with a small drift under maxi-
mum load would be expected to have a small hysteresis (at half-load) and a
small aftereffect.
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(3) Relatively simple tests (such as measurement of drift) may be helpful in qual-
ity control to produce units of low hysteresis. However, some precautions
must be used in the time schedules for anelastic determinations.

Some work, much of which is unpublished, has been done on the anelastic "errors"
in certain types of corrugated diaphragms. Little corresponding work seems to have
been done on bellows, probably because these are less frequently used ir. precision in-
struments in such a way that their anelastic behavior is critical.

A detailed study of anelastic effects in bellows and diaphragms was beyond the
scope of this investigation. Such a study would, in fact, require special instrumentation
and experimental techniques. Some measurements of hysteresis were made for large
deflection cycles for formed bellows made of Type 321 stainless steel and Inconel 718.
Values for the Type 321 bellows, with a cycle time of approximately 1 hour, are shown
in Table 11. These values are reproduced only to indicate types of hysteresis which
can occur in one- and two-ply stainless steel formed bellows at relatively high pres-
sures and strain levels. (The deflections corresponded to those used in the fatigue
tests.) The Inconel 718 bellows tested averaged about one-fourth the hysterebis ex-
hibited by the stainless steel bellows.

Temperature Effects

Consider a bellows (or diaphragm) subject to a high internal pressure of a gas,
with (for simplicity) essentially zero external pressure and negligible deflection con-
straint. If the temperature is now increased, the bellows deflection will change because
of several factors: (1) an increase in gas pressure, (2) a thermal expansion of the
beliows material, and (3) a change (usually a decrease) in elastic modulus of the bellows
material. In a particular situation, these factors may counterbalance each other. In
some aneroid capsules, a small internal pressure may be intentionally left to counter-
balance (at one condition of temperature and loading, the effects of thermal expansion
and thermoelasticity of the diaphragm material.

Thermal stresses in a bellows or diaphragm caused by a temperature change in
the material can arise in two ways, depending on whether the bellows or diaphragm
undergoes a uniform or a nonuniform temperature change. If the bellows or diaphragm
undergoes a uniform temperature change, then thermal stresses will be induced in the
bellows or diaphragm unless it is completeiy free to expand or contract. This type of
thermal stress is easily calculated by calculating the amount of thermal expansion or
contraction that would occur if the edges were free, and then using NONLIN to calculate
the stresses in the bellows or diaphragm when the deflections (of opposite sign) are
applied to the edges.

When the bellows or diaphragm undergoes a nonuniform temperature change, ther-
mal stresses can occur even if the edges are completely free. These thermal stresses
can be calculated in the same way that pressure stresses are calculated if provision is
made for the temperature effects in the computer program. Although computing Pro-
gram MOLSA provides for the calculation of temperature effects, the current version of
NONLIN does not have this capability since calculation of thermal effects was beyond the

scope of the present project.
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MATERIALS FOR BELLOWS AND DIAPHRAGMS

The extent to which the service performance of bellows and diaphragms fulfills
design predictions is strongly dependent upon the quality of the materials from which

they are fabricated and the care taken in their manu'acture. Material defects, weld

discontinuities, forming irregularities, and postfabrication damage can all result in
locally high stresses that may lead to premature failure.

Materials for formed bellows must be both weldable and formable. Although
smaller bellows are usually made from seamless tubing, most bellows over an inch in

diameter are made from sheet or strip formed into a cylinder and longitudinally seam

welded. Welding is also the preferred method of end-fitting attachment. Most formed

aerospace bellows today are made from one of the 300-series stainless steels. Inconel

718 is being used increasingly because of its higher yield strength and its relative im-

munity to stress corrosion. Titanium alloys are becoming candidate materials for
formed aerospace bellows because of their corrosion resistance and their good strength-

to-weight ratios.

Materials for welded bellows need not have the formability of materials for formed
bellows. Therefore, in addition to the materials used for formed bellows, a variety of
less formable alloys are used for welded bellows. It is difficult to rank the welded-

bellows alloyR in order of decreasing usage because so many different alloys are used
to make welded bellows and no industry-wide figures are available. The 300-series
stainless steels, Inconel 718, and AM-350 are among the most-used welded-bellows

materials, however.

Materials for deposited bellows are made in situ by electroplating or chemical
deposition onto machined aluminum mandrels that are later chemically dissolved. The

most common material for electrodepoeited bellows is nickel. Copper is also used.

Chemically deposited bellows can be made from alloys which, though still over 90 per-
cent nickel, contain significant percentages of other strengthening elements. Both types
of deposited bellows can be made with composite metal walls consisting of layers of

different metals. The deposited-bellows industry is relatively young, and further devel-

opments in deposited-bellows materials can be expected.

Whether the strip of sheet used in bellows manufacture is purchased to any special
tolerances depends upon the end application of the bellows. When the spring rate is not

critical - beliows intended for expansion joints, for example - the customary 10 percent

mill-thickness tolerance is satisfactory. When the deflection characteristics must be

more carefully controlled, materials may be selected from warehouse stock. In this

way, thickness may be controlled to within about 5 percent on a given order. Rerolled

materials from specialty metal fabricators provide the best commercially obtainable

thickness tolerances, but are seldom used for making formed bellows. Manufacturers

of welded bellows and diaphragms using rerolled materials claim thickness tolerances
of ±0. 0001 inch. A more commonly quoted tolerance is =0. 00025 inch over a 20-inch-

strip width.

Opinions differ among manufacturers as to the desirability of a bright surface

finish on the starting material. Some manufacturers claim an improvement in the fatigue
life of beilows produced from bright-finished material (No. 2B finish), while otherF see
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no difference. Some manufacturers also claim that the bright-finished material, con-
taining more cold work than the dull or matte-finished material (No. 2D finish), is more
difficult to form. There is a trend toward the use of bright-finished material.

Although there is some disagreement most manufacturers see no effect of "grain",
or preferred orientation, in their starting material. The common materials from which
formed bellows are fabricated, when produced under good control, are nearly isotropic,
so preferred orientation does not appear to be a serious problem.

All manufacturers of bellows and diaphragms use relatively small tonnages of
material. Consequently, they are able to purchase only materials melted according to
usual commercial practice. Stainless steels, for example, are electric-furnace melted.
Although the metallurgical quality of stainless steels is good by ordinary standards,
some improvement of bellows uniformity might be achieved by the use of vacuum-melted
materials with their lower inclusion contents. Such materials have become standard
in bearings. Other alloys, such as Inconel 718, are sensitive to compositional varia-
tions. A commercial heat of Inconel 718 balanced for maximum high-temperature rup-
ture strength will not have the maximum obtainable fatigue strength. The bellows manu-
facturer buying a relatively small quantity of sheet often has little control over the
chemistry of the material. Quantity purchase of heats of specially controlled materials
by large users of bellows, and release of these materials to bellows manufacturers
might be a method of significantly improving the uniformity and quality of bellows
throughout the industry.

To discuss materials logically, it is necessary to group them in a number of
classifications. The properties of the materials grouped together ir. the following dis-
cussion are not identical, but they are similar enough so that they can be discussed in
general terms. The metallic materials which are used in bellows and diaphragms are
listed in Table 12 anc the alloy groups are discussed in the following sections.

Copper Alloys

The copper alloys of interest to the designer are those with moderate-to-high
strength. These include the beryllium coppers, certain bronzes, and othe- alloys with
strengths above 50, 000 psi. Yield strengths of 150, 000 psi are readily obtained in
beryllium copper by heat treatment. The proportional limit is fairly high for the higher
strength alloys. Lower strength alloys have very low or no proportional limit. The
toughness of the copper-base materials depends on the strength level. At low to inter-
mediate strengths, the toughness is fairly high; at high strengths, toughness is not out-
standing. These materials do not undergo a ductile-to-brittle transition on cooling.
The creep strength oF the copper-base alloys is only moderate.

Copper-base alloys have fairly high densities and, consequently, only moderate
strength-to-density ratios. The copper-base alloys have moderate moduli oi elasticity
(15 x 106 to 20 x 106 psi). They have rather high coefficients of thermal expansion and
moderate thermal conductivitie'.

Although many copper-base-alloy bellows and diaphragms are used in industrial
and consumer products, their use in aerospace applications is limited by the severe
aerospace Lorrosion, temperature, and stress environments and the availability of

alloys with higher elastic moduli.
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TABLE 12. TYPICAL BELLOWS AND DIAPHRAGM ALLOYS

Type of Bellows
Materiat Formed Welded Deposited Outstanding Characteristics

Copper Alloys

Brass, Bronze. Beryllium X X High proportional limit, good toughness
Copper. Zirconium Copper

Aluminum Alloys High strength-weight ratios, good toughness
at low and intermediate stress levels at

5083, 6061, 7075 X temperatures as low as -425 F

Nickel anO Cupro-nickel Alloys

Nickel 200, Monels X X Good corrosion resistance; low magnetic
400, 404, K-500 permeability

Titanium Alloys High strength, high strength-weight ratio,

Ti-75A, Ti-6AI-4V X good creep strength to 600 to 700 F

Low-Alloy Steels Extremely high strength, high proportional
4130 limit, high fatigue strength, good creep

resistance

Standard Austenitic Stainless Steels

304, 304L, 310, 316, 321, 341 X X Excellent toughuess to -423 F, good fatigue
and creep strength, good neutron-radiation
resistance; good corrosion and oxidation
resistance

Precipitatioa -Hardening Stainless Steels

17-4 PH, I7-7 PH, X X High strength, good creep strength, high
PH 15-7 Mo, AM350 fatigue strength

Other Iron-Base Alloys

19-9 DL, A-286, Kovar X X Ditto, plus sealability to hard glass (Kovai)

Nickel-Base Alloys - Group I

Inconels 600, 625, X-750, X X Good high-temperature strength, good
and 718; fatigue strength, good toughness, good

Incoloy 825; Hastelloy C creep resistance, and good strength-to-
rupture

Nickel-Base Alloys - Group II

M 252; Waspaloy; X Ditto
Udimet 700; Reng 41;
Reng 62

Cobalt-Base Alloys

L 605 X

Refractory Metals

Columbium X Good strength at extreme temperature, high
proportional limit, excellent fatigue
strength above transition temperature,
excellent creep strength

Other Alloys

Invar, (Ni-Span-C) X Zero thermal-expansion coefficient or con-
stant elastic modulus
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Aluminum and Magnesium Alloys

These materials are readily available in sheet form. From a mechanical- and
physical-property standpoint, aluminum and magnesium are somewhat different. These
alloys generally have low strengths. The maximum ultimate strength that can be ob-
tained is of the order of 75, 000 psi. The proportional limit of aluminum and magnesium
alloys is poorly defined - the stress-strain relationships tend to be curves in the nomi-
nal elastic range. This indicates that a hysteresis problem may exist on repeated
loadings.

These materials have fair fatigue strengths. However, aluminum alloys do not
have true fatigue limits. In general, the longer the fatigue exposure, the lower the
strength at which failure occurs. Aluminum ailoys have good toughness at low-to-
intermediate strength levels. The toughness is not so good at high strength levels.
However, these alloys do not undergo a property transition during cooling below room
temperature. In particular, the fracture propertier do not change much at temperatures
as low as -425 F.

Magnesium alloys do not have good fracture properties. They tend to exhibit brittle
behavior in the presence of notches at practically all temperatures. Aluminum and
magnesium alloys are not designed for use where creep is of importance; although they
have reasonably good properties at room temperature, at slightly elevated temperatures
(300 to 500 F), the creep strength drops off rapidly.

Both aluminum and magnesium alloys having low densities and moderate strengths
are available. This combination means that fairly high strength-to-density ratios are
available. Magnesium has the lowest density of commercial structural materials. Both
materials have low moduli of elasticity. Aluminum alloys have high coefficients of ther-
mal expansion and high thermal conductivities.

Nickel and Cupro-Nickel Alloys

The Monel alloys, which range from approximately 45Ni-55Cu to 85Ni-15Cu, are
available as thin sheet. Yield and ultimate strengths are moderate, but their elastic
moduli are higher than those of copper or aluminum alloys, around 25 x 106 psi. The
Moneis do not become brittle at low temperatures, and thus Monel alloys are frequently
used for bellows intended for cryogenic service. Monels are often substituted for the
stainless steels in steam piping systems where stress corrosion is encountered. Service
temperatures are limited to the 400 to 500 F range by the relaxation properties of these
alloys, though the alloys retain good oxidation resistance to 1000 F. Thermal-expansion
coefficients and thermal conductivities are about average.

Some nickel formed bellows are used in chemical equipment, but nickel is used
principally in deposited bellows. Well-established techniques are available for electro-
deposition and chemical deposition of nickel. Small amounts of other elements can be
codeposited with nickel to form alloys with improved strength properties. Although
nickel is ferromagnetic at room temperature, most of the cupro-nickels are nonmagnetic
down to liquid-nitrogen temperatures and below.
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Titanium Alloys

The common titanium alloys are available in sheet and foi.l thicknesses. Various
high-strength titanium alloys are available. Ultimate strengths of the order of Z00, 000
psi can be obtained with special heat treatments. The materials have moderately high
proportional limits. Titanium alloys have good fatigue strengtrhs, and toughness is good
at room-temperature levels in materials with yield strengths of 100, 000 psi or lower.
At higher strength levels, the toughness is mucn lower unless care is taken to produce
alloys with low interstitial (e. g., carbon, oxygen, nitrogen, and hydrogen) -alloy content.
The titanium alloys have high creep strengchs at intermediate temperatures (500 to
700 F).

Titanium alloys have densities about 60 percent that of steel. This, coupled with
the possible high strength, leads to fairly high strength-to-density ratios. However,
these high levels are usually obtained at a sacrifice in toughness. The modulus of
elasticity of titanium alloys is about 15 x 106 psi, which is lower than that of most
high-strength alloys. Titanium alloys have rather low coefficients of thermal expansion,
as well as low thermal conductivities.

Aerospace bellows have been formed from titanium alloys, and some bellows
manufacturers expect titanium bellows to displace a significant fraction of the nickel-
base-alloy and stainless steel bellows presently popular.

Stainless Steels

Many varieties of stainless steels are commercially available. All stainless
steels can be charact.rized as containing chromium in amounts of 12 percent or more.
They will be discussed here in three classifications. Steels in the first classification
contain fairly large amounts of nickel and up to about 20 percent chromium. The high
nickel content cuses these steels to have an austenitic structure. These steels are
designated by A'SI as the 300 Series.

Stainless steels in the second group contain almost no nickel. This group may
contain up to 27 percent chromium and may be either ferritic or martensitic, depending
on composition. These steels are classed as the 400 Series. In the third group are
steelc which have been modified through alloying and heat treating to produce high
strengths. These are generally referred to as precipitation-hardening stainless steels.

Standard 300-Series Stainless Steels

In general, availability of these steels in thin sheet is excellent. Since the 300-
Series stainless steels have been produced in relatively large tonnages for a number of
years, and because they are nonheat-treatable alloys, they tend to have more uniform
properties than many of the other candidate aerospace bellows and diaphragm materials.
They have moder=.te strengths, but the strengths can be increased considerably by cold
working. Heating during fabrication removes the strengthening effect of cold work.
These materials are sirnilar to aluminum alloys in that they do not have a proportional
limit. This may lead to hysteresis effects under repeated stress cycles. The
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300-Series stainless steels have excellent toughness down to -425 F. Because they do
not have austenitic structures, they do not undergo a ductile-to-brittle fracture transi-
tion. These steels have good fatigue resistance and good creep strength at moderate
temperatures and are used in steam power plants at temperatures as high as 1Z50 F.

The 300-Series steels have high density and a modulus of elasticity of about 30 x
106 psi. Because of their normally low strengths, they have low strength-to-density

zatios. They have high coefficients of thermal expansion and the lowest thermal con-
ductivity of all the steels. They have good neutron-radiation-damage resistance and, in
the annealed condition, have quite low magnetic susceptibility.

The stabilized (Types 321 and 347) and low-carbon (Type 304L) stainless steels
are widely used as bellows materials.

400-Series Stainless Steels

These steels are readily available in sheet form, and have been produced in heavy-
foil thicknesses. They are not widely used as bellows materials, however. High
strengths (up to 200, 000 psi ultimate tensile strength) can be obtained in some by heat
treatment. They have high proportional limits and fair fatigue properties. Since the
400-Series stainless steels are ferritic stainless steels, they undergo ductile-to-brittle
fracture transitions as the temperature decreases. Since they have relatively poor
toughness at room temperature, particularly at high strength levels, they may have
very poor toughness at temperatures just slightly below room temperature. They have
good creep strengths and are used as elevated-temperature structural materials. An
outstanding attribute of the 400-Series stainless steel is their oxidation resistance.

The 400-Series stainless steels have high density and about the same modulus of
elasticity as other steels. They have moderate coefficients of expansion and moderate
thermal conductivities.

Precipitation- Hardening Stainless Steels

The availability of a number of these steels in thin sheet is excellent, since they
have been used in structural sandwich materials for several years. Some welded bellows
are made of precipitation-hardening stainless steels.

There are a number of subclassifications in this general classification. Two are
considered here. One of these has an austenitic structure after the precipitation-
hardening treatment (A-286 is typical of this class). The other class consists of those
steels whose structures contain martensite plus ferrite or austenite after heat treat-
ment. Such steels as 17-7 PH, AM-350, and PH 17-4 Mo are typical of the martensitic
age-hardened stainless steels.

All of these materials have high strengths. Yield strengths of over 200, 000 psi
are obtained i.n commercial sheet. Fatigue strength is fairly high in terms of pounds
per square inch, but is not so high expressed as a percentage of tensile strength. Un-
fortunately, the same thing can be said about most high-strength materials. The marten-
sitic materials have fair toughness at room temperature and this persists down to about
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-100 F, below which these materials have poor toughness. As strength increases, the
toughness decreases. The austenitic steels have about the same room-temperature
toughness as the martensitic steels, but the toughnes- persists to a much lower temper-
ature. The martensitic alloys generally have good creep strengths at temperatures up
to about 800 F, at which point a rapid drop in strength occurs. The austenitic materials
have somewhat lower creep strengths at low-to-intermediate temperatures, but do not
experience such a rapid drop in strength in the higher temperature range.

All of the precipitation-hardening stainless steels have high density and the
modulus of elasticity is about the same as that of other steels (30 x 106 psi). The mar-
tensitic steels have moderate coefficients of thermal expansion and low thermal con-
ductivities. The austenitic steels have low coefficients of thermal expansion and low
thermal conductivities.

Low-Alloy Steels

The low-alloy steels contain chromium, but not enough to be classed as stainless
steels. They are available in sheets down to the order of 0. 050 inch thick. Some
formed bellows for expansion joints ha, e been made from this class of alloy. They
attain their strengths througn quench-and-temper heat treatment and some can be heat
treated to very high strengths. Ultimate strengths of 300, 000 psi have been obtained.
These steels generally have high ratios of yield strength to ultimate strength. Their
proportional limit is high. They have good fatigue strength in absolute terms, but it is
only fair in terms of percentage of yield strength. Their toughness is fairly good at
room temperatures at yield strengths below about 180, 000 psi, but toughness decreases
rapidly as the yield strength increases above this lt rel. At the lower strength level,
the toughness transition is likely to occur at temper itures only slightly below room
temperature. Steels in this group generally have good creep resistance to temperatures
of about 1000 F.

Although these steels have fairly high density, high yield-to-density ratios can be
obtained because of the high strengths that are available. Their modulus of elasticity
is the same as that of other steele. They have moderate coefficients of thermal expan-
sion and moderate thermal conductivities.

Other Iron-Base Alloys

This group of heat-resistant alloys is identified separately in Table 12 because of
composition. Tneir properties are similar to those of the nickel- and cobalt-base alloys
discussed below.

Nickel- and Cobalt-Base Alloys

This class of materials has been produced ini sheet, for use in gas-turbine engines,
for several years. The availability in relatively thin sheet is good. Most nickel- and
cobalt-base alloys are designed to have good st:ength at elevated temperatures. They
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have moderate strength at room temperature, but retain this strength at very high tem-
peratures. The less formable alloys that can be used only for welded bellows and dia-
phragms are listed separately in Table 1Z. These alloys, identified as Group II, can
be used at somewhat higher temperatures than can the alloys under Group I. The nickel
and cobalt alloys have moderately high proportional limits, good fatigue properties, and
generally good toughness at low temperatures. Since thev are designed primarily to be

used as high-temperature alloys, they have good cree? and rupture properties at high
temperatures.

These alloys have fairly high densities and low strength-to-density ratios at room
temperature. However, their strength-to-density ratios remain almost constant over a
wide temperature range. The nickel-base alloys have moduli of elasticity of about 30 x
,06 psi; the cobalt-base alloys have moduli of 36 x 106 psi. Both alloys have moderate
coefficients of thermal expansion and moderate conductivities.

A number of nickel-base and cobalt-base heat-resistant alloys are used to make
bellows, as shown in Table 12.

Refractory Metals

In this discussion, refractory metals include tungsten, molybdenum, tantalum,
colurmbium, and their alloys. The availability of these materials is fairly good in thin
sheet. However, the cost may be extremely high and availability is rrnarginal if foil
gages are needed. The refractory metals and their alloys have moderate strengths at
room temperature. However, their strengths at high temperatures are excellent. They
have the highest strengths of all metals above a temperature range of 1800 to 2000 F,
and, in fact, are about the only usable metals above this tempera ure range. These
materials oxidize rapidly above about 1200 F. At this temperature and higher, oxida-
tion can become catastrophic and can lead to failure in extremely short periods of time.
The refractory metals have high proportional limits. Their fatigue strengths are ex-
cellent when tested above the tough-to-brittle transition temperatures and fair even
below the transition temperatures. The transition temperatures of the refractory
metals vary over a wide range. Tungsten and molybdenum have toughness transition
temperatures at about 800 F and 400 F, respectively. On the other hand, tantalum and
columbium hav good toughness down to -425 F. rhe creep strengths of these alloys
aie excellent at high temperatures. They have very high densities, which means that
the streyigth-to-density ratios are low. However, if metallic materials are needed for
service above 2000 F, there are no other choices but the refractory metals, and pro-
tective coatings are necessary for service in air at these temperatures. In general,
these metals have low coefficients of thermal expansion and fairly high thermal
conductivities.

Experience in fabricating bellows from the refractory metals is very limited, but
some alloys are sufficiently formable and weldable for use in bellows.
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Other Alloys

There are two types of nickel-base alloys which are not designed for high strength
but are used for instrument diaphragms or bellows. Invar alloys are a group of special
nickel alloys which are designed to have a nearly zero coefficient of thermal expansion
over about a 150 F temperature range near room temperature. Ni-Span-C is a special
nickel alloy which is designed to have a nearly constant elastic modulus and a low
thermal-expansion coefficient over a fairly wide temperature range. It is used when it
is important that the effects of temperature on stresses and deflections be minimized.
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MANUFACTURING CONSIDERATIONS

The manufacturing processes for formed, welded, and deposited bellows are dis-
cussed in the following sections. Diaphragm manufacture is considered under welded

bellows, since diaphragms are made by similar methods. Considerations common to
all bellows and diaphragm manufacture are given separately.

Formed Bellows

The formed-bellows manufacturing process, shown in Figure 2, begins with the
fabrication of a thin metal cylinder. For small bellows, the metal cylinder is usually
a seamless tube. For bellows having diameters greater than 1 inch, the cylinder is
fabricated from flat sheet or strip having a high-quality surface and cortaining no visi-

ble damage to the edges. After the sheet has been cut to size by a shearing operation,
it is roll-formed to a cylindrical shape. Typically, the cylinder is somewhat overformed
in order to assure that the edges will meet satisfactorily.

Longitudinal Seam Welding

The formed cylinder is then placed in a welding fixture consisting of a rigid backup
and hold-down clamps, and a butt weld of the gas-tungsten-arc type (GTA; also known as
TIG) is made along the mated edges of the sheet. The technology of making such welds
is well advanced, and manufacturers are capable of making welds in material as thin
as 0. 003 inch. Most welds are longitudinal, but one manufacturer uses a helical weld
for small bellows.

Depending on the cylinder-wall thickness and material, it may be necessary to add

metal while making the weld. Metal addition is usually required for welds in sheets over
about 0. 01 inch thick to maintain a weld bead thicker than tbe base metal. I welding rod
or wire of suitable composition is available for the material comprising the bellows, it

can be fed into the arc as the weld is made. This procedure is known as cold-wire
addition. Metal to form the weld bead can also be obtained by the melting during welding
of a flange that has previously been bent up along the edge of the metal. Cold-wire
addition gives better dimensional control of the resulting cylinder, but flange burndown
is less likely to introduce contaminants into the weld. When conditions permit, a
square-butt joint is made without any metal addition. Some bellows manufacturers are
able to make seam welds in stainless steels without additions, but must make additions
to welds in other alloys of the same thickness. In the formed bellows made of Type 321
stainless steel and Inconel 718 that were tested during the program, there was no notice-
able tendency for fatigue failure to occur in the longitudinal butt welds, attesting to the
reliability of this operation.

Before the GTA-welding-process technology had been developed sufficiently to
make welds in very thin material, longitudinal weld seams were made using a resistance-
lap seam-welded joint. Although some bellows are still made with this type of joint, the
overlapped region is a stress raiser and may present cleaning problems.
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FIGURE Z. MANUFACTURING FLOW SHEET FOR FORMED BELLOWS
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Planishing

Many manufacturers cold work the weld zone with a pair of crowned opposed rolls
in a planishing operation. Planishing must be carefully controlled in order that the wall
thickness in the vicinity of the weld zone is not reduced below the base-metal wall thick-
ness. Total reduction of the weld bead by planishing should be limited to about 5 percent.
Some manufacturers do not use planishing because of the danger of wall thinning, while
others use it only for certain materials. Planishing cannot be used in those materials
where the cold working might induce fusion-zone cracking.

Multi-Ply Bellows

In the fabrication of multi-ply bellows, a series of tubes, sized to fit closely one
inside another, are cleaned and assembled ready for the forming operation. The cleaning
at this stage is particularly important since it is exceedingly difficult, if not impossible,
to remove contaminating materials that have been trapped between the plies once the
convolutions have been formed. Best practice is to LOX clean the individual plies prior
to assembly. This will insure that contaminants are not trapped between plies.

Forming

Almost every manufacturer uses a unique forming machine of proprietary design.
Although these machines fall into several basic categories, there are differences in de-
tail which may significantly affect the performance of the fabricated bellows. The basic
categories of forming machines are as follows:

(1) Hydraulic, simultaneously formed convolutions
(2) Hydraulic, individually formed convolutions
(3) Hydrostatic, rubber pressure medium
(4) Mechanical rolls
(5) Mechanical expansion tools.

in the hydraulic process with simultaneous-convolution formation the ends of the
tube are first closed by movable platens. The end sections of the bellows are constrained
in cylindrical dies that may be part of the platens. A series of split rings, one less than
the number of convolutions desired, is carefully spaced along the length of the tube.
Hydraulic pressure is then applied to the interior of the tube, causing the tube to bulge
outward between the split rings.

From this point, the processes of the various manufacturers differ. Some manu-
facturers leave the rings in place throughout the entire convolution-formation operation.
Some manufacturers attach tle rings to a pantograph during forming to maintain uni-
formity. Others remove the rings completely at this point and complete the convolu-
tion formation with the tube entirely free of restrictions except at the ends. This latter
method is claimed to be advantageous, since it requires a minimum of contact of the
tube with metallic tooling., During the formation of the convolutions, the platens must
be moved togethe,' to accommodate the shortening of the tube. Some manufacturers
accomplish the movement of the platens and the regulation of the hydraulic pressure by
hand, while others have applied automatic controls to the process. Automatic controls
are desirable from the standpoint of product uniformity.
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It may be necessary to form the convolutions in several stages, depending upon
the material and upon the depth of convolution desired relative to the tube diameter and
wall thickness. Some manufacturers process-anneal their tubes following the initial
bulging operation. Others find it necessary to stop several times during convolution
formation, remove the split dies, clean, process-anneal, and reassemble the tube in
the forming machine. Still other manufacturers restrict their product line to convolution
depths that can be formed in their materials using a single operation, thus eliminating
process-annealing. Manufacturers' processes also appear to differ widely in the amount
of forming that can be accompli shed between anneals.

Some manufacturers form each convolution individually, using essentially the
same process as described above but with the hydraulic fluid confined to that region of
the tube where the convolution is to be formed. The tube is first bulged. Then the
external clamp holding the unformed portion of the tube is moved forward a preset
distance to form a convolution. The operation is repeated after the tube is indexed to
the next convolution position. It is claimed that this forming mechod gives more uniform
convolutions than the methods in which convolutions are formed simultaneously.

A variant of the hydraulic process is one in which the hydraulic oil is replaced by
a rubber form. Under pressure, tht rubber acts as a hydrostatic fluid. Its use elim-
inates the need for the presence of oil. Oil can cause carburizaticn and possible embrit-

tlement of the metal if it is not completely removed prior to process a inealing or final

heat treatment. Residues from oil have also been known to cause pit-type corrosion.

Perhaps the oldest method of forming bellows is that of shaping the convolutions by
mechanical tools while rotating the tube (called roll forming). As in the hydraulic pro-
cesses, there is considerable variety among the machines for roll forming. Some roll-
form tooling resembles a lathe on which the tube to be formed is slipped over a centered
rotating grooved die. An external tool is then used to press the tube into the grooves in
the die, one groove at a time. Another type of tooling makes use of two small coaxial
wheels over which the tube is placed. While these wheels are rotated, thus rotating the
tube, a third wheel is brought down between the other wheels, thus forming a convolution.
The tube is then indexed one pitch distance, and the operation is repeated. Considerable
ingenuity by the manufarc, -.rers who use the roll-forming process has led to the ability to
roll form the convolutions outward as well as inward. However, roll-formed bellows
are currently in disfavor among some users because of the possibility of creating sur-
face defects and smearing metal over these defects in such a way that they are hidden.
A second objection to roll-fornmed bellows that is often cited is the excessive wall
thinning at the roots or crowns of the convolutions that may be encountered if forming
is not done carefully enough. Successful hydraulic forming of bellows, on the other
hand, constitutes a proof test of sorts.

It may be necessary to set the pitch of the formed convolutions in a separate
operation if the manufacturing method used results in unacceptable variations in pitch.
This is done using shaped rolls similar to roll-forming tooling, but using them in such
a way that they are merely run around the circumferences of successive convolution
without deepening them. Necessity to alter the pitch of the convolutions by more than
about 15 percent in this way is an indication that convolution-forming dies may not be of
the proper size for the bellows being produced.

56



Convolution Shapes

The closeness with which the desired convolution shape described by the design
drawing is approximated by the actual bellows depends on a variety of factors. Different
manufacturing processes differ in their ability to produce uniform convolutions. For a
given manufacturing process and bellows material, convolution shapes will tend to be
more uniform the thicker the wall and the larger the bellows diameter. Conical sec-
tions of the convolutions are seldom, if ever, flat over their entire depth, but tend to be
arched.

The rippled-sidewall bellows, a type of formed bellows having relatively deep
convolutions and corrugated, rather than arched, sidewalls, has been introduced within
the last several years. The overall convolution shapes of these bellows are similar to
welded bellows of the nested-ripple type shown in Table 1, except that there are no root
and crown welds. Convolutions are formed by expanding the metal hydraulically into
closed dies containing the corrugations and then collapsing the convolutions by com-
pressing the roots and crowns.

Details of convolution shapes other than outer-torus radii are difficult to determine
by nondestructive inspection methods. The only reliable method of determing convolu-
tion shapes that is presently available consists of encapsulation and diametral cross
sectioning of a bellows.

Manufacturers sometimes alter the shapes of the end convolutions to decrease the
likelihood of end effects. These alterations may consist of decreasing the convolution
depths or increasing the convolution pitch.

Convolution Thickness

Formation of the convolutions in formed bellows is accompanied by local thinning
of the metal. Whether the point of maximum thinning is located at the roots, crowns,
or along the conical sections of the convolutions is determined by the ratio of convolu-
tion depth to pitch and to some extent by the details of the manufacturing process.

Some manufacturers claim to hold the amount of wall thinning during forming to
5 percent. Others allow 10 to 20 percent thinning. With the different manufacturing
processes, there will be char,.cteristic percentages of thinning for any given set oi
bellows dimensions. The wall thinning is accompanied by strain hardening of the
material. The amount of strain hardening for a given amount of thinning depends in a
subtle way upon the precise details of the metal flow during forming. The relationships
of wall thinning, strain hardening, formability limits, and metal-flow directions are
poorly understood as they apply to bellows fabrication. Although thinning in a convolu-
tion is acceptable, the convolutions should be similar to each other.

Sea!L s of Multi-Ply Bellows

Some multi-ply formed bellows, particularly those intended for steam piping
service, are often left with the space between plies unsealed. Vent holes are even pro-
vided in the outer plies in some bellows. Unsealed construction is likely to be found
in multi-ply bellows made from alloys that must be heat treated after forming.
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The reason for this is that air and moisture trapped between plies of a sealed bellows
may create sufficient internal pressure between the plies at high temperature to cause
gross deformation and ballooning of the bellows. Unsealed multi-ply bellows have the
disadvantage that corrosive agents can get between the plies, where they may cause
premature failure by stress corrosion.

The best practice for the manufacture of multi-ply aerospace bellows would seem
to be to weld the clean, formed plies together around most of their circumference at
each end of the bellows, heat treat, and them complete the seal welds as soon as possi-
ble. The heat treatment should never be used as a method of burning out oil or other
contaminants on or between plies of bellows. Such residues can cause carburization and
embrittlement of the metal and may cause local corrosion.

Multi-ply bellows intended for low-temperature service should be sealed with
only dry gas or vacuum between the plies, since moisture will freeze out in service,
affecting the spring rate. Electron-beam welding in vacuum is probably the safest
method of sealing multi-ply bellows.

Welded Bellows and Diaphragms

Figure 3 shows the steps in the manufacture of welded bellows and diaphragms.
The blanking and forming processes are similar in principle for both products.

Blanking

The process begins with the blanking of doughnut-shaped disks, called diaphragms,
from sheet material. The blanking operation must be carefully done, using dies that
are in good adjustment to minimize the formation of burrs. Any burrs which are formed
on the edges of the diaphragms must be removed to obtain good fitup for subsequent
welding.

Forming

Corrugations in diaphragms are introduced by spinning, stamping, or by hydro-
static pressure. The spinning is done in a lathe by pressing the metal against a corru-
gated form. This results in a certain amount of cold working which improves the life
of the diaphragm. Some manufacturers stamp the diaphragms first and finish them by
spinning. Spinning is subject to the same possible objections as roll forming of formed
bellows.

In the stamping process, two mating steel dies are generally used. Some dies are
made so that they make contact only with the material on concave sides of the corruga-
tions. The depth can be adjusted through a wide range. The die can be made such that
the corrugations are formed in succession from the inside to the outside, thus drawing
the material gi adually from the outside. In order to reduce friction, a lubricant may be
used between the material and the polished die.
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In the hydrostatic process, a metal blank is clamped against a corrugated die and
hydraulic pressure or pressure from steel-backed rubber forces the blank against the
die. Small bleed holes relieve the pressure between the blank and the die.

The material may be annealed prior to forming to make it more easily worked.
After formation, the diaphragm may be heat treated to reduce the residual stresses
created by the forming operation, and, for some materials, to increase the strength.
The type of heat treatment required before and after forming is a function of the ma-
terial and of the diaphragm shape.

Inner-Diameter Welding

A pair of diaphragms are placed in a welding jig with the inner diameters in con-
tact and clamped with chill blocks on either side of the joint. An edge weld is then made
around the inner circumference. This operation is usually accomplished with the gas-
tungsten-arc process (GTA or TIG), but some manufacturers claim more uniform welds
with the electron-beam process. The welded pair of diaphragms is referred to as a con-
volution. The welding operation is repeated for the number of convolutions desired in
the bellows.

In the case of diaphragms, the end fittings can be attached at this point by arc or
resistance welding. If end fittings are to be attached by soldering, the diaphragms must
be heat treated first.

Outer-Diameter Welding

The convolutions are stacked in another welding fixture with the outer diameters of
adjacent convolutions in contact, split chill rings being used between the mated pairs of
surfaces, and the outer diameters are welded in the same manner as the inner
diameters.

Most welded-bellows manufacturers use a semiautomatic form of the GTA weld-
ing process in which the material to be welded is rotated beaeath a stationary torch.
Upon completion of a weld, the fixture is moved to the next weld position and the process
is repeated. Some manufacturers now use electron-, beam welding, at least for the outer-
diameter welds. Small- scale plasma-arc welding equipment has recently become com-
mercially available., Both of these latter processes are less sensitive to slight changes
in power or arc length than the GTA process for welding thin metals. Electron-beam
welding is particularly attractive for making the outer-diameter welds when diaphragms
are joined to make aneroid capsules, since welding and evacuation can be done
simultaneou sly.

Many of the welding difficiaties that occur in welded bellows are related to the
bellows materials, some of which are not as weldable as the alloys used for formed
bellows. Heat-resistant alloys, most of which are vacuum melted, typically contain
two or more phases and undergo various solid-solution and precipitation reactions during
the thermal cycle associated with welding. In some alloys, these reactions may result
in loss of ductility or strength in the weld heat-affected zone. These materials problems
will not be entirely eliminated regardless of which welding process is used.
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Multi-Ply Welded Bellows

An increasing number of two-ply welded bellows are being produced. Techniques
for their manufacture are analogous to those for single-ply bellows except that pairs of
diaphragms are used. Extreme care must be taken to see that diaphragm surfaceu are
clean, so that no contaminants are trapped between plies. The weld ber'ds in two-ply
bellows will be proportionately larger than for single-ply bellows, and will thus require
melting of more metal and use of higher welding cements. There may be difficulty in
making the outer-diameter welds due to blowout of the weld pool by gas from between
plies. If this condition occurs, electron-beam welding of the outer-diameter seams
should be considered.

Heat Treating

The final heat treating required in a completed bellows is dictated by the material.
Best strengths -n the welds are usually obtained by going through a complete solution
and aging treatment rather than by using an aging treatment only. Care must be taken
to avoid grain growth in the material during heat treatment. Since the heat-treating
temperatures are typically rather high, approaching 2000 F in some cases, bellows must
be heat treated in jigs to maintain the desired convolution shapes and free lengths. Be-
cause of the thin cross sections of bellows and diaphragms, heat treatments that some-
times differ from those recommended in handbooks have had to be worked out by manu-
facturers. They usually differ in requiring shorter times and/or lower temperatures,
but details are often considered proprietary by each manufacturer.

Deposited Bellows

Deposited bellows are producec, as outlined in Figure 4, either by electroplating
or by chemical deposition. Both of these processes offer freedom from several of the
restrictions on formed or welded bellows. Very thin walls (0. 0003 inch) can be achieved,
thus resulting in bellows that have extremely low spring rates. Also, deposited bellows
need not be axisymmetric and may be of variable cross section along their length. Al-
though the base material for deposited bellows is usually nickel, it is possible to produce
chemically deposited bellows of at least one proprietary nickel alloy, and it is possible
to use composite wall structures in electrodeposited bellows by plating successive layers
of different metals, such as nickel and copper.

Deposited bellows are made on mandrels that have been machined to the precise
shape desired, and apparently 6061 aluminum alloy is universally used as the mandrel
material. A separate mandrel must be used for each bellows, and imperfections in the
surface of the mandrel will be reflected in the structure of the bellows. The expense of
machining and finishing the mandrels to the rigid quality requirements necessary is a
major cost item in the manufacture of deposited bellows.

After the bellows have been deposited on the mandrels, the mandrels are dissolved
away, presumably in an alkaline solution in order not to damage the bellows. The bellows
may then be gold plated, although this is not essential, and end fittings are soldered in
place. Soldering is often used because of the thinness of the bellows walls. Welded end
fittings can be used for thicker-walled deposited bellows. A limited number of dia-
phragms have also been made by this process.

61



Machine Mandrels

Polish Mandrels

Clean

Inspect Mandrels for
Dimensions and Finish

FPrepare Solution

Deposit Bel lows

Dissolve Mandrel

CleanT

Gold Plate
(3pt iona I

C lean -_ _ _ _ _ _ _ _

F 'Final Inspection

FIGURE 4. MANUFACTURING FLOW SHEET FOR DEPOSITED BELLOWS

62



End-Fitting Design

The design and attachment of end fittings is influenced by the system in which the
bellows is to be used. Seam welding, either arc, electron beam, or electric resistance,
is the preferred joining method for end-fitting attachment. The use of welded end
fittings results in the lightest construction and gives better high-temperature-service
capability than that provided by other joining methods.

Brazing and soldering require the use of fluxes that may cause corrosion if not
completely removed. They also introduce a foreign metal into the joint which may pre-
sent galvanic corrosion problems. However, soldering is the only practical end-fitting-
attachment method for extremely thin-walled deposited bellows, There may be cases
where heat-treatment requirements of the support structure dictate the use of soldering
or brazing in preference to welding.

The most difficult end-fitting-attachment problems are those where small bellows
must be installed in a severely cramped space in a device. Access and fixturing require-
ments for making the attachment joints should be considered during the early stages of
the device design and should be kept in mind through its evolution to the final design.

Figure 5 shows typical end-fitting-joint configurations. Three of the joints shown
can be made with gas-tungster-arc, plasma-arc, or electron-beam equipment. The
fourth is a design for electric-resistance-seam welding and is particularly adapted for
duct' ag applications. The corner-flange weld is widely used on both formed and welded
bellows.

End-fitting materials that are metallurgically compatible with the bellows material
must be chosen if welding is to be the joining method.

The flanges shown in the corner-flange and arc-seam joint designs (a and d in
Figure 5) should not exceed two or three times the thickness of the bellows material.
The flange of the corner-flange joint should have a straight section about four times the
bellows wall thickness. The bottom radius of the flange groove in the end fitting should
be constant and about four times the bellows wall thickness. The smooth curvature helps
maintain adequate gas shielding during welding by minimizing turbulence. Best welding
practice includes the use of shielding gas introduced to the back side of the weld as well
as gas from the welding torch.

For applications involving corrosive fluids, end-fitting-joint designs that result in
crevices in which fluid can be trapped, such as Designs b and c in Figure 5, must not be
used.

If soldered or brazed end-fitting joints are to be used, they should be of the lap or
slip type and should have sufficient bond area to take the required loading in shear.

Sample joints should always be examined metallographically to insure that the
welding conditiuns give the desired depth of penetration.
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FIGURE 5. TYPICAL BELLOWS END-FITTING JOINTS
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Surface Irregularities

Surface irregularities, such as scratches, dents, nicks, bulges, and die marks,
should be avoided as far as possible. This is especially true in the root and crown por-
tions of the convolutions, which are likely to be the regions of highest stress. Large
bulges or dents may alter the stress distribution suificiently to change the magnitude and
location of maximum stress and affect bellows life. Sharp scratches and die marks may
act as notches and concentrate stresses. Irregularities also may initiate instability
failures such as buckling and squirm.

Unfortunately, the severity of a surface irregularity with respect to the service
performance of a bellows cannot be determined in advance, and its estimation is largely
a subjective judgment made by the inspector. In the research program on which this
report is based, there was no case in which a surface irregularity was observed to have
had any influence on fatigue-crack propagation or initiation. Slight irregularities in
convolution alignment, however, had a large effect on the pressure at which the bellows
squirmed.

Cleanliness

Cleanliness of bellows materials before, during, and after manufacture is ex-
tremely important. Many of the high-performance aerospace metals are much less
tolerant of improper manufacturing procedures than are the more common metals.

Hydraulic forming oils, soap solutions, dye penetrants, and other fluids should be
thoroughly removed as soon as possible after forming and inspection are completed.
Even fingerprints can cause corrosion of some of the high-quality surfaces desired in
bellows. In no case should bellows be heat treated without prior cleaning to remove
such materials.

It is recommended that in-process bellows be stored in a dry atmosphere.

Employment of LOX cleaning procedures prior to longitudinal seam welding,
assembly of plies, end welding, and heat treating will pay dividends in the quality of the
resulting bellows. Awareness on the part of the manufacturing personnel of the impor-
tance of maintaining these standards of cleanliness is essential and may decrease the
number of cleaning operations that are necessary.

In-Process Inspection

Bellows and diaphragms should be inspected during and after fabrication. In-
process inspection is intended to detect faulty material, faulty welding, improper con-
volution formation, handling damage, and lack of cleanliness.
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Materials Inspection

As described previously, materials for bellows and diaphragms must be very
uniform and free from defects. When material is received, its thickness must be
measured and it must be inspe-fed carefully to make sure that there are no large
irregularities such as thinning, bulges, wrinkles, and dents and no surface damage
such as nicks, scratches, and pits. Specimens from each s .eet should be used to de-
termine the yield strength, ultimate strength, hardness, a. 1 chemical composition of
the material. Sample cross sectioning to inspect grain size and physical and metallurgi-
cal structure is necessary for adequate quality control.

Weld Inspection

Many manufacturers of formed bellows consider the forming process itself to be
an adequate check on the quality of the seam weld. This is particularly true of bellows
formed by hydraulic or rubber pressure. Welded bellows are not subjected to any
analogous proof test during their manufacture, so weld quality in these items must be
assessed by different means.

Visual inspection, if carefully done, is a useful method of checking weld quality.
If inspection is performed immediately after welding and before any planishing, pickling,
or heat treatment has been done, the presence of an oxide film covering the weld may be
informative. Thin, multicolored interference films of oxide are not usually harmful,
even in oxygen-sensitive metals such as titanium, but the presence of a thick brown,
gray, or black oxide indicates poor gas shielding, and is in titanium a warning of prob-
able weld-metal contamination. Weld beads should be generally smooth and regular.
TIG beads often tend to have a striated appearance which results from tiny surface rip-
ples caused by stepwise solidification of the weld pool. These ripples are not harmful.
However, variations in bead size and shape along a weld are danger signs. They indi-
cate lack of control in the welding power supply, poor fitup, variable heat sinking, or a
changing arc length. The bead diameter in welded bellows should be between two-and-
one-half and three times the material thickness. A smaller bead is an indication of
inadequate burndown and the weld is likely to fail prematurely in service by fracture
through the bead. The size of the weld beads in welded bellows could be measured rather
easily by using a rigidly mounted pair of indicator heads arranged to contact opposite
sides of a bead as a weld is rotated between them. Output signals could be summed and
recorded or visually displayed. Acceptance could be on a go-no-go basis. Such a system
is not presently being used, to Battelle's knowledge. The presence of unusual isolated
lumps or depressions on weld beads is suspicious, since they may indicate subsurface
inclusions or voids. Visual inspection of inner-diameter welds in welded bellows is
difficult at best, and in small bellows it is nearly impossible. The inspection is rela-
tively easy, however, if it is done on individual convolutions before they are laid up for
outer-diameter welding. Such inspection should be done with the same care as a final
bellows inspection, and convolutions that are rejected should be immediately destroyed
so that they do not find their way into a bellows at a later date.

Dye-penetrant testing is a useful method of detecting cracks and gross porosity
extending to the surface, but care must be taken to remove all traces of the penetrant
materials after use and before any heat treatment. Dye-penetrant testing is chiefly
of use with longitudinal seams in formed bellows and for locating leaks and fatigue
failures that cannot be detected visually.
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Radiography has proved useful for examining longitudinal seam welds and detecting
ruptured internal plies in multi-ply formed bellows, but it lacks the sensitivity to detect
small flaws in welded bellows.

Eddy-current testing using special miniaturized detection coils is a promising
method for making subsurface-weld inspections in bellows. As far as is known, it is
not presently being used for this purpose.

Ultrasonic-inspection techniques do not appear promising because of the small
size of the welds, with the resultant likelihood of masking of indications of internal
flaws by reflections from the surface.

Convolution and Corrugation Formation

Visual and shadowgraph inspections can be used to verify at least some of the
critical shape parameters, but occasional cross sectioning of a bellows is necessary to
assure control of all dimensions.

Handling Damage

Extreme care must be taken to assure that the thin bellows and diaphragm ma-
terial is not damaged during manufacture. Inspection for such damage is done visually.
In general, it appears that manufacturers should use much better packaging procedures
than those currently in use to prevent damage in shipping and to impress upon the user
the susceptibility of very thin materials to handling damage.

Leak Testing

The presence of a leak in a bellows is cause for rejection. It should not be
assumed by the bellows purchaser that leak tests will be performed by the bellows manu-
facturer unless they are specifically requested. For the many formed bellows used in
aircraft ducting, the satisfactory performance of one of the first bellows of a production
run is usually taken as evidence that the entire run of similar bellows will also be free
from leaks. If the run is large, leak tests may be made on a spot-check basis during
the production.

For bellows intended for space hardware, manufacturing procedures normally
require the leak testing and certification of each bellows. This adds to the cost of the
bellows, but provides an added degree of quality assurance.

The helium mass spectrometer is the standard method of verifying bellows leak
tightness. Most bellows manufacturers now have helium leak-test equipment or have
access to commercial leak-testing services. The helium mass spectrometer is capable
of detecting leaks in the range of 10- 9 atm cc of He/sec.

As an in-process leak test, many bellows manufacturers pressurize and immerse
their bellows in deaerated water for about 15 minutes. Formation of bubbles is taken
as an indication of a leak. The immersion test is simple and useful, although it is not
as sensitive as the more expensive helium-mass-spectrometer leak test. The immersion
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test can detect leaks as small as about 10- 3 atm cc/sec. Bellows should be thoroughly
cleaned and dried following an immersion test to remove any oil and water entrained in
the pressurizing gas and the carryout from the immersion tank.

The use of soap or detergent solution as an alternative to the immersion tank is
not recommended, since detergents may cause stress corrosion of many aerospace
alloys. Such a case was encountered during this program (Appendix P). If soap or
detergent solution is used, it should be thoroughly removed immediately upon comple-
tion of the leak test.
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CONCLUSIONS AND RECOMMENDATIONS

Many conclusions, suggestions, and recommendations .iave been incorporated in
the different parts of the report body and the appelLdixes. These have been so numerous
and diverse that it is not practical to repeat all of them here. Only the major conclu-
sions and recommendations affecting the future manufacture and use of bellows and
diaphragms in aerospace applications are listed below.

Conclupions

Formed Bellows

(1) There are many capable and conscientious manufacturers of formed bellows
When such a manufacturer has produced a number of bellows of a given material and
configuration and has accumulated test results for several such bellows operated under
the particular operating conditions of interest to the user, then this particular bellows
can be purchased from the manufacturer with a high degree of confidence. Any de-
parture from such known conditions significantly increases the risk of bellows failure.
The risk can be reduced only by obtaining statistical evidence of manufacturing con-
sistency, if the configuration is different, or by obtaining statistical evidence of satis-
factory performance, if the operating conditions are different. The stress- analysis
procedure developed during this program can be used to reduce the amount of statistical
data required.

(2) There are four primary reasons for the premature failure of formed bellows
in aerospace applications: (a) manufacturing variations, (b) user negligence, (c) unex-
pected operating conditions, and (d) general lack of understandi g .f low-cycle fatigue.

(a) Almost every bellows configuration made for an aerospace application
must be tested satisfactorily by the manufacturer in a simulated
system. However, such tests have an appreciable effect on overall
cost and it is not usually practical for a manufacturer to obtain
statistical data conerning the effect of normal manufacturing varia-
tions on the performance characteristics of the configuration.
Consequently, an unevaluated combination of normal manufacturing
variations can cause premature failure. Manufacturing variations
beyond expected limits are a primary cause of premature failure.

(b) During this research program there was considerable evidence that
the average bellows user considers a formed bellows to be a rather
simple, rugged device. In reality. many formed bellows can be
plastically deformed by hand and their operating characteristics can
be extremely complex. It is believed that bellows users must learn to
treat bellows with a great deal more care, in order to prevent pre-
mature bellows failure because of damage due to handling, improper
installation, and poor system simulation resulting from incomplete
system analysis.

69



(c) Even when the operating characteristics of a system have been analyzed
carefully, the complexity of an aerospace system can result in an unex-
pected, possibly transient operating condition that can cause premature
failure. The most likely sources are unexpectedly high deflections,
pressures, or tempera4 .':es, and the unexpected introduction of corro-
sive elements. In additon, as described in the report body, there are
some performance characteristics of bellows that are not generally
understood.

(d) There is a widespread lack of understanding of the statistics of low-
cycle fatigue. Both the manufacturers and the users generally accept
a life test of 100 to 150 percent of the required life as being evidence of
a satisfactory fatigue test. The fatigue life of identical coupon specimens
can vary as much as three to one. The fatigue lie of "identical"
bellows can vary even more. Premature fatigue failure will continue
to occur in formed bellows until more sophisticated test-analysis
methods are used, and until a fatigue-analysis procedure similar to
the one described in Appendixes L and M is used.

(3) It is believed tnat the stress-analysis procedure developed during thir program
is of such fundamental importance to the design, fabrication, and application of formed
bellows, that it is expected to become a brsic tool for the industry. The many ways that
the analysis procedures can be used are difficvi. to envision. These procedures may
prove to be particularly beneficial in

(a) The design of new bellows and the investigation of the effect of new
operating conditions on existing bellows

(b) The selection of critical parameters whose control may result in more
uniformly operating bellows

(c) The analysis by bellows users of competing designs to provide a more
rational basis for design selection

(d) The evaluation of the effects of manufacturing variations to deter-
mine whether production bellows should be accepted or rejected

(e) The reduction of the amount of empirical data required to deter-
mine various performance characteristics. This would be accom-
plished through the use of the analysis procedures with statiotically
based test procedures.

Welded Bellows

(1) There are several capable and conscientious manufacturers of welded bellows.
The co- -- ients made for formed bellows in Item (1) above apply to welded bellows with
the excaption that many welded-bellows characteristics are much less predictable than
formed-bellows characteristics. In fact, it is the opinion of the research staff that a
standard welded bellows should nzt be used in a highly critical system without redun-
dance. This is particularly true for a required fatigue life greater than 500,000 cycles.
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(2) The four primary reasons for premature fatigue failure of formed bellows
described in Item (2) above apply also to welded bellows. An insufficient number of
test samples is a particular problem with welded bellows because the cost per bellows
is so much higher than that of formed bellows. Leaf interference in compression was
also found to be a possible cause for premature failure.

(3) The stress-analysis procedure will be useful in determining which of a manu-
facturer's welded-bellows designs would be best for a particular application. However,
it is believed that this use of the analysis procedure will result in welded bellows which
have only nominally better operating characteristics. More striking improvements may
be made if the analysis procedure is utilized to evaluate unconventional designs. For
example, the tilt-edge concept described in Appendix D is so promising for reducing the
stresses at the welds to nominal values that the successful development of optimized
configurations could make the present standard configurations obsolete in a relatively
short time. For tilt-edge bellows, the five uses of the stress-analysis theory as listed
under Item (3) above would be equally applicable.

Diaphragms

Very few manufacturers offer diaphragms for sale and the selection is very
limited. Most diaphragms are manufactured for use in a component by the manufac-
turing company. Thus, the use of the stress-analysis procedure for diaphragm design
and manufacture will be determined by the needs of each company. However, since
deformation behavior of diaphragms is complex And nonlinear, it is believed that the
analysis procedure should also become a basic tool of diaphragm manufacturers.

Recommendations

(1) It is recommended that the following types of organizations should establish
groups having the capabilit of using the stress-analysis procedure:

(a) Lell ws and liaphragm manufacturers wishing to develop designs to
meet )peratiag conditions different from those for which their standard
product lines were designed

(b) Large users of bellows and diaphragms who must select from several
potential configurations

(c) Government facilities that must select from among a number of bidders
and that must determine a basis for bellows or diaphragm rejection.

(2) The Air Force should initiate, in behalf of the government agencies, a stand-
ardized purcha ,ing procedure requiring stress-analysis procedures similar to the one
described in Appendix B.

(3) A research program should be initiated to determine the potential of the tilt-
edge configuration for improving the fatigue life and reliability of welded bellows.
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(4) A program should be initiated to develop manufacturing methods capable of
producing more consistent formed bellows. As part of such a program, consideration
should be given by large-volume be~los users (such as the Air Force) to the quantity
purchase of bellows materials to obtain improved metallurgical and dimensional control
cf starting materials.

(5) A program should be undertaken to investigate alternative methods of manu-
facturing welded bellows, such as diffusion bonding.

(6) A program should be undertaken to investigate unconventional diaphragm con-
figurations for the purpose of increasing the deflection and pressure capability of
diaphragms. Composite configurations, similar to automobile leaf springs, should be
included in the investigation.
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ABBREVIATIONS AND SYMBOLS

Angle between normal and axis of revolution, deg

M Parameter for toroidal shell analysis, A =12 ( - V2) r 1
2 /ah

rl Local radius of curvature of torus, in.

a Radial distance from bellows axis to point of torus, in.

V Poisson's ratio

h Bellows thickness, in.

Q Effective shear resultant force in direction normal to the shell, lb/in.

N , No Membrane resultant forces in meridional and circumferential directions,
respectively, lb/in.

MUt, Me Bending moment resultants in meridional and circumferential directions,
respectively, in-lb/in.

'The symbol 0 appearing in this and subsequent appendixes is a variation of the symbol (p, which will also be found in the
appendixes.



APPENDIX A

THEORETICAL ANALYSIS OF ELASTIC DEFORMATIONS
OF BELLOWS AND DIAPHRAGMS

Bellows and diaphragms belong to a class of structares usually designated as "thin
shells of revolution" or as "axisymmetric shells". The main theoretical developments
in the investigation of these shells have taken place in the past half century since the de-
rivation of the H. Reissner-Meissner equaticns for the linear elastic deformations of the
shell of revolution. Prior to the development of computers, investigations were limited
to attempts to derive approximate formulas for stresses and deflections in axisymmetric
shells of special shapes. However, the development of digital computers and the accom-
panying development of numerical methods have made it possible to obtain direct numer-
ical solutions fo" deflections and stresses in axisymmetric shells of arbitrary meridio-
nal shape.

This appendix gives a description of approaches that have been used for obtaining
solutions to the elastic deformation of bellows and diaphragms as well as a discussion of
the selection of the computer program used in this research study. The approaches that
have been used may be divided into three major categores: (1) approximate formulas
for simple shell geometries, (2) finite-difference approximations to the differential
equations, and (3) direct numerical integration of the differential equations. The direct-
integration approach will be discussed in some detail here and in Appendixes B and C,
since it was the basis of the computing program used in the research study.

Approximate Formulas for Simple Shell Geometries

The general equation for shells of revolution with axisymmetric loading is a compli-
cated differential equation of the sixth order., Until the development of digital computers,
there was no practical way of integrating this differential equation directly. However,
most corrugated diaphragms and bellows may be considered as aggregates of much sim-
pler structural elements such as plates and shells of constant curvature., Therefore, un-
til recently the major emphasis in the theoretical analysis of diaphragm and bellows de-
formation was directed toward obtaining relatively simple closed-form approximations to
the solutions for these plates and shells. It was the apparent intent of the investigators
that if such solutions could be obtained, they would suitably combine sets of solutions to
obtain solutions for actual diaphragms and bellows., Actually, the combination of sets of
solutions to synthesize a diaphragm requires extensive calculations. Apparently, only
one such synthesis was ever performed without the aid ci a digital computer. Although
formed bellows can be synthesized from as few as two semitoroidal sections or two toroi-
dal sections and a conical or flat-plate section, the application of these formulas has been
made to only a few formed bellows without using computers., Computer programs have
now been developed to use these formulas so that it is appropriate to describe the devel-
opment of some of the most useful formulas.,

As noted, the simplified shell formulas have been developed primarily for shells of
constant curvature., The theory for the conical shell was worked out by Dubois in 1917 in
a thesis at Zurich. The first theory for toroidal shells was presented by Wissler, also in
a Zurich thesis, in 1916. In 1917 Lorenz published a theory for stress in Bourdon tubes.
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A somewhat simpler form of the theory for toroidal shells was produced by Schwerir, ir,
1929. Then a solution was developed by Stange in 1931 in the form of a powc:r series in
the angle (., (A-l)* This solution was limited to arc-shaped segments of the she]l for
which 0 is not near 7r/2. In addition to this limitation, Stange's power series solution
was rather cumbersome to evaluate.

An improvement in the theory for the analysis of toroidal shells was achieved al-
most simultaneously in 1950 by Clark(A- 2 ) and by Haringx(A- 3 ). Both used some newly
tabulated Hankel functions of order one-third. In 1951 Novozhilov obtained an approxi-
mate solution in terms of the same functions. (A-4) Subsequent refinements in the asymp-
totic solution were made by Clark.(A- 5, A-6) Tumarkin also developed higher order
approximations in the asymptotic series similar to Clark's development. (A-7)

Another approach to the toroidal shell was presented in a paper by Dahl. (A-8) In
this paper Dahl obtains a strain-energy solution to toroidal shells in terms cf a power
series in p = NI12(I - yZ) r 1

2 /ah, where a is the center-line radius of the torus. Dahl's
solution is applicable to regions of small ., but it is interesting to note that his solution
checked with Clark's over the approximate range of from 8 to 40(A - 2),

In the past 10 years, problems involving toroidal shells have been extensively
studied in Russia. The bulk of the investigations have been based on the use of either
asymptotic expansions or power-series expansions to solve specific problems involving
the omega joint or simple bellows with one to three corrugations. Many of the papers
describing these investigations were reviewed in a monograph by Chernykh and Shamina
in 1963. The authors indicated that the monograph was to be the initial effort in an ex-
tensive program of investigations of toroidal shells at Leningrad University. (A-9) The
monograph, which is an extensive review of the state of the art of theory of toroidal
shells to about 1961, included references to both Western and Russian literature.
Another extensive monograph on the theory of toroidal shells was written by Bulgakov in
1962, (A-10) Bulgakov discussed the various approaches used to obtain approximate
solutions. He also discussed solutions for toroidal shells that he obtained on the compu-
ter "URAL I" at Kiev using both the Runge-Kutta and the finite-difference techniques.
This seems to be the first attempt in Russia to use computers for the calculation of axi-
symmetric shells. This lag would appear to be a result of the slow development of the
computer industry in Russia.

Although approximate formulas have been developed for shells of relatively simple
shapes, they can be combined to predict stresses and deflections of corrugated bellows
or diaphragms. Two well-known applications of this approach are the analysis by
Grover and Bell of a corrugated diaphragm(A - 11) and the analysis by Laupa and Weil of
a U-shaped bellows. (A-12) This approach involves extensive numerical computations
(except for toroidal bellows). Consequently, for practical application to bellows and
diaphragm analysis, it is desirable to carry out the calculations on a digital computer.

A number of computer programs have been developed utilizing combinations of the
various formulas to solve bellows problems. Some such programs were obtained by
computerizing the formulas used by Laupa and Weil. In a recent study(A - 1 3 /A - 1 6 )

Atomics International Division of North American Aviation, Inc. , developed a computer
program incorporating several of the approximate formulas which permitted im nwly\i

of a single-ply toroidal and convoluted bellows with and without reinforcing ring, and of
single- sweep welded bellows.
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The chief disadvantage of this approach is that it is limited to bellows or diaphragm
configurations that can be made up of sections that can be solved analytically. Each sec-
tion, in addition to having constant meridional curvature, must also have constant thick-
ness and must be isotropic and homogeneous. These parameters can be allowed to vary
from segment to segment to account for the nonuniform thickness or variation in the
elastic properties of the bellows. However, unless the bellows is broken into a fairly
large number of segments, this may not be a satisfactory way to approximate shells with
varying thickness or varying elastic properties.

One approach which is being exploited widely at the present time for many types of
problems is the finite-element technique. The application of this technique to shells of
revolution consists of approximating the actual shell by large numbers of small shell
elements (usually conical shell elements). The behavior of the individual shell elements
is described by one or the other of the approximate formulas mentioned above. Because
the approach leads to the generation of a large matrix equation describing the behavior
of the entire bellows or diaparagm, the technique requires the use of a computer.

Finite-Difference Approximations to the
Differential Equations

The finite-difference approach involves choosing a set of grid points along the bel-
lows and approximating the differential equations by finite-difference equations defined
at the grid points. This approach has been used as the basis for a number of computer
solutions for problems involving shells of revolution. (A-17/A-20) The technique is quite
general and may be applied to the solution of arbitrarily shaped thin shells of revolution
with both varying thickness and varying elastic parameters. * Considerable progress has
been made in solving the large matrices of the type that are encountered inI this technique.
These matrices are quasidiagonal and can be solved by successive elimination and the
back-substitution technique. As a result, bellows problems can be solved by finite-
difference codes such as the AVCO code(A 18) or the CEGB code(Al17 ) in a matter of I
or 2 minutes on computer machines of the IBM 7090 class. (A-21)

Finite-difference programs have been written with the capability of analyzing a
variety of bellows configurations and loading conditions. For example, the AVCO code
permits the analysis of bellows with both axisymmetric and nonsymmetric loading in the
linear elastic range. It also permits the analysis of multilayer shells in which the layers
are completely bonded together along the entire length of the shell. The cod. developed
at Bell Aerosystems Company(A' 2Z) permits the analysis of linear and nonlinear axi-
symmetric elastic deformations of bellows, while the computer code recently developed
at MIT(A- 2 3 ) apparently permits the analysis of axisymmetric elastic and plastic deform-
ations of shells.

The chief disadvantage of the finite-difference techniques is that the accuracy of the
solution depends on the choice of the mesh-point spacing. Since this dependence is not
known beforehand for a given problem, the user will either have to choose a mesh spacing
finer than necessary or risk having to run the problem over again if his original choice of
mesh spacing is not fine enough. This dilemma is even more serious when an iterative

'The capability of taking varying thickuess and elastic parameters into account includes accounting for discontinuous changes in
these quantities. This permits analysis of end fittings, circumferential weld beads, etc.
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solution must be obtained for nonlinear problems. The direct-integration approach pro-
vides a way of overcoming this difficulty.

Direct Numerical Integration of the
Differential Equations

A number of direct numerical-integration techniques have been developed for the
solution of ordinary differential equations. Since many problems involving axisymmetric
shells can be reduced to one-dimensional problems involving ordinary differential equa-
tions, numerical-integration techniques can be used to solve them. The problems men-
tioned above that have been solved by finite-difference techniques may also be solved by
direct-integration techniques. One of the first computer solutions to a convoluted-dia-
phragm problem(A- 2 4 ) employed the Runge-Kutta integration approach. Subsequent to
this work a number of computer solutions were obtained with the Runge-Kutta techni-
que. (A-2 ) However, it soon became apparent that the direct-integration techniques be-
came inaccurate if applied to some shell prcblems. This phenomenon is discussed in a
paper by Sepetoski, et al (A-20) Briefly, the difficulty stems from the fact that self-
equilibrating boundary loads on shells give rise to stresses only in a narrow "edge-effect"
zoxe near the boundary. In solving a shell problem, it is necessary to take into account
the boundary loads at both ends of the shell. In the direct-integration approach, the set
of first-order differential equationv are integrated directly to obtain the coefficient ma-
trix of a system of equations relating the values of the fundamental variables at each end
of the shell. The magnitudes of the elements in the fundamental matrix are proportional
to the length of the shell, Thus, the longer the shell, the larger che elements. If the
shell is sufficiently long, the elements become very large and nearly proportional so that
the matrix is very nearly singular. When this system of equations is solved for the val-
ues of the variables, the round-off error is so great that the inversion procedure yields
meaningless results.

As a result of this deficiency in the direct-integration technique, many investiga-
tors turned to the finite-difference technique discussed above. An indication of this was
that mc-st of the general computer programs discovered in the literature search at the
beginning of this research study were based on the finite-difference approach rather than
on the direct-integration approach.

Kalnins(A- 2 7 ) extended the technique suggested by Collatz(A- 2 6 ) to the solution of
the differential equations governing the static linear response of thin elastic shells of
revolution and developed a computer program which permits the analysis of a shell of
any length. Similar techniques were derived by Goldberg and Bogdanoff, (A-28) Mirabal
and Dight, (A-29) and by Cohen(A- 3 0 ). Since the technique consists in dividing the shell
into a number of segments, it is referred to as the multisegment method. Numerical
integration of the differential equations over one of these segments yields a set of equa-
tions with small elements. To solve the shell problem, the sets of equations obtained
from the integration of the differential equations over each of the segments are combined
with the continuity conditions at the junctions of the segments and with the boundary con-
ditions at the edges of the shell to foim a single large matrix equation. This matrix
equation ordinarily is well conditioned and can be solved by a Gaussian elimination pro-
cedure.
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Whether a segment is sufficiently small can be determined by using an approximate
formula for the decay length of a shell. Also, an automatic check on the validity of the

analysis can be carried out in the following way. First, the solutions at the ends of the
segments are obtained from the Gaussian elimination. Second, the governing differen-
tial equations are integrated again over each segment using the results of the Gaussian
elimination as the initial values at the initial edge of the segment. If the values of the

variables obtained by integrating over the segments agree with the values obtained from
the Gaussian elimination procedure, the solution is exact. Any errors in the solution
are easily indicated by this check.

It war mentioned earlier that the direct-integration technique has a wide range of
applicability to the solution of bellows problems. The computer program MOLSA (Multi-
layer Orthotropic Linear Shell Analysis)*, which was used extensively in the early phases
of this research study permits the analysis of symmetric and nonsymmetric deforma-
tions of isotropic or orthotropic single or multilayer shells of revolution. (Here, as in
the AVCO code, a multilayer shell is considered to have layers 'completely bonded to-
gether along the entire length of the shell. ) Arbitrary variations in thickness and elastic
properties, including discontinuous variation, are easily accounted for. Thus, the

effects of end fittings and weldments may be considered. Cohen(A- 3 0 ) has also devel-
oped a computer program that permits the linear elastic analysis of orthotropic shells
subject to either symmetric or nonsymmetric loads.

The capability of Program MOLSA for the analysis of multilayer shells was uti-
lized in an attempt to develop a simple theoretical model of multiple-ply bellows. How-

ever, as described in Appendix G, this model proved to be inadequate to predict all of

the observed characteristics of two-ply bellows. With this exception, the bellows models
analyzed in this research study were single ply and of isotropic materials.

Program NONLIN was used for most of the bellows analyses performed in this

research study. This program was developed by Dr. J. F. Lestingi(A ' 3 1 ) utilizing the
multisegment numerical-integration technique. The method of solution and the governing

differential equations are described in Appendix C, together with a listing of Program
NONLIN. This program permits the analysis of linear elastic axisymmetric and non-
symmetric deformations and of nonlinear axisymmetric deformations of bellows. It is
believed that these capabilities will be of most benefit to bellows designers.

The remainder of this appendix will give a comparison of solutions for certain bel-

lows pioblems obtained with the methods outlined above.

Comparison of Computer Programs

One of the first tasks performed in the research study was the selection and evalu-

ation of the thin-shell computer program to be used as a major tool in the research. As
described in earlier sections of this appendix, the most general computer programs used
are based on two techniques - the multisegment direct-integration technique and the
finite-difference technique. A decision was made to obtain two programs, one repre-
senting each approach.

'Program MOLSA is a modification of the computer program developed by Dr. A., Kalnins. (A-27 )
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The computer code developed by Dr. P. P. Radkowski and others of the AVCO
Corporation(A ' 18 ) was selected as being re resentative of the finite-difference approach.
The program developed by Dr. A. Kalnins (A 2 7 ) was selected as being the best program
using the multisegment direct-integration technique., (As mentioned earlier, this pro-
gram was modified extensively. The modified program was called MOLSA. ) The AVCO
code and the MOLSA code were compiled on the Battelle computer and applied to an anal-
ysis of an omega-joint bellows.

Using the AVCO code, two solutions were obtained for the omega bellows. In the
first, a finite-difference mesh was used with 80 points over half the torus. For the
second, 400 points were used.

Table A-1 shows the stresses given by these two solutions at a few points of the
torus as well as the solution obtained with the MOLSA code. It is apparent from an ex-
amination of this table that the results of the AVCO code converged toward the MOLSA
code results as the mesh was refined. The AVCO code results with the fine mesh were
almost everywhere within 1 percent of the MOLSA code results.

These results pointed up one of the advantages of the MOLSA code over the AVCO
code, namely, that the accuracy of the MOLSA code could be preselected, while the accu-
racy of the AVCO code could be determined only by running a problem with several mesh
sizes.

As a further step in the evaluation of the MOLSA code, calculations were made of
the stresses in two semitoroidal bellows studied by Turner and Ford. (A 32) The speci-
mens studied were Bellows A and Bellows D of their paper. Figure A-1 shows the di-
mensions of these bellows. Figures A-2 through A-5 show the results that Battelle ob-
tained, as well as the experimental and theoretical results that Turner and Ford obtained
for a 1-ton axial load. Although they used a simplified theoretical model that was ap-
proximately valid only over a certain range of parameters, both their theoretical and
experimental results agreed fairly well with the results obtained with the MOLSA code.

The results obtained with the MOLSA code were also compared with data published
by Laupa and Weil. (A-12) They reported the stresses calculated at four points of a U-
shaped bellows under axial loading and under internal pressure. Battelle used the
MOLSA code to investigate the same configuration. Figures A-6 through A-9 give the
membrane and bending-stress resultants in meridional and circumferential directions
for both the axially loaded and the pressurized U-shaped bellows. The solid curves are
the results of Battelle's calculations; the results obtained by Laupa and Weil at the four
points reported are also shown. To convert the stress resultants shown in Figures A-7
through A-9 to the stresses reported by Laupa and Weil, it was necessary to multiply
the membrane stress resultants in Figures A-6 and A-8 by 1/t and the bending stress
resultants in Figures A-7 and A-9 by 6/t 2 , where t = 0. 05 inch, the thickness of the bel-
lows. Battelle's results obtained with the MOLSA code were in excellent agreement with
those of Laupa and Weil.

A limited study of computer programs was made by Dr. H. Kraus of Uliited Air-
craft for the Pressure Vessel Research Committee of the Welding Research Council. (A-21)
Kraus studied four computer programs including the AVCO code, Kalnins' code, and the
SEAL SHELL II code. (A-33) In addition, he obtained a finite-difference code written
by Dr. R. K. Penny of England. (17) He applied the four programs to the analysis
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of a spherical shell segment and a cylindrical pressure vessel with a hemispherical head.
In addition, he applied Kalnins' code and the SEAL SHELL II code to a segment of a pres-
surized semitoroidal bellows restrained against axial movement.

As a result of his study, Kraus concluded that Kalnins' code and the AVCO code
were of roughly equal speed and accuracy and were superior to the other two codes on
one or the other of these counts. Kraus did not compare the AVCO code with Kalnins'
code for the bellows problem since the problems with specified axial displacement could
not be solved directly with the AVCO code. Kraus outlined a procedure by which the
AVCO code could be used to solve these problems. However, it involved two applications
of the code plus some hand computations and he did not feel that it was worthwhile.

A comparison of the results obtained with the MOLSA code was made with a theo-
retical analysis made by Hetenyi and Timms for a welded bellows. (A-34) Their approach
was to analyze a half corrugation of the bellows using shallow-shell theory. The MOLSA
code was used to solve the problem corresponding to Case 1 of their numerical results.
A comparison of the meridional and circumferential surface stresses is presented in
Figures A-10 through A-13.

To determine whether the MOLSA code was capable of analyzing corrugated dia-
phragms, the Grover-Bell diaphragm was analyzed. The solutions obtained were com-
pared with the results of Dressier, who solved the problem of the Grover-Bell diaphragm
with clamped edges. (A-35) Figures A-14 through A-17 show the comparison of the re-
sults obtained by Dressler with those obtained with the MOLSA code for surface stresses
in the meridional and circumferential directions.

In addition to the comparison of the solutions obtained by the different programs to
specific problems, the programs were compared on the basis of simplicity of input, ma-
chine running time, and the inherent accuracy of the approach used, In each of these
points, Program MOLSA was superior to the AVCO code. In addition, it was determined
that Program MOLSA could be modified to simplify the input further so it could be used
by a bellows designer with little computing-machine experience.. This would be difficult
to do with the AVCO code. On the basis of the comparisons made between the different
programs, Program MOLSA was chosen as the best available computer program for the
analysis of bellows and diaphragms.

Although the input format of the MOLSA code was quite simple, considerable modi-
fications of the program were made to further simplify the input, to permit machine plot-
ting of the stress results, and to extend the range of applicability of the program. The
resulting computing program was used for most of the calculations performed in the
earlier stages of the research program, including the analysis of multilayer shells.
Program MOLSA was eventually replaced by Program NONLIN for carrying out tl theo-
retical analyses of bellows and diaphragms.

Program NONLIN is fully described in Appendixes B and C. This program, de-
veloped by Dr. J. F. Lestingi af Battelle, permits the analysis of both linear and non-
linear axisymmetric deformations of bellows and diaphragms and linear nonsymmetric
deformations of bellows and diaphragms.
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TAME A-I. CC4PARISON OF M(LSA COW RESMES WTH AVCO C( E
RESULTS FPR THE SIRESS RESMWAUTS IN AN OEGA-
JOINT BEMLWS U AXIAL LOADIU(

Transverse Stress Circtmferential
Angle, Resultants, Meridional Resultants Resultants

C Q N "N 8  No

N(LSA Code
0 0 4.95 0.163 -142.3 0.019

21 -1.878 6.06 -o.189 -157.9 -0.057
42 -2.510 9.10 -1.089 -115.6 -0.317
63 0.707 10.12 -1.571 100.4 -0.427
85 5.026 3.07 0.447 323.0 -0.053
106 3.493 -7.68 1.350 246.7 0.474
127 -1.575 -11.41 1.711 -9.6 0.536
148 -3.94- -9.18 0.622 -80.6 0.184
169 -5.950 -7.01 -1.159 -2.1 -o.348

AVCO Code, 80 Mesh Points
0 -2.1 x 10-7 4.95 0.139 -145.1 0.042

21 -1.919 6.08 -0-224 -157.1 -0.067
42 -2.430 9.03 -1.076 -110.3 -0.312
63 0.785 9.96 -i.483 104.6 -0.4o00
85 5.050 2.81 0.429 318.3 -0.050

106 3.493 -7.67 1.273 238.1 o.450
127 -1.427 -11.21 1.678 -8.6 0.527
148 -3.925 9.17 0.645 -76.5 0.191
169 -5-972 -7-01 -1.028 -2.1 -0.309

AVCO Code, 400 Mesh Points

0 2.1 x 10-7  4.95 0.159 -142.9 0.048
21 -1.888 6.06 -o.196 -157.8 -0.059
42 -2.496 9.09 -1.o86 -114.5 -0.316
63 0.723 10.08 -1.554 101.3 -0.421
85 5.031 3.01 -o.443 322.2 -0.052

106 3.492 -7.68 1.335 245.0 0.469
127 -1.54-f -11.37 1.705 -9.5 0.534
148 -3.943 -9.18 0.627 -79.9 0.185
169 -5.952 -7.01 -1.133 -2.1 -0.340
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Bellows£

FIGURE A-I. CROSS SECTION OF BELLOWS A AND BELLOWS D
CONSIDERED BY TURNER AND FORD
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APPENDIX B

DESCRIPTION OF COMPUTING PROGRAM NONLTN



ABBREVIATIONS AND SYMBOLS

T Average minimum radius of curvature, in.

h Bellows thickness, in.

w Displacement in direction of normal to shell midsurface, in.

Q Effective shear resultant force in direction normal to the shell, lb/in.

uo Displacement in meridional direction, in.

No Meridional membrane resultant force, lb/in.

90 Angle of rotation of the bellows normal in the meridional direction, deg

M Meridional bending moment resultant, in-lb/in.

u e Displacement in the circumferential direction, in.

N Effective shear resultant in circumferential direction, lb/in.

aAngle of rotation between the coordinate directions "one" and "two" and the
meridional and normal directions at the end of the bellows, deg

u 1 , u2  Boundary displacements in the 1 and 2 directions, in.

QI, Q2 Boundary resultant forces in the 1 and 2 directions, lb/in.

n Direction of normal to bellows midsurface

to Tangential direction to bellows midsurface in meridional plane

a, b, c Dimensional parameters for shell segments

0 Angle between normal to bellows surface and its axis of revolution, deg

S Meridional arc length along bellows or bellows segment, in.

Am Deflection imposed on the mathematical model, in.

Aj Deflection imposed on total live length of actual bellows, in.

eo Surface strain in the meridional direction, in. /in.

eq Surface strain in the circumferential direction, in. /in.



APPENDIX B

DESCRIPTION OF COMPUTING PROGRAM NONLIN

This appendix is intended for those who plan to use the computing program NONLIN
for the analysis of composite shells of revolution. In this work, a composite shell is
defined as a shell composed of a number of distinct parts which may have the following
shapes: cylindrical, spheroidal, ellipsoidal, paraboloidal, conical, or toroidal. The
procedures to be discussed will be as general as possible so that the bellows designer
cas, make maximum use of the full capability of the program. The appendix is divided
into two parts: B-I - NONLIN Manual; B-fl - Analysis Procedure for Bellows.

Program NONLIN was written in FORTRAN IV language for the CDC 6400. It is
believed that this progr" m should be easily converted to run on any machine with a
FORTRAN IV compiler and a 32, 000-word storage. By reduction of the size of the di-
mension statements it may be possible to implement the program on smaller machines.

B-I. NONLIN Manual

a. Shell Parts
b. Shell Segments
c. Loads
d. Sign Convention for Fundamental Variables
e. Boundary Conditions and Boundary Rotation Angles
f. Meridional Coordinate and Integration Direction
g. Variable-Thickness Data.

B-I-a. Shell Parts

In order to describe the composite shell, the user must divide it into a number of
parts, Table B-i shows the distinct shell types that are available in the GOMTRY
subroutine to model the parts. Figure B-i shows a 3-part composite shell. These
shapes are described in detail in Figures B-Z through B-8. Since the shell parts are
indicated on the inplic cards by name, the spelling given In the right-hand column of
Table B-I must be used on the input cards.

An incorrect spelling of any of the shell types given in Table B-I will result in a

termination of the reading of the input. The maximum number of parts allowed in this

program is 60.

B-I-b. Shell Segments

Since the method used in this program is based on initial-value integration of the

governing differential equations over sufficiently short segments of the shell part, the



midsurface of each part must be divided into an appropriate number of equal segments.
The number of segments in a part is determined from the following relationship:

number of segments =arc length of PART

where

T = the average minimum radius of curvature

h = average wall thickness.

The maximum number of segments allowed in this program is 60. If the number
of segments called for in the different parts totals more than 60, no calculations will be
performed. The user must then decide on a new mathematical model. However, the
cases in which 60 segments are needed are rare.

B-I-c. Loads

The distributed loads allowed for in this program are normal pressure (pounds per
square inch), unit weight* of the shell material (pounds per cubic inch), and dead weight*
acting on the shell (pounds per square inch). When analysis is made for unit-weight and
dead-weight loadings, the shell centerline must be vertical. These quantities must be
constant over the entire part.

Boundary loadings can also be specified at the initial and final edge of the com-
posite shell. Forces, displacements, moments, or slopes can be specified at the
boundaries. See B-I-e for a complete description regarding the manner in which these
quantities must be specified.

B-I-d. Sign Convention for
Fundamental Variables

The fundamental variables used in this program are the variables which appear on
the boundary of the rotationally symmetric shell. These variables are

w = displacement along normal to middle surface, in.

Q = effective shear resultant ina* direction, lb/in.

uo = meridional displacement of middle surface, in.

No = meridional membrane resultant, lb/in.

g = angle of rotation of the normal in meridional direction, radians

Mo = meridional moment resultant, in-lb/in.

ue = circumferential displacement of middle surface, in.

N = effective shear resultant in ue direction, lb/in.

*In general, the unit weight and dead weight for bellows and diaphragms can be specified as zero.
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The positive directions of these quantities are shown in Figure B-9 for a shell

segment which has a normal pointing away from the center of curvature. Figure B- 10
gives the positive di: ections of the fundamental variables for a shell segment which has
a normal pointing toward the center of curvature.

B-I-e. Boundary Conditions and
Boundary Rotation Angles

Boundary Conditions. Boundary conditions at the initial and final ends of the shell
are prescribed by specifying the type of boundary condition by name and specifying its
numerical value. For axisymmetric deformation, three boundary conditions must be
given; for nonsymmetric deformation, four boundary conditions are required. When the

prescribed boundary forces or displacements are directed along the normal and tangent
to the shell surface at the boundary, the variables that must be considered are "he funda-

mental variables, w, Q, uo, No, go, M0, ue, N. In some cases, it may be necessary
to specify the boundary conditions in terms of displacements and forces which are not
directed along the normal and tangent to the shell at the boundary but along some other
directions (designated the 1 and 2 axes). When this case occurs, the variables which
must be considered are: ul, Ql, u2, Q2, P, M0, ue, and N. These boundary variables,
along with the names used to designate them on the input cards, are given in Table B-Z.

Specification and Boundary Conditions. In order to accurately specify the boundary
conditions for a shell of revolution, only certain combinations of the boundary variables
may be used. Table B-3 shows the boundary variables separated into two columns ac-

cording to whether they relate to displacements or forces.

The specification of the boundary conditions requires that only one quantity be
chosen from each row. For an axisymmetrically loaded shell, Row 4 need not be con-

sidered. Examples of common-type boundary conditions are given in Figure B- I1 along
with the variables which must be prescribed.

Boundary Rota.ion Angle. When the prescribed variables are along the normal and
tangent to the shell surface at the boundary, the boundary rotation angle is zero. For
example, see Figure B-11(a), (b), (d), and (f). To determine the boundary rotation

angle when the prescribed variables are not along the normal and tangent to the shell
surface, but along the 1-2 axes [see Figure B-ll(c) and (e)], the following procedure
can be used. Assume that the boundary condition at the initial edge of the shell is that
shown in Figure B-12(a). The support allows movement of the composite shell edge

along the A-A axis but does not allow any movement along the B-B axis. The support is
not capable of supporting any meridional bending moment. The first step in deter-
mining the proper angle is to sketch a boundary support in which the boundary rotation
angle is zero, One such possibility is shown on the left side of Figure B- 12(b). Note
that the normal and tangential directions have also been indicated by n and to. These
directions are fixed by the choice of the direction of integration. Next, associate the

I axis with the n direction and the 2 axis with the to direction. Then rotate the support
to the position actually required as shown in Figure B-12(a). At the same time, allow
the 1-2 axes to rotate with the support. By doing this, the final position of the 1-2
axes will be as shown in Figure B-12(b). The boundary rotation angle is atj and it is

. . ... _B -3



defined to be negative since the direction of rotation is in the same direction as the inte-
gration. It is now necessary to determine which boundary variables are known. An ex-
amination of Figure B-1Z(b) shows that the displacement in the I direction is zero, so
u= 0 while the force in the 2 direction is zero, so Q2 = 0.

The support shown in Figure B-12(a) can be obtained from a second boundary sup-
port which is shown on the left side of Figure B-12(c). The normal, tangent, and 1-2
directions are again indicated. The rotation of the support must now be made in a
counterclockwise direction until the I axis is coincident with the A-A axis. The sign con
vention makes this angle zi positive. Now, however, the force in the I direction is zero,
thus Q, = 0, while the displacement in the 2 direction is zero, thus u2 = 0.

In considering the final edge of the shell, the same sign convention introduced
above is used. In order to show the latitude one has in defining boundary rotation angles,
the boundary condition shown in Figure B-13(a) will be considered in detail. The support
shown in Figure B-13(a) is skewed with respect to the n-to axes. Figure B-13(b) indi-
cates one possibility of rotating a zero-degree boundary angle to the desired position.
The angle is negative since the rotation in this case is in the same direction as the inte-
gration, the displacement u I = 0, and the force Q2 = 0. A second possibility for obtainin
the correct boundary condition is shown in Figure B-13(c). Note that the angle is nega-
tive but Q, = 0 and u2 = 0. The third possibility makes use of the same support shown
in Figure B-13(c). However, in this case the rotation is counterclockwise. This pro-
duces a positive boundary rotation angle. Although the support shown on the right-hand
side of Figure B-13(d) is pictorially different from that shown in Figure B-13(a), it has
the same support characteristics.

Restrictions on Specification of Boundary Conditions. For axisymmetric loadings
(i. e., when the Fourier harmonic n = 0), the displacement parallel to the shell center-
line must be prescribed at the initial edge.

For nonsymmetric deformations (Fourier harmonic n = 1), the displacement per-
pendicular to the shell centerline must be prescribed at the initial edge.

B-I-f. Meridional Coordinate and
Integration Direction

The independent coordinate used in this program is either the distance s shown in
Figures B-2, B-6, and B-8 which is measured along the meridion or the angle 0 which is
measured between the normal and the axis of symmetry of the composite shell. The s
coordinate is used only for the CYLINDRICAL, CONICAL, and VARCYLINDER parts.
All other parts are described by the angle 0.

After the shape of the mathematical model is set up, the initial and final coordi-
nates and radii* of each part must be obtained. These quantities depend on the choice of
the direction of the positive normal as well as the direction of integration. The basic
concept used in determining these quantities is that within any one part, the normal to
the shell middle surface must be continuously turning. This implies that the angle which
the normal makes with the axis of symmetry of the shell can increase, decrease, or

"Definitions of those pararreters for each type of part are given in Figures B-2 through B-8. To simplify the input, the length of
the cylindrical and conical shell parts has teen identified as "b" and is thus referred to as a "radius".
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remain constant at any point in the shell part. On moving from part to part, the only
restriction is that the middle surface be continuous. It is not necessary, however, that
the tangent to the shell middle surface be continuous.

Several examples will be shown to demonstrate the manner in which the radii and
coordinates are obtained. A composite shell which is composed of 5 parts is shown in
Figure B- 14. In most cases* the user has the option to choose either end of the shell as
the initial edge. In this example, the initial edge is chosen at point A so that the direc-
tion of the 0-90-180-270 axes are as shown in Figure B-14. The normal on the first
shell part must be chosen to point away from the shell axis of revolution. For Part I
(VARCYLINDER), the angle which the normal makes with the centerline of the shell is
90.0 degrees. The radius "a" for a VARCYLINDER part is always positive and is GA
in this case. The length of the shell is AB and is indicated as "b" in the table in the
lower part ot Figure B-14.

On proceeding to Part 2 (CONICAL), the concept of the continuously turning tangent
must now be used to determine the angle which the normal makes with the centerline of
the shell. Note that at B the shell surface is continuous, but that the tangent to the shell
surface is discontinuous. In this case, the continuously turning tangent can best be under-
stood if one imagines that Parts I and 2 are connected by a small radius part (auxiliary
part) which provides a continuous tangent to the shell surface in going from Part 1 to 2.
Then as the normal moves across this auxiliary part, the motion will be in a counter-
clockwise direction, which in this case means that the angle is decreasing. Eventually,
the normal would move from Part I across the auxiliary part and on to Part 2. At this
time the angle would be 50. 0 degrees as noted in Figure B- 14. For a CONICAL part,
only one angle is necessary, as indicated in Figure B-6. The radius "a" for Part 2 is
HB, the distance from the centerline of the shell to the initial edge of the part. This
value is always positive. The length of the part BC is indicated as radius "b" in
Figure B-14.

On moving to Part 3 (SPHEROIDAL), the normal makes an angle of 50. 0 degrees
with the centerline at Point C since the slope of the shell surface at C is continuous. As
the normal is moved along Part 3, it begins to rotate in a clockwise direction, which in-
dicates that the angle is increasing. It finally reaches Point D where the magnitude of
the angle is 75. 0 degrees. The radius of this part is +JC since the normal points away
from the Center of Curvature J.

On entering Part 4 (TOROIDAL), the normal starts to rotate counterclockwise. On
reaching Point E (end of Part 4), the normal makes an angle of 20. 0 degrees with the
horizontal. Thus, for Part 4, the initial coordinate is 75. 0 degrees and the final coordi-
nate is 20. 0 degrees. The radius "a" for Part 4 is the vertical distance ML. The radius
"b" is -KD since the normal is pointing toward the Center of Curvature K.

In order to move from Part 4 to Part 5 (CONICAL), imagine that an auxiliary part
connects the two parts such that the normal is continuously turning. This would show
that the normal would be rotating in a clockwise direction across the auxiliary part, with
the angle at the beginning of the auxiliary part being 20. 0 degrees and that at the end
being 130.0 degrees. Thus, the initial coordinate for Part 5 would be 130.0 degrees.
Since Part 5 is CONICAL, the distance "a" is measured from the initial edge of the part
to the centerline of the composite shell. This distance is ON. The length, "b", of the
part is EF.

*See restrictions in B-l-e
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As mentioned previously, the user can usually specify either end of the shell as
the initial edge. To demonstrate the differences in describing the mathematical model
when the initial edge is at Point A, which is now at the right-hand side of the shell,
Figure B- 15 has been prepared. The initial and final coordinates and radii are given in
the lower portion of Figure B-15.

A six-part composite shell is shown in Figure B- 16. The initial edge of the shell
is taken at A so that the integration is from A to G. The coordinates and radii for this
shell are given in Figure B- 16. The angle for Part I is 180. 0 degrees since the integra-
tion is toward the centerline of the shell. The "a"l distance is 3K since Point A repre-
sents the initial edge of the part.

The initial angle for Part 2 is 220.0 degrees since the auxiliary part which con-
nects Parts I and 2 would cause the normal to rotate in a clockwise direction. In going
from B to C, the angle would start to decrease. The angle in fact becomes 120. 0 at
Point C. The radius BI is negative since the normal points towards the Center of
Curvature L

The angle for Part 3 becomes 150. 0 degrees since the normal rotates 30. 0 degrees
clockwise in going from C on Part 2 to C on Part 3. The "a" dimension for Part 3 is NO.

To determine the angle for Part 4, imagine that the normal "turns the corner" in a
counterclockwise direction at Point D. This causes the angle to decrease to its value of
20. 0 degrees on Part 4. The radius "a" for Part 4 is DP while the length "b" is DE.

In going from Point E on Part 4 to Point E on Part 5, the normal turns counter-
clockwise, which indicates that the angle is decreasing. The angle passes through 0. 0
degrees to its value of -30. 0* at Point E on Part. 5. As the normal moves along Part 5
from E to F, it executes a clockwise movement- Thus, the angle is increasing. It
reaches the value of 120. 0 degrees at Point F on Part 5. The radius "a" for Part 5 is
QR while the radius "b" is +EH since the normal is pointing away from the Center of
Curvature H.

In going from Point F on Part 5 to Point F on Part 6, the normal turns counter-
clockwise. The angle for Part 6 is 0. 0 degrees. The "a" distance is ST, while the lengtl
"b" is FG.

Figure B-17 shows the same shell discussed in Figure B-16. The initial edge is
taken on the right side of the shell. The initial and final coordinates and radii are given
in the table in the lower portion of Figure B-17.

B-I-g. Variable-Thickness Data

When a shell part has a variable-thickness distribution, data must be prescribed in
one of two ways, depending on the shell type. For the VARCYLINDER and CONICAL
types, imagine that the thickness distribution for the part is that shown in Figure B-18.
The shell part is assumed to have b = 0. 6 inch. For example, this part can be either the
VARCYLINDER, Part 1 in Figure B-14, or the CONICAL, Part 3 in Figure B-16. Notice
that even though these parts are described by giving their lengths b, it is necessary to
prescribe one s coordinate for every thickness value. When specifying variable-thicknesl
data, the first point is always s = 0 and the last point s = b.

*Note that the angle must have continuous variation except at points of discontinuity. Thus, the angle is allowcd to become
negativc here after passing through zero instead of being incremented by 2 fr.



Figure B-19 shows variable-thickness data for the TOROIDAL Part 5 of
Figure B- 16. For all shell parts which use 0 as the independent coordinate, the

variable-thickness data must be prescribed as shown in the tabulation in Figure B-19.
Notice that the first thickness value is given at #initial = -30. 0 degrees and the last

thickness value is given at Ofinal = 120. 0 degrees.

The present program allows 10 values to be prescribed per part.

B-IL Analysis Procedure for Bellows

This part of Appendix B is intended to give the bellows designer a nontechnical
description of the procedure for analyzing formed and welded bellows and diaphragms.
A prior knowledge of-the-contents of Appendixes A and C and the first part of Appendix B
is not needed to understand this section. However, a reading of Appendix A, for a
general background of bellows and diaphragm analysis, and of the first part of this ap-
pendix is recommended to obtain a greater understanding of the multisegment-analysis
approach.

This discussion of the analysis procedure is divided into the following parts:

a. Preparation of Bellows Cross Section
b. Measurement of x-y Coordinates and Thicknesses
c. Preparation of the Mathematical Model
d. Input Preparation for Program NONLIN
e. Description of Computer-Output Sheets
f. Item-by-Item Description of .nput Data
g. Item-by-Item Description of Output Data.

The descriptions are related to the analysis of formed bellows. In particular the

preparation of the input data and the output data obtained for the analysis of the 3-inch
formed bellows JD68 is described. The results of the analysis of this bellows were re-
ported in Appendix E.

Although the discussion is primarily related to formed bellows, it is believed that
much of the discussion is applicable to the preparation of input data for welded bellows
and diaphragms. The differences between the usual description of boundary conditions
for welded and formed bellows are discussed.

B-I-a. Preparation of Bellows
Cross Section

To obtain geometric measurements for use in preparing the mathematical model of
a fabricated bellows, the procedure developed in the research program requires en-
capsulation of the specimen in a hard plastic, cross sectioning the block after curing,
and polishing one-half of the cross-sectioned block. The details of this procedure
are given in Appendix P.
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B-U1-b. Measurement of x-y Coordinates
and Thicknesses

According to the assumptions of thin-shell theory, a bellows can be completely
described by finding the exact shape of the midsurface of the bellows wall and the wall
thickness at each point of the bellows. The first step of the procedure developed for
determining both bellows shape and the thickness involves making hardness impressions
along the bellows convolutions with a Tukon microhardness tester or similar instru-
ment. These indentations, which are carefully made in the center of the bellows wall,
provide benchmarks for measuring the cross-section shape of the bellows. Appendix P
describes the method of making these impressions and of making precision measure-
ments of the x-y coordinates of each benchmark. The thickness of the specimen wall is
also measured at each benchmark.

The number of convolutions which should be measured depends on the uniformity
of the bellows. If the bellows convolutions are as uniform as those shown in Figure E-Z
for bellows JD68, then measurements need be made only for one-half of one convolution.
Since this bellows was one of the first analyzed in this program, measurements of the
x-y coordinates and of the thickness were made for the entire convolution to check the
symmetry of the convolution. In this case, the convolution was very nearly syrnmetrica
so that the measurements were averaged and dimensions for only "one-half" of the con-
volution were considered in the mathematical model. Table E-1 gives the x-y coordi-
nates for each benchmark for JD68 with respect to a fixed reference point (see
Appendix E for details) and the thickness measured at each benchmark.

If the bellows has nonuniform convolutions such as those shown in Figure B-20,
then it is necessary to measure a sufficient number of convolutions to represent the
bellows. In the analysis of this bellows, three convolutions were measured and con-
sidered in the mathematical model.

For a welded bellows, at least two leaves must be measured since the upper and
lower leaves of a convolution do not have the same shape. Figure B-21 shows the cross
section of a 3-inch single-ply AM-350 welded bellows. In this case two complete con-
volutions were indented and measured. The results for the upper leaves were averaged
as were the results for the lower leaves. Note that the outermost and innermost im-
pressions were approximately in the center of the weld bead. The placing of the im-
pressions at these points facilitates the construction of the mathematical model.

In general, the spacing of the benchmarks should be adjusted to the shape being
measured. A sufficient number of points are required to describe the convolution shape
Generally, the spacing should be about 0. 010 inch. In curved areas, the spacing may b(
as small as 0. 002 inch, while in flat areas it may be as large as 0. 030 inch. The thick-
ness should be measured within :0. 00001 with a Vickers image-splitting measuring eye-
piece mounted in a conventional compound microscope. Any equivalent measuring ap-
paratus can be used for the thickness measurements. Experience during this program
indicates that a filar eyepiece can also be used. However, the accuracy obtained with
this eyepiece depends on the ability of the operator to align the cross hair along the edg
of the specimen wall.

In addition to the measurements described above, the distance from the axis of th(
bellows to the origin of the x-y coordinate system is required.
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B-il-c. Preparation of the
Mathematical Model

Once the measurements for the convolution have been made and tabulated, for
example, as in Table E-1 (3-inch single-ply formed bellows), Table F- I (1-inch single-

ply formed bellows), and Table H-i (3-1/2-inch single-ply welded bellows), the mathe-
matical model can be prepared.

The measurements are first plotted on standard graph paper. For bellows of the
size considered in this program, it was found that the scale should be approximately
0.010 inch per inch. This scale sometimes requires sheets II by 17 in. or larger.
After the points are plotted, a continuous curve is drawn through the points with a
French curve.

The next step is to divide this curve into a number of distinct parts of the type
listed in Table B- I and described in Figures B-Z through B-8. This procedure requires
some judgment on the part of the analyst. It has been found that toroidal and conical
parts are sufficient to represent even the most irregular bllows shapes. Accurate
determination of the radii of the toroidal parts usually requires a trial-and-error pro-
cedure in which overlays of different radii are fitted to each part. Examples of some
mathematical models obtained in this way are shown in Figures E-3, F-4, H-3, and
H-4. These figures were plotted after the coordinates and radii were obtained from
much larger drawings.

The initial and final coordinates, Oinitial and Ofinal, and the radii "all and "b"
described in Figures B-Z through B-8 must then be measured from the mathematical
model. Linear and angular measurements should be made within *0. 0005 inch and
*0. 50 degree, respectively. This information should then be tabulated in a manner
similar to that shown in Tables E-2, F-2, and H-2.

Variable-Thickness Data. To determine the input quantites for the variable
thickness, the thickness is plotted as shown in Figure E-3 for the 3-inch single-ply
bellows JD68. The independent variable in this figure is the radial distance from the
root to the crown. However, this dimension cannot be used as input data. As outlined
in B-I-g, VARCYLINDER and CONICAL parts require the specification of the thickness
as a function of the distance s, which is the meridional arc length measured from the
beginning point of the part, and the angle P is used as the independent coordinate of
other parts (see B-I-g).,

If the thickness varies linearly over the meridional length of a part, then it is
necessary to specify the thickness only at the end points of the part since the computer
program automatically interpolates linearly for the thickness between any two data
points. In this case the independent coordinates of the thickness-data points are s = 0
and s = b for the CONICAL and VARCYLINDER parts where b is the shell length of the
part. The independent coordinates for the thickness-data points for TOROIDAL parts
would be Oinitial and kfinal for the case where the thickness varies linearly along the
TOROIDAL part.

In some instances, the measured thickness variation along the part cannot be re-
presented accurately with a linear variation of distance over the full length of the part.,
In such cases it is necessary to represent the thickness variation as a piecewise linear
function within the part. This L aquires establishing thickness-data points at inter-
mediate points of the part as well as at the end points of the part. While the thickness
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values are obtained directly from a thickness plot such as Figure E-4, the related
values of s or 0 must be established for the data points. This determination may be
done graphically by plotting the points on the cross section of the bellows. Then for an
intermediate point of a conical part, the value of s is obtained by measuring the distancl
of the point from the initial point of the part (remembering that s = 0 at the initial point

of the cone or cylinder). For a TOROIDAL or other type part for which 0 is used as th-
independent coordinate, the angle of the normal to the shell at the plotted point may be
carefully measured with a protractor. A second way of determining the appropriate

values of s or 0 would be to substitute the value of the radius of the point measured

from the bellows axis into the equation of the part and to solve for the value of s or b.
For instance, the equation for the cylindrical radius at any point of a TOROIDAL part
is

r = a + b coso (B-I

By substituting the values of a, b, and r in the equation, it is possible to find the value
of 0 using tables of the cosine function.

Continuity of Parts. In the preparation of the mathematical model, care must be
taken to insure that the information describing the bellows convolution results in a shapi
which is continuous. To aid the analyst in achieving this goal, an internal program
check has been included. This check amounts to calculating the distance from the cente
line of the specimen to the beginning and end of the part. This is done for all parts and
a check is made to see that adjacent parts do not have values, which describe the same
po;nt, differing by more than 0. 0025 inch. For example, for the shell shown in
I igure B-22, the radial distance from the centerline of the shell to Point B on Part 1,
denoted by r4 (and given by the relation in the lower half of the figure), must be within

0. 0025 inch of the radial distance from the centerline of the shell to the initial point on

Part 2, denoted by r = a 2 . Errors in measuring distances and angles as well as speci
fication of the incorrect signs of the radius "b" will result in subroutine INPUT rejectin
the data. An error message will indicate which part has been incorrectly dimensioned.

To determine the correct signs of the angles and radii for formed bellows and

diaphragms, it is recommended that the examples in Figures B-14 and B-15 be studied.
For welded bellows, Figures B-16 and B-17 give all the details needed to correctly
describe the shape.

B-II-d. Input Preparation for

Program NONLIN

The input data for Program NONLJN is composed of 12 different data sets:

1. Title cards (3 cards)

2. Boundary-value data at i.aitial edge of shell (1 card)

3. Boundary-value data at final edge of shell (1 ca.rd)

4. Rotation angle between shell supports and shell centerline at initial
and final edges of shell (I card)

5. Control set (1 card)
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6. Young's modulus and Poisson's ratio (I card)

7. Loading parameters - pressure, unit weight, and dead weight (I card)

8. Shell type and control information for each part (I card per part)

9. Shell geometrical parameters for each part (I card per part)

10. Variable elastic parameters (I card per part when the elastic
parameters are variable)

11. Variable loading parameters (I card per part when there are different
loads on the different parts)

12. Variable thickness data (2 to 4 cards per part when the thickness is
variable).

The preparation of these data sets is relatively simple once the mathematical
model has been properly prepared and the parameters described in tabular form. Data
sheets showing the proper format for the various data sets are shown in Tables B-4
through B-7 for all of the data sets except Sets 10 and 11*. Preparation of these data
sheets will be described in sufficient detail in this section so that the bellows designer
can learn to prepare these forms for all standard types of bellows and diaphragms.
However, it is emphasized that a real understanding of the procedure will usually be
acquired only after a number of bellows have been analyzed. A more complete item-by-
item discussion of the input data is presented in Section B-U-f for those who must
analyze nonstandard shells and those who desire a deeper understanding of the input
data.

The data sets will not be discussed here in numerical order but will be considered
in certain related groups in the following way. Data Set I which allows a 3-card title for
each problem is discussed first. Then Data Sets 5, 6, 8, 9, 10, and 12, which deter-
mine the shell geometry and elastic constants, will be discussed. Finally, Data Sets
2, 3, 4, 7, and 11, which relate to the loading parameters, will be described.

Each of the input data will be illustrated by giving the input data prepared for the
analysis of the 3-inch formed bellows JD68 which was described in Appendix E. The
mathematical model prepared for this bellows consisted of six shell parts which modeled
one-half of one convolution. This model is illustrated in Figure B-23 which was trans-
posed from Figure E-3 so that the orientation of the axes would be consistent with those.
in Figure B-22. The integration for this bellows was carried out from the root to the
crown for the 3-inch bellows so that the first part is at the root and the sixth part is at
the crown of the convolution as shown. The problem for which the input data will be
illustrated involves axial compression of the 10-convolution bellows by 0. 060 inch.

Data Set I. Title Cards. Three free-field title cards have been incorporated in
the program input to permit identification of each problem. Any combination of alpha-
numeric characters acceptable to a given machine system is permitted. Three cards
must be read in for every problem, but any part of all three cards may be left blank if
desired. The information punched on the cards is printed at the top of the output data
sheets in the same format that is punched on the cards. A sample title for the 3-inch
bellows is shown entered in the data sheets in Table B-i l.

'Data Sets 10 and 11, which ar seldom used, will not be discussed here. For a discussion of these data sets, see
Section B-lI-f.
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Input Data Sets, 5, 6, 8, 9, 10, and 12. Geometrical and Elastic Parameters.
Once the mathematical model has been properly prepared and described in tabular form
it is relatively simple to translate the information to the data sheets. Table B-8, which
is a reproduction of Table E-Z, illustrates the geometrical parameters derived from the
mathematical model of the 3-inch formed bellows. Table B-9 gives the thickness varia-
tion obtained from Figures E-3 and E-4. The data in Tables B-8 and B-9 are used to
make up Data Sets 5, 8, 9, and 12. Data Set 6 is used to enter the elastic constants.

Data Set 5 contains control information. For the analysis of the linear deflection
of the formed bellows, only the number of parts and the number of the Fourier har-
monics must be entered in this set. From Table B-8 it is seen that there are six parts.
Since only axisymmetric deformation was considered, only one Fourier harmonic was
called for an this was the o-th harmonic. These entries are shown in Table B-i l.
Note that when the "error control" is left blank, the truncation error in the integration
is automatically taken to be 1 x 10-5. The remaining entries in Data Set 5 are used
primarily for nonlinear deformations. These are described in Section B-II-f.

Data Set 6 gives the values of Young's modulus and Poisson's ratio. For uniform
materials with constant elastic properties, the fizst entry under "Constant?" is "YES"
and the values of the constants are entered as indicated. The values shown in
Table B-lI indicate that Young's modulus was taken to be 0.3 x 108 and Poisson's ratio
was 0. 3. If the bellows assembly is constructed of two or more materials with different
elastic constants, the first entry would be "NO" and the values of the different elastic
constants for each part would be entered as Data Set 10. This situation is expected to
occur very rarely and will not be discussed here. However, it is discussed in
Section B-II-f.

Data Set 8 is used to enter the geometric parameters for each shell part. There
is one card for each part. Thus, for the 3-inch formed bellows there were 6 cards
and 6 lines in the data sheet in Figure B-lZ. A comparison of Tables B-8 and B-l2
shows how the geometrical data are transferred*. Note that the names of the shell typeg
must start in Column 5. The number of the segments per part (Columns 43 and 44)
are calculated from the formula

Number of segments = arc length of PART (B-2)

However, it is not critical to choose exactly the right number for every part and it is
easy to estimate the number after some practice. In making such estimates it is better
to take too many parts than not enough. The maximum allowable number of segments
for the entire bellows is 60.

The number of print points per segment controls the number of points at which the
program will print stresses and displacements. This is left to the discretion of the
designer.

The specification of the shell wall thickness is controlled by the last three entries
in Data Set 8. If the thickness is constant in each part, then "YES" is entered in
Columns 52 through 54 and the thickness in Columns 57 through 64 under the heading
"VALUE". If the thickness varies within a PART, then "NO" is entered in Columns 53

,The radius bI is entered within a minus sign since the normal to the shell points toward the center of curvature., This is
illustrated in Figure B-7.
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and 54 and the "VALUE" field is left blank. The number of points within each part at
which the thickness was measured is inserted in Columns 68 and 69. (This latter field
is left blank if the thickness is constant in each part. ) The data for the thickness varia-
tion of the 3-inch bellows are given in Table B-9 where the independent coordinate has
been given in terms of the angle 0 or the meridional distance s. The description of the
conversion from radial coordinates to 0 or s-coordinates was described in the
Section B-fl-c on preparation of the mathematical model.

The thickness data for each part are entered in Data Set 12. Note that the inde-
pendent coordinates of all the points in a given part are read in first and the corre-
sponding values of the thickness are then read in on the next card. With the indicated
format it is possible to read in 8 data points on any one pair of cards for each part.
When 9 or 10 data points are necessary for specifying the thickness variation in any one
part, the 10 independent coordinates are written on two lines and the 10 thickness values
are then written on the next two lines.

Input-Data Sets for Boundary and Loading Conditions. Data Sets 2, 3, 4, and 7
are utilized to fix the boundary and loading conditions. Data Set 2 gives the boundary
conditions at the initial edge of the shell, while Data Set 3 gives the boundary conditions
at the final edge of the shell. As shown in Figure B-4, these data permit a specification
of up to four different boundary conditions at either end of the shell. However, for
axisymmetric deformation, only three boundary conditions are used. In both Data Sets
2 and 3, the boundary conditions are specified in the following order:

a. Transverse "FORCE" (Q) or "DISPLACEMENT" (w) is called for by
inserting the proper word under "type" beginning in Column 1, Its
value is then given in Columns 13 through 20.

b. Meridional "FORCE" (No) or "DISPLACEMENT" (uo) is called for by
inserting the proper word in Columns 21 through 32 with the value
inserted in Columns 33 through 40.

c. Meridional "MOMENT" (MO) or "SLOPE" (go) is called for by inserting
the proper word in Columns 41 through 52 with the value inserted in
Columns 53 through 60.

The choice of the appropriate boundary conditions for the formed bellows is ar-
rived at in the following way. An inspection of the cross section of the bellows illu-
strated in Figures E-l and E-2 shows that the ends of the half convolution illustrated
in Figure B-23 lie on planes of symmetry. This means that the transverse shear force
Q and the angle of rotation of the normal in the meridional direction A0 are zero at
boti edges of the shell. In the meridional direction it is desirable to specify the dis-
placement at both ends of the convolution. Thus, the type descriptions on Data Sets 2
and 3 would be FORCE, DISPLACEMENT, SLOPE for both axial deflection and pressure
loading. When the bellows is subjected to an internal or external pressure loading with
no axial deflection, the values for the boundary conditions are all zero. When the bel-
lows is subjected to an axial deflection loading, the magnitude of the displacement is
given in Columns 33 through 40 either on Data Set Z or Data Set 3. The magnitude of
the displacement 6m imposed on the mathematical model is related to the displacement
Ab, imposed on the bellows by the following equation:

Number of convolutions in mathematical model

Number of convolutions in actua1 bellows x Ab (B-3)
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Thus, for example, if a bellows has 10 convolutions and the mathematical model is
one-half of one convolution, the deflection imposed on the mathematical model would be

1/20 of the deflection imposed on the actual bellows. Thus Am for the 3-inch bellows
is taken to be 0. 003 inch.

If the displacement Am is imposed at the final edge, an extension of the formed
bellows would be read in as a positive value while a compression of the formed bellows
would be read in as a negative value as shown in Data Set 3 in Table B- 11. The signs
are reversed if the deflection is imposed at the initial edge.

Data Set 4 is used to specify the angle between the directions in which the end
conditions are applied and the directions of the normal and tangent to the shell meridion
at each end of the shell. The angles are zero as shown in Table B-4 for both ends of
the shell since the w and uo are specified in the direction of the normal and in the meri-

dional direction, respectively, for the formed bellows. It will be seen later that nonzero
rotation angles are necessary when fixing the boundary conditions for welded bellows.

Data Set 7 is utilized when the shell is subjected to a pressure load or a unit-
weight or dead-weight loading. When these parameters are constant (including zero)
over the entire bellows, "YES" is entered under "Constant?" in Columns 3 through 5
and the appropriate values are inserted in the other parts of the table. When there is no

pressure, unit weight, or dead weight, zeros are to be inserted in the fields as shown
in Table B-Il, but "YES" is inserted in the first field. It is believed that the capability

of the program to analyze problems with variable pressure or weight loads will be
rarely used. For such a problem, "NO" is inserted in the first field of Data Set 7 and
the variable loads are inserted in Data Set 11. This procedure is described in

Section B-II-f.

Finally, in order to solve the problem of linear deformation of the 3-inch formed
bellows under internal pressure with end restraints, the only required changes in the
input data are that the displacement value in Columns 34 through 39 of Data Set 3 be set
to zero and the pressure value in Columns 9 through 19 of Data Set 7 be set equal to the
desired pressure.

For additional guidance the actual cards used for the input data for the 3-inch
bellows are reproduced in Figures B-24 through B-26.

Welded Bellows Boundary Conditions. The input data for welded bellows are more
complicated than for formed bellows for two reasons. The first reason is that the upper

and lower leaves are not symmetric so that the mathematical model cannot be applied to
only one-half convolution. In practice, it is usually desirable to model at lbast two full

convolutions The stresses and strains of the middle leaves are then taken to be

representative of the behavior of the internal convolutions of the actual welded bellows.

The second complicating factor in the analysis of welded bellows is that the mid-

surface of the bellows is often inclined with respect to the bellows axis at the bellows

root or crown. An example of this is shown in Figure B-21. Further, the advanced-

design welded bellows developed in the research program has flat sections which are

deliberately inclined to the bellows axis. For the analysis of these bellows, it is neces-

sary to utilize the boundary-rotation capability of Data Set 4. The specification of the

boundary conditions and rotation angles was described in detail in Section B-I-e. How-
ever, this section was written to cover all possible situations and thus is somewhat

complicated. For the routine analysis of welded bellows it is suggested that the follow-

ing procedure be followed.



As noted above, one or more complete convolutions must be analyzed for the

welded bellows. It is recommended that the' initial edge of the bellows be at the crown
of the upper diaphragm of the upper convolution and the final edge be at the crown of the
lower diaphragm of the last convolution. The numerical integration is carried out from

the crown to the root of the upper diaphragm of the first convolution, then from the root
to the crown of the lower diaphragm of the first convolution; this procedure is followed

until the crown of the lower diaphragm of the last convolution is reached. With this
convention the rotation angles at the edges of the shell can be standardized as shown in
Figure B-27. When the bellows flat is perpendicular to the centerline as shown by the
middle drawing for both edges, then the rotation angles of Data Set 4 are zero and the
three boundary condition types for both Data Sets 2 and 3 are in the order
"DISPLACEMENT", "FORCE", "SLOPE". When the bellows flats are inclined from the

horizontal one way or the other, then for the different orientations indicated in
Figure B-27, the rotation angles to be entered in Data Set 4 are given in Table B-lO.
The boundary condition types are still in the order "DISPLACEMENT", "F0RCE", and
"SLOPE". For a pressure-loaded bellows with end restraint, all of the values are set

to zero. For axial displacement the desired value of the total displacement for the
number of convolutions included in the mathematical model is entered in Columns 13
through 20 of Data Set 3. This displacement can be found by multiplying the deformation
for the entire bellows by the ratio of the number of convolutions in the mathematiL4,l
model to the number of convolutions in the full bellows. A positive value of the displace-
ment is used in this case for compression and a negative value for extension.

B-II-e. Description of
Computer-Output Sheets

The interpretation of the output of the computer program is quite straightforward.

The output sheets obtained from the analysis of the 3-inch formed bellows are repro-

duced in Tables B-15 through B-20. The title page is printed out of an array perma-
nently stored in Subroutine INPUT. This may, of course, be changed for each com-

pany's purpose. Tables B-16 through B-18 give the input data that were entered. This
may be checked visually to insure that the proper input data were key punched. Tabliu
B-19 and B-20 give the values of the stress resultants and moments, the displacements
and strains, and the surface stresses at each of the print points requested. An item-

by-item description of the output is given in Section B-LI-g to aid in interpretation of
any unfamiliar quantities.

Finally, it is noted that many checks have been incorporated in the program to

insure that the rules governing the specification of the data are followed. However, the

data concerning the specification of the variable thickness are not checked internally.

Consequently, these should be checked by the analyst when he reviews his output. It is

important that when variable-thickness data are prescribed for parts. dcacribcd by t!AC
independent coordinate 0, the initial and final independent coordinates describing the

thickness variation be the same as the initial and final coordinates of the part. When
the part is prescribed by the distance s, the initial coordinate must be s = 0 and the final
coordinate s = b for thickness-variation input.

The boundary conditions at the final edge of the shell should be checked. When the
boundary-rotation angle at the end of the s1iell is 0 degrees, the three fundamental vari-

ables that were prescribed at the boundary should agree closely with the last entries in
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the appropriate columns of the stress-resultant and displacement table which is similar
to Figure B-19. If a large discrepancy is found, then a check should be made of whether
the number of segments selected for the parts is sufficient and if all the input is correct.

When the boundary-rotation angle is not zero, the boundary-input quantities will
not appear explicitly for the axial-loading case. A simple check on the correctness of
the solution can be obtained by using the following equations:

u, = w cosO -uo sine ; (B-4)

N2 =Q0sino+ Nosino . (B-5)

The displacement u I should equal the deflection imposed on the bellows, while the
force N2 should be zero.

For a bellows analysis the quantity that is usually of most importance is the
meridional strain. This is denoted as EPS PHI on the output. The maximum strain
for axial loading is related to the fatigue life as explained in Appendix K.

B-II-f. Item-by-Item Description
of Input Data

The computer input cards which are necessary to perform an analysis using
NONLIN will be described in this section. The special INPUT DATA sheets discussed
earlier conform with the indicated FORMATS in each data set.

Data Set I Job Identification

READ (5, 500) TITLE 1, TITLE 2, TITLE 3

500 FORMAT (80 Al)

Any information can be placed on these three cards. It is necessary
to have three cards, although any can be left blank.

Data Set Z Boundary Data at Initial Edge

READ (5,530) (BOUNDI (I), GA (I), I= 1,4)

530 FORMAT (4 (A6, 6X, F8.2))

Bq)UNDI (1) is either DISPLACEMENT or FORCE in w or 1 direction
GA (1) is its value

BOUNDI (2) is either DISPLACEMENT or FORCE in uo or 2 direction
GA (2) is its value
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BOUNDI (3) is either SLOPE or MOMENT
GA (3) is its value

BOUNDI (4) is either DISPLACEMENT or FORCE in uo direction
GA (4) is its value

For an axisyrnmetrically loaded shell BOUNDI (4) and GA (4) need not be
specified.

Data Set 3. Boundary Data at Final Edge

READ (5, 530) (BOUNDF (I), GB (I), I = 5, 8)

530 FORMAT (4 (A6, 6X, F8. Z))

BOUNDF (5) is either DISPLACEMENT or FORCE in w or I direction
GB (5) is its value

BOUNDF (6) is either DISPLACEMENT or FORCE in uo or Z direction
GB (6) is its value

BOUNDF (7) is either SLOPE or MOMENT
GB (7) is its value

BOUNDF (8) is either DISPLACEMENT or FORCE in ue direction
GB (8) is its value

For an axisymmetrically loaded shell BOUNDF (8) and GB (8) need not be specified.

Data Set 4 Boundary Rotation Angles

READ (5,565) ALXL, ALXR

565 FORMAT (8 F10. 5)

ALXL is the boundary rotation angle at the initial edge of the shell

ALXR is the boundary rotation angle at the final edge of the shell

Data Set 5 Control Card

READ (5, 561) IBRM, ITER, NDUMMY, PLOT, INTPRN, INTVAL, LEVELI,
LEVELZ, ERP, CONVER, NUMHAR, (NF0URA (I), I= 1, 8)

561 FORMAT (815, ZE10. 3, 101z)

IBRM = number of parts in composite shell

ITER = number of iterations at a load level for nonlinear
calculations. ITER = 0 for linear analysis
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NDUMMY = not presently used

INTPRN = 0 indicates that intermediate results from the nonlinear
analysis, i. e., values of parameters and slopes, will
not be printed out. Use 1 to obtain values.

INTVAL = 0 indicates that intermediate results from the initial value
integrations will not be printed out. Use 1 to obtain values.

LEVELI = number of increments into which the loading is divided for
nonlinear analysis.

LEVELZ = not presently used

ERP = accuracy for integration subroutine. If left blank, it is
internally set to 1. 0 E-05.

CONVER = convergence criteria for use in nonlinear analysis.

NUMHAR = number of FOURIER harmonics in the analysis. For a
nonlinear analysis, NUMHAR = 1. For a linear analysis,
NUMHAR must not be greater than 8. If the shell is
axisymmetrically loaded, NUMHAR = 1. For a nonsymetri-
cally loaded shell which has the same boundary conditions
for all harmonics, NUMHAR can have any value up to 8.

NFOURA (I) = FOURIER harmonic value. For an axisymmetric deforma-
tion, NFOURA (1) = 0

Data Set 6 Elastic Parameters

READ (5, 563) NELAS, YOUNG, POISON

563 FORMAT (2X, AZ, 4X, Eli. 4, 4X, F6.4)

NELAS is either YES or NO. YES indicates that the elastic param-
eters are the same for each part in the composite shell.
If YES, then the values of Young's modulus and Poisson's
ratio are read in on the same card. If NO, the values for
each part are read in as Data Set 10.

YOUNG Young's modulus (lb/in. 2)

POISON Poisson's ratio (in. /in.)

Data Set 7 Loading Parameters

READ (5,680) NPRES, PRESS, DENSTY, DEAD

680 FORMAT (ZX, AZ, 4X, 3F 14.5)
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NPRES is either YES or No. YES indicates that the distributed
loadings are the same for each part in the composite shell.
If YES, then the values of the normal pressure, the weight
density of the material, and the dead loading on the shell are
given on the same card. If NO, then the values for each part
are read in as Data Set 11.

Data Set 8 Shell Type

(One card is needed for each part)

READ (5, 512) (NAMEZ (L), SI (L), SX (L), IPAR (L), INT (L), TDIST (L),
VN(I, L), VARTIK (L), L- 1, IBRM)

512 FORMAT (4X, A6, 6X, F 11. 5, F 12. 5, 215, 2X, AZ, IX, F 10.5, 15)

NAME2 (L) indicate the shell type by name. Use the spellings in
Table B- I.

SI (L) initial coordinate of part.

SX (L) final coordinate of part.

IPAR (L) number of segments in part. See formula in B-I-b to deter-
mine the number of segments (maximum of 60).

INT (L) number of print points per segment.

TIDST (L) either YES or NO. YES if thickness is constant through-
out the part.

VN(l, L) if TDIST (L) is YES, then give part thickness; if NO,
then leave blank.

VARTIK (L) Lf TDIST (L) is YES, then leave blank. If TDIST (L) is
NO, then give number of points which specify the distri-
bution. VARTIK (L) cannot be greater than 10 or less
than 2.

Data Set 9 Shell Geometry

(One card is needed for each part)

READ (5, 562) (VN(2, L), VN(3, L), VN(4, L), L = 1, IBRM)

562 FORMAT (3X, 3 FIZ. 5)

VN (2, L) Radius a
VN (3, L) Radius b
VN (4, L) Radius c.
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I>&tta Set 10 Variable Elastic Parameters

(Read only when NELAS = NO on Data Set 6.
One card is needed for each part)

READ (5, 564) (EYM (L), PSR (L), L = 1, IBRM)

564 FORMLT (8X, E 11.4, 4X, F6. 4)

EYM(L) Young's modulus

PSR(L) Poisson's ratio

Data Set 11 Variable Loading Parameters

(Read only when NPRES = NO on Data Set 7.
One card is needed for each part)

READ (5, 566) (VN (5, L), VN (6, L), VN (7, L), L = I, IBRM

566 FORMAT (5X, 3 FI5.5)

VN (5, L) is the normal pressure acting on the shell (lb/in. 2)

VN (6, L) is the weight density of the material (lb/in. 3)

VN (7, L) is the dead loading acting on the shell (lb/in. 2).
The sign of the above loadings depends on the direction
of the normal.

Data Set 12 Variable Thickness

(These data are read only for a part when VARTDK (L)
is 2 or greater on Data Set 8.)

READ (5, 565) (XP (I, L), I = 1, NPNT)

READ (5,565) (YP (I,L), I = 1, NPNT)

565 FORMAT (8 FlO. 5)

NPNT is internally set to VARTIK (L)

XP (I, L) is the independent coordinate at which the thickness value is
specified. For all shell types except the VARCYLINDER and
CONICAL, the independent coordinate is an angle in degrees.
For the VARCYLINDER and CONICAL, the independent co-
ordinate is the arc length "s" measured along the meridion.
The first point XP (1, L) must be zero for the VARCYLINDER
and CONICAL shell types, while the last point XP (NPNT, L)
must be equal to the length of the shell part, b.
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YP (I, L) is the thickness at the point corresponding to XP (I, L).

Note that the 565 FORMAT allows only 8 entries per card. Thus, if a part has
VARTIK (L) equal to 9 or 10, two cards must be used to describe XP (I, L) and two
cards must be used to describe YP (I, L). The sequence of cards for a part which has
VARTIK (L) = 10 would be as follows:

Card I would have 8 values of XP;
Card 2 would have 2 values of XP;
Card 3 would have 8 values of YP;
Card 4 would have 2 values of YP.

B-II-g. Item-by-Item Description

of Output Data

The output presently available from Program NONLIN is outlined below:

(a) Header page which gives name of company. Any title appropriate to a
given company can be obtained by modifying FORMAT statement
Numbers 534, 535, 536, 537, 539 in subroutine input.

(b) (1) First three printed lines are the Job Identification cards supplied
by user.

(Z) Bound .ry conditions are then listed along with boundary rotation
anglc s.

(3) If elastic parameters are the same for every part in the shell, their
values are given.

(4) If loading parameters are the same for every part in the shell,
their values are given.

(c) (1) First three printed lines are the Job Identification cards.

(2) Geometry of shell is now listed. The following items are given:
Part number, type of part, number of segments, coordinates, radii
a, b, and c, and thickness data. If thickness is constant, a YES is
printed along with the value. If thickness is variable, a NO is
printed and entry under value is left blank. If there are more than
40 parts in the composite shell, the numbers over 40 are listed on
the next page.

(d) If NELAS on Data Set 6 is YES, then following is printed out. Other-
wise go to (e).

(1) First three printed lines are the Job Identification cards.

(Z) The part number, type, Young's modulus, and Poisson's ratio
are then given.

If there are more than 40 parts in the composite shell, the numbers
over 40 are listed on the next page.
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(e) If NPRES on Data Set 7 is YES, then the following is printed out.

Otherwise go to (f).

(1) First three printed lines are the Job Identification cards.

(2) The part number, type, normal pressure, weight density
and dead loading are then given.

If there are more than 40 parts in the composite shell, the
numbers over 40 are listed on the next page.

(f) If at least one of the parts has variable thickness, then the following
is printed out. Otherwise go to (g).

(1) First three printed lines are the Job Identification cards.

(2) The part number, independent coordinates and thickness for
each part which has variable thickness are then listed.

(g) The next portion of the output is concerned with the results of the
computations. The results are divided into two parts. The first
part gives the fundamental variables, w, Q, uo, g and Mo along
with the auxiliary variables, N9 and Me at every print point. The
maximum surface strains ee and e are also given at every print
point.

The second portion of the computed results is concerned with the
stresses. The meridional and circumferential stresses have been
calculated for the following conditions: membrane, bending, and
inner and outer surface. The membrane stress is the membrane
force, Ne or No, divided by the thickness. The bending stress is
6Mo/h 2 (meridional) and 6Me/h 2 (circumferential). The inner and
outer surface depend on the choice of the direction of the normal.
See Figure B-28 to determine the meaning of inner and outer surface.
The maximum shearing stress in the w direction is also given.
This is determined from 1. 5 Q/h.

Note: The strains ee and eo do not necessarily refer to the same surface. The strains
ee and eo are internally calculated for the inner and outer surface at every print
point. Because of space restrictions, only two quantities could be printed out.
Thus, the value given for the strains ee and eois the larger of the strains for the
inner and outer surface.
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TABLE B-I. SHELL PARTS IN GOMTRY SUBROUTINE

Spelling Used
Part on Input Cards

Cylindrical constant thickness CYLINDRICAL
Spheroidal SPHEROIDAL
Ellipsoidal ELLIPSOIDAL
Paraboloidal PARABOLOIDAL
Conical CONICAL
Toroidal TOROIDAL
Cylindrical variable thickness VARCYLINDER

TABLE B-2. BOUNDARY VARIABLES AND NAMES USED
ON INPUT CARDS

Bounda.y Variabl e Name

w (uI) DISPLAC!EENT

Q (Q1) FORCE

u,, (u2 ) DISPLACEIENT

N (Q2) FORCE

0 9 SLOPE

M CPMOMENT

u8 eDISPLACEMENT

N FORCE

TABLE B-3. BOUNDARY QUANTITIES USED IN THE SPECIFICATION
OF THE BOUNDARY CONDITIONS

Row Displacements Forces

1 w (ul) Q (Q1 )

2 uT (u2) N y(Q 2 )

3 8 o MY

4 ue N
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TABLE B-8. DIMENSIONS OF MATHEMATICAL MODEL OF 3-INCH SINGLE-
PLY FORME BELLOWS JD68

Part C'ordinates, degrees Radii, inches
No. Shell Type Initial Final a b

1 Toroidal 90.0 2.0 1.5295 -0.0267
2 Conical 2.0 - 1.5286 0.0633
3 Toroidal 2.0 6.5 1.5668 0.7630
4 Conical 6.5 - 1.6508 0.0900
5 Toroidal 6.5 24.0 1.7198 0.1875
6 Toroidal 24.o 90.0 1.7753 0.0m455

TABLE B-9. THICKNESS VARIATION OF 3-INCH SINGLE-PLY
FORMED BELLOWS JD68

Part p or s Thickness, in. Part c or u Thickness, in.

1 90.0 0.00757 4 0.0 0.00709
2.0 0.00745 0.0900 0.00690

2 0.0 0.00745 5 6.5 0.00690
0.0345 0.00728 24.0 0.00678
0.0633 0.00722

6 24.o 0.00678
3 2.0 0.00722 34.0 0.00676

6.5 0.00709 90.0 0.00661

TABLE B-10. BOUNDARY ROTATION ANGLES FOR INITIAL
AND FINAL EDGES

Case Edge (p Boundary Rotation Angle
1 < 180 cp- 18o (a )

2 Initial = 18o 0

3 > 180 cp - 180
4 <0 (p(a)
5 Final = 0 0
6 >0

(a) Note that for these cases the angles will be negative.
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~~~Part Iot1 h
D Part 3

3 Segments /2 Segments

\4 Segments

Symmetrical about centerline of composite shell

FIGURE B-1. THREE-PART COMPOSITE SHELL SHOWING SEGMENTS

s

n€,=9O0O "

ITInitial edge Fino edge

Symmetrical about centerline

L b

a = radius (inches) of cylinder midsurface
b = length (inches) of cylinder
c - not used for this type part
CP = 90.0, -90.0, or 270.0 degrees, depending on direction of normal and
initial position of cylindrical part in a composite shell

Tfinal - not used for this type part.

Special requirements:

(1) Spelling on data card must be CYLINDRICAL
(2) 'a' and 'b' are always positive
(3) This shell type can only be used if it has constant thickness, constant

meridional properties, and is subjected to constant loadings. If any of

these are variable, then the VARCYLINDER part must be used.

FIGURE B-2. CYLINDRICAL SHELL PART

B-41



nit

Symmetricol about cenerline
a - radius (inhes) of sphere adaurface
b - not used for this type part
e - not used for this type part
'initial u angle (degrees) at initial edge of part

Ifinal awgle (degrees) at final edge of part.

S5pecial requirements:
(1) 'a' is positive when normal n points Vwa from the centerlin;

a is negative when normal n points toward the Qenterline.
(2) The anle T must not be 0 or 180 degrees.
(3) Spelling on data card must be SPIODIDAL.

FIGURE B-3. SPHEROIDAL SHELL PART

Wpm "Y ,

b Wtk I*at

C ao

Synmetrical bout C*Muklh

a = semi-axis (inches) of ellipse midsurface parallel to centerline of pert
b a semi-axis (inches) of ellipse mideurface perpendicular tn ccaterline cf part
c - distance (inches from centerline of composite shell to centerline of ellipse.

'Pinitial angle (degrees) at the inttial edge of part
cfinal - angle (degrees) at the final edge of part.

Special requirements:

(1) When c x 0, this represents an ellipsoidal shell part. The angle 4
cannot pass through 0 or 180 derces.

(2) 'a' and Vb are bnti. positive for the case shown, When the normal points
toeard tne interior of the shell part both 'a' and 'b' are negative.

(2) wor c0, thc shell part Is a toroidal shell of elliptical cross section.
If clbf, then (P can have any value. If c<lb , the midsurface of the
ellipse cannot intersect the cpnto-line of the composite abell.

(4) Spelling on data card must be ELLIPSOIDAL.

.iuURE 13-4, E i,iPSOIDAL SHELL PART

B-42



+#f

initial edges

Symetrical about oenwline

a - vertical distance (inches) from initial edge of part to centerline of the
composite shell

b - not used for this type part
a - not used for this type part
9 initial " angle (degrees)at the initial edge of the part
"final a angle (degrees)at the final edge of the part

See B-I-s for instructions when normal points tovard center of part.

Special requirements:

(1) The angle c cannot be zero
(2) 'a' is alvays positive
(3) Spelling on data card must be PAALOIDAL

FIGURE B-5. PARABOLOIDAL SHELL PART

1 leede

.-- - - ~--- ------- -.. . . - . "-
(i) {ii)

a - vertical distance (inches) from initial edge of pert to centerline Qf the

compos ie shell
b slant length (inches) of shell part
c - not used for this type pert
initial - angle (degrees) which the normal makes with the centerline of the

composite shell
final " not used for this type part.

pecial req itreaents:

(1) 'a' and 'b' are always pn-itive fur a conical shell.
(2) Shell part cannot begin or end on axis of coposite shell, that is, in

(i), 'a' cannot be zero and in (ii) the final edge of the shell cannt
touch the centerline of the ceote shell.

(3) The angle q~nitial can have a~y value. Whben it is 0.0, 180.0. -180,0,

the shape part becomes a flat plate. 'a' and *b' are still positive,
The angle can also be 90.0, 270.0, or -90.00 dhl. In this eae the shell
part would be cylindrical.f oorever, it is not recommended that the
CONICAL part be ued yo describe a cylindrical shell since additional
calculations would have to be perfoined in the GOMTRY subroutine, thus
making the calculation time somewhat longer.

(3) Spelling on dita card must be CNICAL.

FIGURE B-6. CONICAL SHELL PART
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f

"Fi edge

b

x I

Initial . . _ . .edge -

Symmetrical about centerline

a = distance (inches) from centerline of composite shell to center of tube
b = radius (inches) of tube midsurface
c - not used for this type part
Yinitial = angle (degrees) at initial edge of part
Cfinal = angle (degrees) at final edge of part

See B-I-e for instructions for determining initial and 9final when normal points
toward center of tube.

Special requirements:

(1) 'a' is always positive
(b) 'b' is positive when normal n points away from x (shown above); 'b'

is negative when normal n points toward x
(3) The angle cp can have any value provided a >b Il.
(4) Spelling on data card must be TOROIDAL.

FIGURE B-7. TOROIDAL SHELL PART

Initial edge Fnleg

Symmetrical about centerline

b

a = radius (inches) of cylinder midsurface
b = length (inches) of cylinder
c - not used for this part
Cinitial = 90.0, -90.0, 270.0 deg., depending on direction of normal and position

of cylindrical part in composite shell

Yfinal - not used for this part.

Special requirements:

(1) 'a' and 'b' are always positive
(2) Spelling on data card must be VARCYLINDER.

FIkIURE B-8. VARCYLINDER SHELL PART
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FIGURE B-9. POSITIVE VALUES OF FUNDAMENTAL VARIABLES FOR A NORMAL
POINTING AWAY FROM THE CENTER OF CURVATURE
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FIGURE B-I0. POSITIVE VALUES OF FUNDAMENTAL VARIABLES FOR A NORMAL
POINTING TOWARD THE CENTER OF CURVATURE
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FIGURE B-I l. EXAMPLES OF COMMON TYPES BOUNDARY CONDITIONS
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FIGURE B-12. SKETCHES SHOWING MANNER IN WHICH BOUNDARY ROTATION
ANGLE IS OBTAINED AT INITIAL EDGE OF SHELL
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K

00 N

270D

Coordinate. ~ ~ ~ Fna *Dge. adince eere

Initial Fiaw"_____

1 VARCYLINDER 90.0 - GA AB B-8
2 CONICAL 50.0 -B BC3 Bc-6
3 SPHEROIDAL 50.0 75.0 JC - B-3
4~ TOROIDAL 75.0 20.0 ML ..KD B-7
5 CONICAL 130.0 - ON IF B-6

For the VARCYLINDEB, CONICAL and CYLINDRICAL shell parts, the Vb distanice
is the length of the part.

FIGURE B- 14. FIVE -PART COMPOSITE SHELL SHOWING INITIAL AND FINAL
COORDINATES AND RADII a AND b WHEN INITIAL EDGE IS ON
LEFT OF SHELL

110

Integration lo 0

Pa1rt IInil Fialtial____ Fgue

3 NPX0DL 10. 3. HC - 0

1 CONICAL 130.0 - MN AS B-6

5 VARCYLINDER 90.0 - G EF B1-8
For the VARCYLINDER, CONICAL and CYLINDRICAL shell parts, the 'b' distanice is
the length of the part.

FIGURE B-15. FIVE-PART COMPOSITE SHELL SHOWING INITIAL AND FINAL
COORDINATES AND RADII a AND b WHEN INITIAL EDGE IS ON
RIGHT OF SHELL
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0

L H

KM 0 P R T

ruli- 41411 Imbee Reference

1 CONICAL 180.0 - jI AN 3_6
2 TOROIDAL 220.0 120.0 In -1 3&T
3 CONICAL 150.0 - s 0 a.6
6 ONICAL 2o.o - W DR 3-6
5 TORIDAL -3D.0 120.0 0 a 1-

a For the CONICAL shell pe-t, the 'b' distance I the lngtb of the part.

FIGURE B-16. SIX-PART COMPOSITE SHELL SHOWING INITIAL AND FINAL
COORDINATES AND RADII a AND b WHEN INITIAL EDGE IS
ON LEFT OF SHELL

90

-4 P 

L

2 T IIDL 60.0 2o I C N -

C
E

G

S Q P 0OM K
~ Reference

l CONICAL 180.0 - Jx AD x-6
2 TOROIDAL 60.0 210.0 IN HC B-7
3 CONICAL 16. - 30 CD 1-6
4 CONICAL 30.0 - DP DE B-6
!' TOROIDAL 60.0 -4sO.0 (P -1I B-7
6 CONICAL 0.0 - ST 7 6

• For the CONICAL shell parts, the 'b' distance is the length of the pert.,

FIGURE B-17. SIX-PART COMPOSITE SHELL SHOWING INITIAL AND FINAL
COORDINATES AND RADII a AND b WHEN INITIAL EDGE IS
ON RIGHT OF SHELL
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00062

Qckooz

C

0O 0.0 0.2 0.3 0.4 0.5 0.6

D4stnce along cylindrical or conical midmurface , inch

s, inches Thickness, inches
0.0 0.00504
0.0 0.0054.0
0.15 0.00580
0.24. 0.0058o
0.30 0.00564
o.142 0.00568
0.52 0.00576
0.6 0.006o0

FIGURE B-18. TYPICAL REPRESENTATION OF THICKNESS DISTRIBUTION FOR
VARCYLINDER OF CONICAL PARTS

Q0062:

S0.0058-

Q0054

00050
-30.0 00 30.0 60.0 90.0 120.0

Meridional Angle S6 degrees
Angle, Degrees Thickness, inches

-30-00.00504
-21.0 0.00514o
15.0 0.00580
42.0 0.00580
60.0 0.00564
96.0 0.00568
120.0 0.00576

FIGURE B- 19. THICKNESS DISTRIBUTION FOR TOROIDAL PART 5 SHOWN
IN FIGURE B- 16
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VIGUPE 3-21 CONVOLUTIONS OF CROSS-SECTIONED 3-INCH SINGLE-PLY

AM 350 WELDED BELLOWS
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Initial edge

b_170_

pb2

II70
~ ~b 3

n I, .t inal edge

For Part 1: rb . aI + sin jn e

jr Part 2: r2 = ; a +b cos= a +

B c 2 2

For Part 3: r3 = a + b sin

FIGURE B-22. RELATIONSHIP BETWEEN THE POINTS B AND C ON THE
CONVOLUTION OF A FORMED BELLOWS
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FIGURE B-23. MATHEMATICAL MODEL OF 3-INCH BELLOWS
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FIGURE B-24. PUNCHED INPUT CARDS FOR DATA SETS 1-7 FL t. 3-INCH- SINGLE
PLY FORMED BELLOWS JD68 (READ FROM BOTTOM OF PAGE
TO TOP)
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FIGURE B-25. PUNCHED INPUT CARDS FOR DATA SETS 8 AND 9 FOR 3 -INCH
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FIGURE B-27. VARIOUS POSSIBILITIES FOR BOUNDARY CONDITIONS ON
WELDED BELLOWS AT INITIAL AND FINAL EDGES
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ABBREVIATIONS AND SYMBOLS

x Independent variable, in.

y(x) n-fold vector with elements yJ(x), J = I, Z, ... n

Y(x) n by n matrix

[ Y(x)]J j-th column of Y(x)

T Transformation vector

u(a), u(b) Boundary condition vectors at x = a and x = b

Si i-th subinterval in the interval a < x S b, in.

6[ yJ(x)] A small change in the vector y

I n by n unit matrix

r Radial distance from bellows aois to a point on the bellows, in.

R p Meridional radius of curvature, in.

0Angle between normal to the bellows surface and its axis of revolution, deg

0 Angle measured in circumnferential direction, deg

Qo Effective shear resultant force in direction normal to shell, lb/in.

Np, Ne Membrane resultant forces in the meridional and circumferential directions,
respectively, lb/in.

MO, M 0 Bending moment resultants in the meridional and circunferential directions,
respectively, in-lb/in.

60, 6 0  Midsurface membrane strains in the meridional and circumferential
directions, respectively, in. /in.

A( Angle of rotation of the normal in the meridional direction, deg

pO, p Components of the pressure or body iorce loading in the meridional or
normal directions, respectively, psi

'7, Ie Bending strains in the meridional and circumferential directions, respectively

K Poisson's ratio

E Modulus of elasticity, psi

h Bellows thickness, in.

D Eh 3 /12(l - v2 ), bending rigidity, in-lb

K Eh/(l - V2), membrane stiffness, lb/in.

w Displacement in direction of normal to the shell midsurface, in.

uO Displacement in meridional direction, in.

_______ ______C-I



APPENDIX C

THEORETICAL DEVELOPMENT AND LISTING
OF COMPUTER PROGRAM

This appendix is intended for those who desire a thorough understanding of the
mathematical techniques and equations used in the theoretical portion of the research
program, as well as a detailed account of the computation program.

The first portion of this appendix gives a description of the method of solution and
a derivation of the governing fundamental set of differential equations.

The second portion consists of a listing of the computer program.

Preliminaries

Since some items involving matrix algebra, and initial-value and boundary-value
problems are used in the following, a brief description of points pertinent to the theo-
retical development will be given here.

Initial-Value Problem. The two distinguishing characteristics of an initial-value
problem are (1) the problem can be formulated in terms of n simultaneous first-order
differential equations relating the n independent variables to a single independent variable
on the open interval a < x. The equations may be linear or nonlinear. (2) A specific solu-
tion is determined when n independent relations between the dependent variables are
given at x = a.

One-Dimensional Boundary-Value Problem (Single Independent Variable). The two
distinguishing characteristics of a one-dimensional boundary-value problem are:, (1) The
problem can be formulated in terms of n simultaneous first-order differential equations
relating the n independent variables to a single independent variable on the closed interval
a _ x _< b. (2) A specific solution is determined when n/2 independent relations between
the dependent variables are given at x = a and n/2 independent relations are given at x = b,

From the above descriptions it is noted that the only difference between the initial-
value problem and the boundary-value problem is the manner in which the fundamental
variables are prescribed at the boundaries. In the initial-value problem, all the funda-
mental variables are prescribed at one point, x = a. In the boundary-value problem,
half the fundamental variables are specified at a and half at b.

Matrix Notation. In the development ef the basic equations, standard matrix nota-
tion will be used. A vector will be referred to by the small letter, y(x). This vector
will have n elements denoted by yJ(x), j = 1, 2, . . ., n. A square matrix will be denoted
by a capital letter, Y(x), which will have n x n elements. The jth column of Y(x) will be
denoted by [ Y(x)]J. When the vector y(x) is partitioned into two subvectors yl(x) and
yZ(x), it means that the upper n/2 elements of y(x) are contained in yl(x) and the lower
n/2 elements of y(x) are contained in y 2 (x). When Y(x) is partitioned into four
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submatrices Yl(x), y 2 (x), Y3 (x), and Y4(x), this amounts to placing the upper left-hand
quadrant of Y(x) in Yl(x), the upper right-hand quadrant of Y(x) in Y2 (x), the lower
left-hand quadrant of Y(x) in Y3 (x) and the lower right-hand quadrant of Y(x) into y 4 (x).
Thus, each submatrix Ym(x), m = 1, 2, ... , 4 contains (n/2) x (n/2) elements.

Elementary Transformation Matrices. An elementary transformation matrix T is
defined as one which operates on a vector y(x) such that the elements of y(x) are rear-
ranged. An elementary transformation matrix is obtained from the unit matrix by ele-
mentary transformation(C-I)*. In the present application, the elementary transforma-
tions used are those associated with the interchange of two or more rows or two or more
columns.

Segmentation of Interval. The multisegment numerical integration technique re-
quires that the intervalI(a < x _ b) be divided into M segments, as shown in Figure C-1.
The initial point of the interval is defined as x = x I = a, and the final point of the interval
is defined as x = xM+l = b. The M segments need not be of the same length. The ith
segment is denoted by Si and is bounded by xi < x < xi+l.

Method of Solution

The method of solution developed here is applicable to any boundary-value problem
governerA in the interval I (a < x < b) by a system of n first-order ordinary differential
equations

d_(x) = fIx, y Ix), y 2 (x), yn(x), h(x)] (C-la)dx '

where h(x) denotes the nonhomogeneous terms.

It is assumed that values of n/2 elements of each vector y(a) and y(b) are known.
Then the boundary conditions are written in the for-n

Tly(a) = u(a) (C-Ib)

TM+ly(b) = u(b)

where T 1 and TM+l are elementary boundary-transformation matrices which are chosen
so that the first n/2 elements of Tly(a) and the last n/ 2 elements of TM+ly(b) contain the
specified boundary values of the variables. Thus, the first n/2 elements of u(a) and the
last n/2 elements of u(b) contain the known boundary values.

The application ot numerical integration techniques to boundary-value problems is
not quite as straightforward as their application to initial-value problems., In initial-
value problems, as noted earlier, values of all of the variables are known at the initial
poirt. Beginning with these values the differential equations are integrated numerically
to find the variables at any other value of x. However, for a boundary-value problem
onlyn/2 values are known atx= a. One possible way of solving this problem would be to

*References for AppendixC are listed on p C-11.
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guess the remaining n/2 values at x = a, integrate from x = a to x = b, and compare the
values obtained at x = b with the prescribed values. If the values at x = b obtained
through integration agree with the prescribed values, then the problem is solved. If not,
a new estimate can be made of the trial values of x = a and another integration of the
equations can be carried out. By observing the variation of the solution at x = b as the
initial values of x = a are changed, it would be possible to eventually choose the correct
initial values for the solution. This procedure, although feasible, is not efficient, and
a more direct approach to the solution of a boundary-value problem governed by a sys-
tem of n first-order ordinary differential equations will now be described.

Derivation of Basic Relationships Used in the Linear and
Nonlinear Multisegment Numerical Integration Analysis

Assuming that an initial-value solution of (C-la) exists and is unique everywhere in
Si (Figure C- I), it is concluded that a given set of initial values at xi uniquely deter-
mines, through (C- la), a corresponding set y(x) at any x in Si . This can be expressed
as

y(x) = g[yl(xi), y2 (xi), .. yn(xi)] , (C-2)

where the function g is uniquely dependent on x and the System of Equations (C- la).

a b
x S2 xi SM

Xl 2  +M M+I

FIGURE C-i. NOTATION FOR SEGMENTS OF SHELL

Small changes in y3 (xi), denoted by 6yj(x), j = 1, 2, ... , n, produce changes in
the variables yJ(x), denoted by 6yi(x), j = 1, 2, ... , n. The relationship between these
changes can be obtained by using Taylor's series and the chain rule of differentiation.
This results in

n

6yJ(x) = 6yS(xi) j m 1, 2, ... , n . (C-3)
s =l1 6yS(xi)

6yJ(xi) can be regarded as the difference between two different sets of variables at
xi, namely, y(xi)* and y(xi), while 6y 3 (x) can be regarded as the difference between the
two sets of variables, y(x)* and y(x), obtained at x by integrating (C-la) from xi to x
with y(xi)* and y(xi) as the initial values. With these definitions, (C-3) can be rewritten
as

y(x)- y(x) = Yi(x) Iy(xi)*- y(xi) , (C-4)

where the (n, n) matrix Yi(x) is defined b"
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1x . 1 1 a i

Yj~x y2 2 w(-5
Y1 (x)) =- (x) ycx" nc()

y (xi) y (x) " yxj)" . yn(xi)

The jth column of Yi(x) can be regarded as a set of new variableq. In order to ob-
tain numerical values of these variables at particular values of x, say Xi+l) it is only
necessary to have a set of n simultaneous first-order differential equations relating
these new variables. This set of equations can then be integrated from xi to xi+Il n
times, thus forming the matrix Yi(xi+l).

The set of equations needed to form the matrix Yi(x) can be easily obtained by dif-
ferentiating (C-la) with respect to yJ(xi); thus,

d [ dy(x) 1 d 1 2n-6
d± [d 9 -v-= d fIx, y (x), y (x), ..., yn(x), h(x)). (C-6)
x dY(Xi).j dyJ(xi)

The initial values of the columns of Yi(x) can be easily determined from the
inspection of (C-5). At x z xi, the jth column of Yi(x) contains all zeros except for the
jth row, and that element is one. Thus, the columns of the matrix Yi(x) are obtained as
the solutions of the n initial-value problems governed in Si by (C-6) (with j = 1,
2, ... , n), with the initial values specified by

Yi(xj) = I , (C-7)

where I denotes the (n, n) unit matrix.

If the Equations (C-la) are linear, then Equations (C-6) simply reduce to (C-la),
with the nonhomogeneous terms h(x) deleted. In the event that (C-la) are nonlinear,
then the right-hand side of (C-6) contains not only the elements of Yi(x), but also some
of the variables of the y(x) solution state. Suitable values of these variables can be ob-
tained as part of the procedure for solving the nonlinear problem which is discussed
next.

The solution to the nonlinear problem is obtained as the limit ot a sequence of
solution states which are obtained by an iteration procedure. The initial trial-solution
state can be chosen in some arbitrary manner, although it has been found that using the
solution of the linearized problem as the initial trial-solution state enhances the con-
vergence of the iteration procedure. The application of Newton's rule as given by
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Fox(C- 2 ) to find the iterated solution state from the trial solution state can be accom-
plished using Equations (C-4), in which x is set equal to xi+l. In Equations (C-4), the
variables y(xi) will be identified with the trial- solution state yt(x) evaluate l at xi. The
variables obtained by integrating (C- la) from xi to xi+l with the initial values yt(xi) will
be denoted as yc(xi+l). These values replace y(xi+l) in (C-4). The values of the iter-
ated solution state ya(x), evaluated at xi and xi+1 are substituted for the corresponding
starred variables. With these substitutions, Equations (C-4) become, after
rearranging:

Yi(xi+l) y(x i) - ya(xi+) = -zi(xi+) , (C-8a)

where

zi(xi+i) y(xi+I ) - Yi(xi+l) yt(x) (C-8b)

When evaluated at the end of every segment Si, i = 1, 2, ... , M, (C-8) represent
a system of M matrix equations which contain M + I unknown vectors:., ya(xi), (i = 1,
2, ... , M + 1). However, recalling that exactly n boundary conditions are specified by
(C-lb), the number of unknowns becomes the same as the number of equations and, con-
sequently, the combined system of Equations (C-8a) for all i can be solved uniquely for
ya(xi), using the Gaussian elimination technique.

The iterated solu-.on state ya(xi), when integrated by means of (C-la) from xi to
xi+l in every segmcnt, may not necessarily satisfy the required continuity and boundary
conditions because Equations C-4 are approximate.. By repeating the iteration with
ya(x i ) as the new trial solution yt(xi), the iterated sequence of ya(xi) will converge to the
solution of the nonlinear boundary value problerr as rapidly as in any Newton-type
method.

By way of recapitulation, the solution of the boundary-value problem defined by
(C-1) is obtained by means of the multisegment method given in this section in the fol-
lowing way: (I) an assumed trial solution yt(xi) is integrated by means of (C-la) from
xi to xi+l in every segment to obtain all of the values of yc(xi+ I ) i = 1, 2, ... , M, as
well as all of the values of those variables which appear in the nonlinear terms of f;
(2) initial-value integrations of (C-6), starting with (C-7), are performed from xi to
xi+l in every segment to obtain the elements of Yi(xi+l), i = 1, 2, . . ., M; (3) the data
obtained in Steps (1) and (2) are substituted in Equations (C-8). The system of Equa-
tions (C-8) for all different i are then solved by means of the standard Gaussian elimi-
nation technique for ya(xi); (4) using ya(xi) as the initial value, (C- la) is integrated from
ri to xi+l in every segment and the integration results at xi+l are compared to the ele-
ments of ya(xi+l) as obtained from (C-8). This comparison serves as a convenient check
on the degree of accuracy of every trial solution state., If the corresponding variables at
the ends of consecutive segments agree (including the Mth segment, where the solution
must agree with the specified boundary conditions) within a desired number of significant
figures, then the solution state is accepted as the solution of the boundary-value problem
as defined by (C-i) If not, then ya(xi) is taken as the next trial solution yt(xi), and the
process is repeated by returning to (1).,

When the functions f in (C-la) are linear, the multisegment method developed in
this section is identical to the one given in Reference (C-3) for the solution of linear
boundary-value problems. For the linear case, the trial solution can be conveniently
assumed as yt(xi) = 0 [this choice simplifies (C-8b)] , and the iterated solution state,
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obtained from (C-8) after one "iteration cycle", represents the solution of the linear
problem.

Gaussian Elimination Procedure. Since the nonlinearities in (C- la) make some
changes necessary in the solution of (C-8), a brief outline of the required Gaussian
elimination procedure is given in the following section. [More details can be found in
References (C-3) and (C-4)].

Because the variables at the end points of the interval ± are connected by the
boundary condition relations (C-Ib), (C-8) must be investigated for i = 1 and i = M sepa-
rately. From (C-8) there results*

Y1 (x2 ) y(x) - y(x z ) - Z1 (x2 ) (C-9a)

YM(xM+l) y(xM) - Y(xM+I) =- ZM (xM+ 1)  (C-9b)

It is convenient to use the transformed variables u(xl) and u(xM+l) in (C-8) instead of
y(xl) and y(xM+l). Using (C-lb) in (C-9) yields

Yl(x2 ) TI U(XI ) - y(x 2 ) - Zl(x 2 ) (C- 10a)

TM+l YM (xM+l) - U(XM+l) " TM+l ZM(xM+l) ' (C-10b)

By defining
-I

Ul(x 2 ) = Y (x2 ) TI (C-la)

UM(xM+I) TM+l YM(xM+I) (C-Ilb)

dM (XM+l) T M+l zM(XM+l) , (C-l1c)

the form of (C-8) can be retained if the coefficient matrices YI(x 2 ), YM(xM+l),

zM(xM+l), occurring in (C-8) for i = I and i = M are replaced before Gaussian elimina-
tion by their transformed expressions as given by (C-Il), remembering that the varia-
bles at x =, and x = x are the transformed variables u(x I) and u(xM+l) as given by
(C- Ib). M+l

After the transformations required by (C-1l) are carried out, (C-8) is partitioned
Li the form

Y 1 ( { (X i) j .......... } ... , M (-12)Y (xi ) Yl(Xi~) 2 2 i+l)J (xi )

OThroughout the remainder of this section, the superscript a on y(x) will be omitted.
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Note that, due to the definition of Ti and TM+I, the vectors yl(xl) and yZ(xM+l) are
known through the boundary conditions.

The system of equations (C- 12) can be solved conveniently by the standard
Gaussian elimination procedure in the same way as the linear problem treated in Refer-
ence (C-3). This procedure requires, for the purpose of triangularization of (C-8), the
calculation of intermediate matrices Ei, Ci, ai, bi, defined by

E. =Y2 + yC I (C-13a)
1 1 i i-i

SY3 C 1 (C-13b)

i I -l

a. =- z. - b (C-13c)
I 1 1 i-i i-1

2 y3 C-1
b. - z. -Y3 C 1 b C a. (C-13d)

where Co I and b o are taken as null matrices and the calculation is carried out in suc-

cession over all values of i, starting with i = 1 and ending with i = M. The unknown

variables, yl(xi) (i = 2, 3, ... , M+I) and y2 (xi) (i = 1, 2, ... M), are obtained from

yl(XMi+2) = C y2(XM+2) + bMi+ 1] (C-14a)

Y2(xM ) = E_ 1  y(Mi+2 + aMi+l] (C-14b)

Again, the calculation of (C- 14) is carried out in succession, starting with i = 1 and end-
ing with i = Mo by taking in (C-14a) y2(xM+l) = 0. Of course, the vectors y 2 (xl) and

yl(xM+l) which result from (C- 14), together with the known vectors yl(xl) and y2(XM+l)
which are prescribed in (C-lb), are really the transformed variables u(xl) and u(xM+l),
and, if desired, they may be transformed back into the regular fundamental variables
by (C- 1b).

Derivation of the Fundamental Equations for Nonlinear
Thin-Elastic-Shell Analysis

In this section the fundamental equations for the nonlinear thin-elastic-shefl analy-
sis will be derived. The equations describing the linear axisymmetric response oi thin
elastic shells can be obtained from the equations to bc derived by simply deleting all
nonlinear terms, i. e., terms which contain the product of two fundamental variables.
The equations describing the nonsymmetric linear response of thin elastic shells can be
obtained from Reference (C-3).

The application of the multisegment numerical integration technique to the non-
linear thin-elastic- shell e uations is the same regardless of the theory used. The equa-
tions given by Sanders( C - 5 ) for small strain but moderately large rotation will be re-
duced to those required for a shell of revolution. The governing equations can be
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obtained from Equations (A1), (A3), (A5), (A7), (A8), and (A9) in Reference (C-5), by
making the following substitutions

a r

a2 = R

a 1 2 = R cos (C-15)

a',I=0

r =R sin

where the I coordinate has been related to e and the 2 coordinate to 0. Using (C-15) in
Sanders' equations yields:

Equilibrium Equations

No, 8 + Cos (N Ne + I (Q - N) + po 0 (C- 16&)

+Or '( C+in N +

+os +A) N +- C 1bO's R

M, + Cs (M M9 )Q- o . (C-16c)

Stress-Strain Relations

N9 = K (ee + ve) (C- 17a)

N = K (e + vCO) (C- 17b)

Me = D (ic, + vic ) (C-17c)

M = D (ic + v e) (C- 17d)

where

K = Eh (C- 18a)
( -v

Eh
3

D = (C- 18b)
12(1 - )
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Strain- Displacement Relations

1
=- (u cos 0 + w sin ) (C-19a)

+w 1 2
a= , 0$ +  A( (C-19b)

R u- ws (C- 19c)

1
Ic r Cos (C- 19d)

K =(C- 19e)

In the above, use has been made of the expression

( )= R~ -- ) .(C-20)

Now that the equations for the axisymmetrically loaded shell of revolution have
been tabulated, the fundamental set of equations which describe the nonlinear bending of

symmetrically loaded shell of revolution can be derived. In particr.ar, this set will
be expressed as a system of six first-order nonlinear ordinary diff,ential equations
such that they can be used in the formulation of the multisegment method previously
described.

The fundamental set of equations is derived and listed in a manner such that digital
computation is kept to a minimum In this set, the fundamental variables are defined as
those quantities which appear as natural boundary conditions. They are w, Q., u., N.,

M ' .

Define as auxiliary quantities

CErn (u cos + w sin 0)/r (C-21a)

Kce cos A/r . (C-Zlb,

Elimi.ating E from (C- 17a) and C- 17b) yields a third auxiliary quantity

N = vN 0 + EhEe . (C-21c)

Similarly, elimination of ic from Equations (C- 17c) and (C- 17d) yields the final auxiliary
quantity

MO = Mb + I 0 (C-2 ld)
e 0 12 0
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Rearranging Equation (C-19c) gives

w 0=' (C-ZZa)

Equations (C-17d) and (C-19e) give

12(1-

Eh3  0 0 (C-22b)

The last equilibrium equation, Equation (C-16c), can be expressed as

M,= cos. 0
0,s r (M 0  M ) +Q0  . (C-22c)

Use of Equations (C-17b) and (C-18b) gives

S (1 -) 1 2 (C-22d)
"0,s Eh 0 FO- R70-

The second equilibrium equation, Equation (C- 16b), is solved to give

Q =N(!!+ )+ N, [+ (1 ' ) -% +.)Os r 0 0

(C-22e)

Equation (C-16a) provides the last equation of the fundamental set:

!E,s n +  / N) N o Q + (,s NA - p. (C-22f)

Now that the fundamental set of equations has been obtained, it is necessary to
rive a system of equations corresponding to (C-6). This is obtained by differentiating
(C-21)-(C-22) in succession with respect to each of the fundamental variables, Since
(C-6) has the s:.,ne form with any value of j, the system of equations (C-6) is recorded
here by indicating derivatives with respect to any one of the six fundamental variables
by a prime:

c (u cos 0 + w' sin 0)/r (G-23a)

/C cos 0 90/r (C-23b)

N vN* +Ehe' (C-23c)

M3 Eh 3

0 C 12 e
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u
W- 0 (C-23e)

2)

), S =  Eh3

0 . ... (C-23f)

MO - (MO M o0,s r R9e) 0

u Eh N 0-ve -y 9 (C-23h)

Nompany, +rote, Nbd achet N95A')+go,8] (C-231)0,8 sr 09) e 0 LR \ 0 ~~-

+z N A Q(Cos 0. 1> 0
+N\P 0 + ) 0~; r + 0 0

at Co 0 o6a PN+O (C-23j)
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Listing of Computer Program

The multisegment numerical integration procedure for the analysis of nonlinear
elastic thin shells of revolution described in the first portion of this appendix has been
incorporated into the computer program NONLIN, which is presented in the following
pages.

The program is written in FORTRAN IV and is operational on the CDC 6400 at
Battelle-Columbus. The program is self-contained, except, of course, for the standard
liora-y functions COS (X), SIN (X), TAN (X). The program uses Logical Input Tape 5
and L gical Output Tape 6.

The program has been coded such that a maximum of ten arrays can be stored and
consequently placed on a magnetic tape for use by a digital-plot subroutine. This sub-
routine, which is available at Battelle-Columbus and is called PLTXYI, has not been in-
cluQed in this listing since it would not, in most cases, be compatible with other sys-
tems. However, a dummy subroutine, PLTXYI (this appears as the last program in the
listing), has been added so that the coding in the subroutine CALCUL did not have to be
changed. In the event a user has the capability of calling a plot subroutine, lie would
only have to provide the proper call to his subroutine, since the coding necessary to
generate the arrays is included in CALCUL.
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PsW(.ifAM NONLIN(INPUTOU1PU,,rAPE.5=INPU1,TAPL6OUIPUPUNCI$)
DIMENSION lAWt) 9 51(60) 9 IPAH(60)

* 1$(8) 9 SX(60) 9 INT(60)
U AW8) 9 FRNT(8) 0 ISS(bo)
6(b~t) 9 EI4H(8) 9 P51(60)

*Y(lb) 9 014(8961) , EYi4(6O)
*UY(a) 9 TL(898) 9 A(899)
*TR(8,8) 9 TLI(898) q JuakmT(I)
* 714(8,8) 9 TRY(8961) , k(b8
*S(JUT(215) , 0(89960) , P(bogd1bi
*SLUPE(59275) 9 TRI(8t$) , E(9960)

DIMENSION V3(8) . VN(7960) , YAM(/2)
*UYAM(72) * ABC(21) 9 LAM(iO)I

b ACK(60) 9 YSAVE.(b) , UEYLHM(L0)
*ipLOTtlO) 9 XPLOT(350) 9 YPLUT(360,10)9
*STNCOUT(350) 9 SIGNPti(3b0) v SIGMPH~(JbQ)
*SlbPHT(3SO) t SIGPHB(3b0) , bIGNIH(3b0)
oSIGiMtHj(J5) 9 SI(.THT(3h0) 9 S1(G1I8(Jb0) 9
*TAUPHI(35O) 9 VAI4TIK(60) 9 POINI(60)
* UMSAVE(6961)

COMMON / BLOCKA / MU, P19 ALL), NTYPE, INUEX9 18k, PN# NFOLINT,
1 ISH. TT9 T19 T2, MT, INKC

COMMON / ULUCK1H / Ht 141, H29 R43, SXN# CXS
COMMON / 8LOCKC / OMv GA, (do NF9 NFP, NPL, NH, N, IRY
COMMON / ELOCKU / TL9 114, TLI, 1141, ALFL, ALFR
COMMON / 8LOCKF / NFFs SFIXX9 SZER09 GO, ERP, ISS9 Et

* MAX, INTPHN, INTVAL, NPP
COMMON / HLUCKUi / NPAI4TS9 PHIl, V39 KINU. NT, MI9 SPI4INT9 VN9 EYM9

1 BACK, NBACK
COMMON / HLOCKH / NOE
COMMON / BLOCKJ / DELX9 POELX, ABC, CAM
COMMON / HLUCKK / PIN9 PMIN9 H40. X09 EMIN9 L.MAX
COMMON / HLUCKL / YAM, UYAM
COMMON / 8LUCKM / YSAVE
COMMON / 8LOCKN / UETERM
COMMON / HLOCKP / PLOto PLlIME, SPLOT, PLOTT IPLO1. YMOL), KST9

* HGAMMA9 UEAO# NFH
COMMON / HLUCK(0 / TIME9 vAHTIK9 NVAHTK
COMMON / BLOCKS / JOHPLTo ALXL, ALXR, IA, lbs NOFUNC. INPUN9

* CONVER9 SI. SX9 INT9 IPAH, PSR9 11tHt NTHY,
* NEI4OR9 J13HM9 TRYINg IORMAX

COMMON / BLOCKX / LLVELl. LtVEL2
COMMON / PLXYIC / 1EX(A)o L)UM(4
COMMON SLOPE, P. SOUl, U. A
EQUIVALLNCE (Y(I)q Pb-NT(j))g (Y()s YAM(2))q (L)Y(i)i UYAM(2))t

1(5, YA1.,(I))g (VARTIK(1), PUIN~TI))
EQUIVALENCE (SLOPEWi 9 YPLUT(I) )o

*(U(47b) 9 XPLOT(I) )o
*(0(826) 1 STROUT(1) )o
*(0(1176) 9 bIGNPH(I) )q
*(U(15~20) v SIGMPH(1) )v
*(0(1876) * SI~jPHT(1) )o

( U(22eb) 9 SIGPkHB(1) )o
*(02~516) 9 SIOiNTH(l) )v

M 0g9e~b) s sI(irH(i) )o
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* GU (3?b1) f, sICi I Hr (13) ) I
(0 (Oheb) * SIGTM$(1i) ) 9

*L ((39 16) 9 TAaJPMI 1) 3
INIEGER GO. TRYiw, PASS. SPACE, ADMSCI, FINIS. PLOT,

* PLOIPI, PLrIME, rIME, VARTIK. POINT
DArA(RP) = 0.if4b3a9252E-O1)
HEAL NO, Ni, MT9 NtIACK, NFH

C
C*

C* PNOAM *A*ti*C*U*E0*t,H*JK0L0M*N*O*P*WQ*SOAI*4*

C * UMINT ***** **y*y*yy* 4 *y****4 4*
C
C 4 AU)MNES .o ** y*Y*y ***Y* ***

C * rCUNO * *Y *o~ * *'i*s ** *** is*

C* CALCLJL *Y*Y*Y*Y* *y*YOYOYOY*10Y*Y* *Y*Y0Y*'4y**
C
C * ) kI~Ej O'* ** f** * y* * * * * * *Y

C * GOMINY *1*Y*(** *Y*yO**f* * * *y*y* *,4i **

c* INPUJT *y* ** yyoyo * 41 *Y* oy* oyoy*y4IY* 4&*

C * INTEG *y~yoyo * M yyyo 4 **yo o * * o

C 0 NINNF 4 * O*Y* * *Y **** 0 * ****4**0

C* MATM~L * *0 140*** *E**"

C PRONIN *Yf*'f41Y* O'fY* (**** f*Y* *Y0Y*Y*,i*Y*

C THPINT *1*y * *Y* *y*oo*yyy* .yoyy .i6V

C* TRIANb 6 *Y0 * *10 *V* * 00*Y* 0* *0Y*

999 CALL INPUT
PLUMHE a 0
IF(INTVAL .LQ.o 0) G0 I0 41!5
WRITE (6,403)

415 ALFL a ALEL*NPU
ALFEN ALXR*RPO
CALL $CONO

DO ?,S0 1 1 Ita
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TLI(19J) a 0.0
THI(IJ) a 0.0

250 CONT1I NUE
UO 20 J21,NUE
00 'e0 IalNUE
KI:A(I)
LnId(I)
DM(19J)=TL(KtJ)

20 A (19J)zTR(L.J)
DO e3 I19NUE
DO 43 J=1,NUL

23 TR(19J)=A (ItJ)
Do 21 1a1,NUE
DO 41 J819NL
TLIIIJ)OTL(19J)

21 TRI(ItJ)xTH(I*J)
CALL INVERT (TLI9,NDE,8dqET,1SCAL)
CALL jNvEwr (TRLNUE,8,OETI5CAL)
IF(LNTVAL .E.Q. 0) GO TO 410
WHIrE(69e2) ((rLc19J)t J a It d)t (TH(1,J), j 19~ 8),
1 1 a 1t NUE)
WRITE (69,24)
WRITE(69Z2) ((TLI(19J)o J x 1t 8)' (TRI(19J)t J a 1t 8),
1 I a It NUE)

410 NFF~ a NiPARTS + I
UO d59 1 It jdHM
BACK(1) *10

859 CONTINUE
00 770 18R a It IHRM
ISH a IS$(IHR)
60 TO (1709 770, 1039 77039 7103,F 770s 77039 770)9 ISH

7703 IF(SX(IBR) .67. SI(1W)) GO TO 7710
BACK(IBR) a 1.0s
SI(18R) 8 180.0 - SI(ItiR)
SX(16R) 2 180.0 - SA(IHR)

7710 SX(ISR) 2 SX(IBR)*HPU
SI(1AR) a S1(16k)*RPD

770 CONTINUE
IFH1bS(IdRM) 9EQ. 1) GO TO 855
IBRMAX a 8NM
Go To OS6

855 IIIHMAX a IbHM 1
856 00 1100 %J c 19 NFP

DO 1100 1 2 It a
TRY(19J) a 0.0

1100 CONTINUE
DO 1103 L a Is 1dRmAX
00 1103 I r. 19 li
UM(IL) z 0.0

1103 CONTINUE.
NN 2
NTYPE 3 1
CALL CALCUL
CALL PRINT
W1RIE(6*693) UErEHM(1)
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IF (ITEM eEws o) Go ro 999
WRITE(b,601) PN, GA(1), GAQ)v 68(4)9 (18(b)
FACTOR a 19O/FLOAT(LEVELI)
DO 420 L 1,I NFP
UO 420 1 a It 6
TRY(19L) xUM(1,L)*FACTOR

420 CONTINUE
NN A0
NFAIL x 0
NTYPE a 2
NNNMAX a LL.VL
PNMAX a VN(bgl)
UEMAX1 x GA~i)
DEMAX2 x GA(?)
L)EMAX3 a GB(4)
DEMAX4 a G(8()
(3A(1) = 0.0
GA(IW a 0.0
GH(4) a0.0
618(s) x 0.0
PNINCk a VNMAX/FLOATCNNNMAX)
DEINCI a OEMAX1/FLOAT(NNNMAX)
DEINC2 8 OEMA42/FLOAT(NNNMA.)
DEINC3 a Ot.MAJ(/FLOAT(NNNMAX)
OEINC4 a OEMAX4/FL0AT(NNNMAX)
TEMP a 0.0
D)O 105 L It~ NFP
DO 105 1 j 6
DMbAVE(IL) *0.0

105 CONTINUE
00 400 NNN It~ NNNMAX
TEMP a TEMP *PNINCR
U0 49? L x It IdNm
VN(! tL) a TEMP

397 CONTINUE
GAM1 2 (3A(l) + LLINCI
GA(2) x GA(2) # UIhINC2
68(4) a 018(4) + UEINCJ

68b 6(b() + UEINC4
ITLRCF 0

810 NN =NN 4 1
CALL CALCUL

COMMENT Ct*.CK CONVEROENCE

ITLRCT ITERCT 1
MAXXX NPAktTS i
DO 811 L a 29 MhAXXX
00 811 I a 19 6
IFWRY(IL) .EU, 0.0) 60 10 811
IF(0r4(IL) .EQ. 090) 60 TO 811
IF(ABS(UM(IL) - THY(IL))/DM(ItL)) oG1. CUNVEH) U.U TO ab0

811 CONTINUE
DO 110 L a 19 NFP
00 110 1 a I 6
rRY(IL) X 290*UM(IL) - OMSAvE(IL)
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110 CONIINUL
DO 112 L 2 It NFP~
0O 112 1 x Is 6
UMSAVE(IL) = UM(1,L)

112 CONTINU.
GO in 815

850 IF(ITERCT AQ LIER) G0 TO 8115
DO 100 L a It WPARTS
00 100 1 a 19 6
TRY(IL) x UM(1,L)

100 CONTINUE
oo To 810

8115 NFALL a 1
815 CALL PRINT

wHIIE(69601) PN, GA(1)q (6A(2)9 68(4)9 08(b)
IF(NFAIL .EQo 0) GO TO 3951
wRIIE(6,692) ITLH
(10 10 396

3951 wRITE(69689) ITLNCt
ITERCT a 0

396 WRITE(69690)
Do 42h 1 a Is NN

425 CONTINUE
IF(NFAIL *L.M. 1) GO TO 999
NN 2 0

400 CONTINUE
Go TO 999

403 FORMAT (IHO,22X9 20t9T MATRIX AT LEFT ENU,44X9 21PIT MATRIX AT HD3HI
1 ENU)

22 FOHMAT(1H 9 d08o4q 2X9 8F894)
24 FORMAT(lIHO)
693 FOHMAT(1HO* 5bOETERMINANT OF FLEXI81LITY MATRIX FOR LINEAR ANALYS

IIS WAS E15*8)
601 FORMAT(1IH09 32HLUAUINGS FOR THIS ANALYSIS WL.RE/

s 6H tPN a E1497 /
S YH GIAM1 a E14ol /
s 9H1 6.A(a) a E1407 /
$ 9H1 08j(4) a E1497 /
5 911 6~H(5) a L14ol

692 FOHMAT(IHO, 48MCUNVERGENCt NOT OBTAINED IN It 11 IIH MEATIONS)
689 FOHMAT(IHO, 34HCONVLROENCt OUTAINED ON ITERATION'11)
690 FOHMAT(1H0, 51HOi)EREMINANTS OF FLEXIBILITY MATRIX FUR4 THIS LOAUINU~

S wERE
691 FORMATtIN 10lHITERATION Ile 3X9 Elb.Ig)

ENU
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SUdHoUrINE AUMINT
IMLNSION Y(12)9 YP(72)t ABC(2I)9 E(LO)9 PHNT(d)

COMMON / BLOCKH / N
COMMON / dLOCKJ / UELX, PUELX, ABC, E
COMMON / HLOCKK / P19 PRINq HO, XO EMIN, EMAX
COMMON / HLOCKL / Y9 YP
COMMON / BLOCKO / NN
EQUIVALENCE (PHNr(I)t Y(2))

C N = NOE
C E a EAM
C Y x YAM
C YD z OYAM
C THIS SUBROUTINE IS A MOLIFICATION OF SUBROUTINE AMI(WATTELLE
C MEMORIAL INSTITUTE PH06LEM NO, 64 - 64 UECK NO 4064A), MAJOR
C DIFFERENCES ARE fHAr PARAMETER LIST HAS BEEN REPLACEU dY COMMON
C ANU SUBROUTINE PROGRAM WHICH CALCULATES UEHIVATIVES"MUST NOW BE
C CALLED UIFFEQ,
C SUbROUTINE SU8PHUGRAM FOR THE AUAMS-MUULTUN ANU/UR HUNGE-KUTTA- AMI 3
C UILL INTEGRATION OF A SYSTEM OF SIMULTANEOUS FIRST ORUER AMi 4
C UIFFERENIIAL EQUATIUNS. THE AUAMS-MOULTON METHOU USES RUNUE- AMi b
C rUTTA-GILL AS A srARTEHo
C ADAMS-MUULTON INTEORATION
C WITH AUTOMATIC LOCAL ERROR CONTROLoAMI 11
C VARIABLE STEP SILE.ALL COUNtERS ANUAMI i
C TABLES ARE UPOATtU AT'EACH AMI 13
C INTEURATION STEP. AMI 14
C NN x N + I
C N 8 NUMHtR OF EQUA!IONS IN 1HE SYSTEM AMI 34
C UELX x (TRIAL) STEP SIZE IN THE INDEPENUENT VARIABLE. AMi 3b
C [AMI INIIIALIZES UELX. INTEGRATIUN MUUES e93 ANUAMI 36
C 4 RESULT IN AN INTEGRATION STEP OF THIS SIZE, AMi 3
C AND DO NOT ALTER LELX, INTEGHATION MUUE I MAY AMi ji
C RESULT IN A SMALLER STEP OF THE FORM UELX/2,**IKAMi jV
C INTEGRATION MOUE I MAY ALIEH UtLXt dUT ALWAYS AMi 40
C LEAVES IT PROPERLY SET FOR THE NEXT CALL ( AS AMI 41
C EITHER THE ACTUAL STEP SIZE OR TWICE THIS), rHUSAMi 4
C ONLY IN INTEGRATION MODE 4 NEWU THE USER AUJOST AMI 43
C DELX BETwEEN CALLS. AMi 44
C POELX 2 THE ACTUAL STEP SIZE TAKEN, AN OUTUUr IN ALL FUURAMi 4b
C INTEGRATION MUDES, EQUAL TO DELX tXCEPT POSSIdLYAMI 46
C IN MODE Is AM! 41
C Y a A ONE DIMENSIONAL ARRAY CONSISiING OF 7*(N+I) AMI 48
C ELEMENTS WHICH CONTAINS THE VALUES OF AMi 49
C INUEPENDENT AND UEPENUENT VARIAtLS. THE FIRST AM! hO
C N'l ELEMENTS CONTAIN THE VALUES OF THE PRESENT AMi bI
C INTEGRATION STEP. THE NEXT N.1 ELEMENTS CONTAIN AMi h2
C THE VALUES OF'THE LAST PREVIOUS INTEGRATION StEPAMI b3
C AND SO ON. THE FIRST ELEMENT IN EACH GROUP OF AMA b4
C N 1 ELEMENTS CONTAINS THE VALUE OF"THE AMI b5
C INDEPENDENT VARIABLEINTEGHATION MUUES 194 ANU 3AMI bb
C SLIDE THE FIRST SIX GROUPS DOWN ONE OROUP BEFOREAMI bl
C PERFORMING EACH INTEGRATION SIEP. INTEt6ATION AMi t8
C MOUE 4 )OS NOT ALTER THE ARRAY EXCEPT TO PLACE AMi b9
C THE PRESENT VALUES IN THE FIRST N+1 ELEMENTS. AMI 60
C YP 2 A ONE DIMENSIONAL ARRAY CONSISTiNG OF 7*(N.1) AM! bl
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C ELLAMNTS wHICH CONTAINS [HE VALUE$ UP THE AMI be
C DERIVATIVES OF THE INOEPENOENr AND uEPENUENT AMI 63

C VARIA6LESo [HE STHUCTUHE AND PHOCLSSING UP THIS AMI 64
C AHRAY IS EXACTLY THE SAME AS USCHILU FOR THE YAMI bb

C ARRAY. THL FIHST ELEMENT IN EACH GROUP Of N+l AMI 66
C ELEMENTS CONTAINS THE VALUE OP TH DEHIVAIIVE AMi bf
C OF 1HE IiEPENUEi[ VAHIA8LL9ONLo AMI b$
C DIFFEU z NAME OF A SUBROUTINE SUBPHOGHAM WHICH CALCULATES AMI 69

C THE VALUES OF THE DERIVATIVES. AMI 1O
C ABC x A ONE DIMENSIONAL ARRAY CONSISTING OF N+13 AMi 1l

C ELEMENTS. THE FIRST N+1 ELEMENIS ARE THE HUNGE- AMi ie
C KUTTA-GILL Q VECTOR. THESE ELEMN[S ARE MODIFItDAMi ?3
C EACH TIME AN INTEGRATION STEP IS TAKEN, AM! A

C REGARDLESS OF THE INTEGRAHIUN MOUE. THE LASr AMI (5

C TWELVE ELEMENTS OF THIS AHkAY ARE CONSTANfS AMI (6
C NEEDED BY THE RUNGE-KUrA-OILL IN[EGRATION AMi 0f

C METHOD. THESE CONSTANTS ARE LUADEL INTO ABC 8Y AMA 18
C IAMIo THE CONSTANTS ARE$ AMI ?9
C AbC(N#2)=,5 AMI iO
C ABC(N.3)u,2928932H1814 AM! ul

C ABC(N+4) 7071067$lb AMI Q
C AdC(N~b)8o166666bbo6bb7 AMi 83

C .AbC(Nb)aeo AMA 84

C ABC(N#7)al, AMI db

C AbC(N*O)Ul, AMI d6

C ABC(N,9)82* AMI d?

C AbC(N+10)ao5 AMi 88

C AHC(N*11)*,292893218814 AMi d9

C AbC(N.l2)al.OIOIbfb1Id6 AMi 90

C AbC(N*I3)ab AMI 91

C L A ONE DIMENSIONAL ARRAY CONSISTING OF TEN AMI 9(

C ELEMENTS WHICH CONTAIN VARIOUS COUNTERS AND AMi 9B

C CONTROL VARIABLES. EACH ELEMENT WILL BE AMi 99

C UIbCUSSED SEPARATELY* AMI 100

C (1) z MINIMUM ALLOwABLL LOCAL LHHORo [HIS AMi 101

C VALUE I5 IGNOHEU BY INrtbRATIUN MODES AMI 10e

C 2,3 AND 4o WHEN IN INILURATIUN MODE I AMI 103

C IF FIVE CONSECUTIVE INTLbRATION STEPS AMI i04

C HAVL A MAXIMUM LOCAL ERkOR LESS THAN AMi lOS

C E(d) THAN AN ATIEMPT IS MADE TO DOUBLEAMI 10b

C THE'STEPSIZE ON IHE NEXT CALL OF AM1. AMi 10?

C E() a MAXIMUM ALLOWAHLL LOCAL ERROR. rIS AMi 10

C VALUE IS IGNORED HY INTLbRATIUN MODES AMi 109

C 2.3 AND 4. WHEN 1IN 1TEUHAJION MODE I AMi 110

C IF THE MAXIMUM LOCAL EHHUH ON ANY ONE AMI III

C INTEGRATION STEP EXCEEDS E(2) [HEN AN AMI 112

C ATTEMPT IS MADE TO HALVL THE STEP SIlZAMA 113

C AND INITIATE A HESTART. AMA 114

C L(3) x MINIMUM ALLOWABLt STEP SILL* THIS VALUEAM l15

C IS IGNORED 8Y INTEGRATIUN MODES 293 AMA jib

C AND 4, IN INTEGRAIUN MUUL I NO STEP AMI It?

C SIZE SMALLER THAN E3) WILL B USED. AMi liB

C E(4) a MAXIMUM ALLOWABLE STEP SIZE. THIS VALUEAMi 119

C IS IGNOREO BY INTEGRAlION MUUES 293 AMi Ie0

C AND 4. IN INTEbRATION MOUE I NO STEP AMi lel

C SIZE LARGER THAN E(4) WILL BE USEU. AM! Ice
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C t(b) x DOUBLE STEP S ILE CUUiNIE.H IN AMI 143
C INTEGRATION MOUtS 293 L(b) ALWAYS AMI 194

C EQUALS ZEHO. IN INTtGRAIION MOU 4 AMi 1 5

C E(5) REMAINS UNCHANGUE. IN INTL.RAtIONAMI 146

C MOU9 I E(5) COUNTS THE NUMBER Ui AMI Idl

C SUCCESSIVE ADAMS-MOULrON STEPS IN AMi Ig8

C WHICH THE MAXIMUM LOCAL tRKOR IS LESS AMI 149
C THAN E(1)s WHEN E(5) BECUMES FIVE AMi 001
C DOUBLING THE STEP SIZE 15 ATTEMPrEU. AMi 141

C E(S) IS RESET TO ZERO EACH TIME A STEPAMI 13e

C IS TAKEN IN WHICH THt MAAIMUM LOCAL' AMi 133

C ERROR IS GREATER THAN OH EQUAL O E(I)AMi IjA
C L(b) x PAST HISTORY COUNTER. ININTELRATION AMi 145

C MOUES 192 AND 3 E(6) INUICATES THE AMi [36

C NUM6ER OF GROUPS OF N+I VALUES AMi i4

C AVAILABLE IN THE Y AND YP ARRAYS. THE AMI IJ8

C VALUE OF E(b) Ib ALWAYS UNE TO SEVEN Alli 149

C INCLUSIVE. IN INTEGRATIUN MUOE 4 E(b) AMI 140

C REMAINS UNCHANgeD, AMi 14l

C EM?) H RUNGE-KUTTA-GILL LAST POINT INDICATOR. AMI 14,

C IN INTE.RATIUN MODE 3 El) IS ALWAYS AMi 143

C EOUAL TO ZERO* IN INTEGHATION 4 E l) AMI 144

C REMAINS UNCHANGED. IN INEGRATION AMi 14b

C MODES 1 AND 2 I THE STEP JUST TAKEN AMI 146

C WAS A kUNGE-KUTfA-6ILL SEEP THEN AMi 14r

C EM7) a 1.9OTHERWISE El?) 0. AMi 148
C E() * BASE POINT COUNTIR. IN INIEbRATION AMi 144

C MOUES 192 AND 3 A BASE POINT 1 AMI 1i0

C ESTABLISHED EACH TIME Tkt INDEPENDENT AMi 151

C VARIABLE IS ADVANCED'AN INTEGHAL AM! TSe

C NUMBER OF E(4) N4OM THE INITIAL AMi jb3

C STARTING POINT. At EACH BASE POINT IHEAMi 1b4

C INDEPENUENT VARIABLt IS HECALCULATEU AM! 1 b

C AS E(8)*E(4)+E(IO) THUS REUUCING THE AM! 1!6

C ACCUMULATED ROUNUOFP ERRUR IN AMI IS7

C INTEGRATION MODE 4 I8) REMAINS AMI 158

C UNCHANGED AMi I59

C L(9) STEP'COUNTkR TO THE NEXT BASE POINT. INAMI 160

C INTEGRATION MODES 192 ANU 3 E(9) AMi 161

C INDICATES THE NUMBER Ot UDLX STEPS AMi 162

C REQUIRED TO REACH THE NEAXT BASE POINT.AMI 163

C E(9) HAS ONLY INTEGHAL VALUES. IN AMi 164

C INTEGRATION MODE 4 l9) REMAINS AM! 165

C UNCHANGEO AMi 16

C LlO) = INITIAL VALUE OF THE INDEPENDENT AMi i0

C VARIABLE AS ESTAdLISHEU. IN IAMIs AMi 108

C THE SUBROUTINE IAMI MUST Hh CALLED PRIOR TO ThE IRSI CALL TO AMioAMI 069

C TAMI INITIALIZES THE ARRAYS YP9A8C AND E AS wELL AS"THE VARIABLLSAMI 1T0

C DtLXPOELA AN Y()o PRIOk 10 THE CALL TW IAMI IHL USER MUST AMA 1h

C PLACE THE INI(IAL VALUES OF rHtAMI i2

C DEPENDENT VARIABLES INTO Y(2) THHOUbH Y(N*I), THE UbSH MUST ALSO A4i 1f13

C PROVIDE A SUbROUTINE SUHPRUGRAM tOR THE EVALUAIIUN OF THE AMI 114

C DLHIVATIVES. THIS SUBPROGRAM IS CALLED BY HUTH AMI AND IAMI USINUAMI Ib

C THE STATEMENT CALL UIR(YtYP) WHERE DIRTY AND YP ARELAS UEFINEU AM! 1?6

C ABUVto ThE SUbPHOGRAM ObTAINS THE VALUE OF IH INDEPENDENT AMI 1IN

C VAHIABLE PROM Y(l) AND THE VALUES OF tHE DLPtNUENT VARIABLE FROM AHi 1It
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C Y(d) IHHOUW61 Ytiq.I)o THlE SLJBPHOGHAM mUSr PLACE ii*. VALUES OF THE AM! IN
C DER4IVATIVES OF THE ULPENDLNT VARIAULES INTO YP(9) (IHOUGH YP(N+l)AMI 160
C o*CAUTION *** IF f~t USLH OESIRES 10 CHA*JE INIE&HArION MOL)E AM! Jai1
C (EXCEPTION INTMOD x 4),SYSTLM o *EQWAfIUNS OH 5TLPAMi 189
C bIle. HE SHOULIO RESTART THIE INTEGRHATION WITH A CALLAMI 183
C TO IAMI, AM! 184
c THE QUANTIFY R&FEHEU 10 AbOVE AS MAXIMUM LOCAL HOHCOMPUTEU A~4U AM! 18
C USED IN MOUE 1 TO CONTROL HALVING ANU uOUuLING OF rHE INTEORATIONAMI 186
C STEP SIZE91S ULPINEUi AS THE MAXIMUM OVER 13lZ,...,-N OF AML 18?

C AM! 109

C AMI 190O
C wtIERE PCI)s C(l) AMi 141
C rLNOTEoHESPLCTIVELYgTHE AUAMS-MOULTON PREOICTEJ ANU CORRECTEU AM! 1992
C VALUES OF IE ULPENUENT VARIABLE Y(I*1)o THIS ERROR IS THUS A AMi 143
C WEIGHTEIJ MAXIMUM OVER ALL UEPENOENT VARIABLES OP IT'l DISCREPANCY AMA 194
C bL.IWEhN I'RLDICIL) ANt) CoRkLCrEL VALUES OF LACH iARIA4Lt. FUR AM! 19b
C EACH VARIABLE THIS DISCREPANCY IS HLCKONEU AS IHE 5MA.LLE OP THE AM! 196
C A6SOLUTE ANL) ThE RELATIVE DIFFERENCES BLIWEt.N P"EUICILU A14UO AM! 191
C CORRECTED VALULS. THUS THE A8SOLUTL IDIFFERLNCE CONIRULS WHEN AM! 148
C ABSF(C(I)) IS LESS THAN ONE*OTHERWISETH E LATIVE UlfPERENCE AM! 194
C DOES. IHIS PROVIUES A PARTLY RELATIVE ERROR CONTROLqwHiLh AM! 200
C AVU1INki THE UlPIICULY A PURELY RELATIVE CONTROL MIGHT AM! 401
C EXPERIENCL IN THE VICINITY-OF A ZERO OF A ULPENULNI VARIABLL. AMi 402

PDLLX=UELX AM! 204
IF (E(9))4192941 AM! 206

C THIS 1S A bASEPOINT - RECALCULATE E(9) AMI 201'
2 ITOE(4)/UELX..5 AMI 208

E(9)xllAM! 209
47 IF (E(b)-4.)469494 AMI 211
C ENOUGH PAST HISTORY IS AVAILABLE AM! 2i2

4 TEMPUI)ELX/24o AM! 21
ICUNul AM! 214

C SLIL)E THE Y AND YP VECTORS L)OvN ONE RLOCK EACH AM! 216
5 IlIx~E(6) AM! gib
IF (1111-7)'796*7 AMI 211

6 ITIIXuIIII-1 AM! 218
7 III1*IIII*NN AM! 219

00 8 IS1VIII1 AMi JaO

118111+NN AM! e Z
Y(1I)SY(1II) AM! 2U3

8 YP(Il)*YP(IlI) AM! 244
GO TO ( 993!).ICUN AM! 2e

C CALCULATE PREDICATEU Y AM! e2b
9 tKuNN+2 AM! 221

L=NN*NN AM! 228
00 10) IuI~L AM! 224
KtQKU I-NN AM! 230
1I*INN AM! e41
IIlzIl+NN AM! 2J2
IIIImIlI4NN AMi 244

10 Y(tKKKK)uY(I ) TEMP*(bb.*YP( I)-59*vP(I I) 3(.*YP(IlI)-9.*YP( 1111)) AMi 2J
Y(1)uY(NN*1)#ULLX AM! e4b

C CALCULATE PHEI)ICAILO YP AMi 246
CALL 0IFFE(Q
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DO) 11 I1,NN AM! 48
11 ABC(1)zY(I) AMI Z39

C CALCULATE LUHRECILO Y AM! 240
D0 12 1249NN AMi 241
II=I+NN AM! 244
111 11*NN AM! 244
1I1IZII,+NN AMi 244

12 Y(I)xY(II)+TLMP*(9.*YP(I),19*YPUI)ab.*Yp(!IflYpi!111n) AMI 246
C CALCULATE COkRCTEU YP AM! 246

CALL OIFFEW~
C AUTOMATIC ERROR CHECK1146i AM! 24Y
C 0ErERm4INE MAXIMUM LOCAL ERROR AM! 260

TEMP0O. AM! 2bl
00 16 1s2,NN AM! 2b4
IF MYI)15,14,1b AMI 2b4

14 TEMPlale AM! 2b4
GO TO 16 AMI 2b5

15 TEMPI=AtIC(1)/Y(I) AM! ebb
16 TEMP a MAXiF(TEMF, MIN1F(AESS(ABC(I) -Y(1))9 A85(TMI 1.0)))

IF (TEMP-E(1))17,38,24 AMI 2b9
C THE ERROR 1S LESS THAN iHE MINIMUM ALLOWA4LL ERROR AM! ZbO

17 IF (EcS)-4*)1b9,1p9 AMI 2bl
C Not ENOU6t4 SMALL ERWORS TO UOUBLE AM! 262

18 E(b)xE(5)+1. AM! 2b63
ICONx2 AM! 464
Go TO 38 AM! 2b

C ENOUGH SMALL ERRORS TO OOUBLE AM! 266
19 Ils(E(9)-1.)/2* AMi 267

TEmRUI 1 AMI 268
IF (TEMP*2*+1.-E(9))18,2091S AM! 269

C WE ARE PROPk.RLY POSITIONED TO UOUB3LE AM! 210
20 TEMP1.2e.DELX AM! 2h1

IF (E(4)-TEMPl)3dv21, 21 AMi 272
C STEP SIZE CAN HE DOUbLED AM! 2?3

21 E(9)NTLt4P.1. AM! 04
OEL~wtEmPI AM! RN
E (6) 3 AM! 216
DO 13 I=lNN AMI Of
IIx!.NN AM! eii
IIIBII*NN AM! 2?'4
Do e2 1111=1,3 AM! 480
Y (II)u'i'(III) AM! 2il
YP(11:xyp(I1I) AM! 2d
I 121 INN AM! 2i3

22 I11u1II.NN*NN AM! 2d4
23 CONTINUE AMI 28b

6O to 38 A 286
C ERRUR IS OA Ar' LOWLR 8OUNU CHECK UPPER hUUNU AMI 287

24 IF (TEMPinE(2))J89383,2h AM! d48
C ERROR IS GRLAiEH THAN THE MAXIMUM ALLOwAHLE ERHR AM! 2d9

25 TEMPso$*UELX AM! 240
IF (TEMP-E(3))38926,26 AM! 291

C St.I SIZE CAN 8E HALVEU AM! 294
26 OLLAUttrP AM! 293

PULLXaUELX AMi 294
IF (E(7))31931,21 AMi 29b
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C LAbT POINT 1S A *4KG PO0INT-G0 H3ALA TO) INITIAL CONLIIIUNS AMI 29b
27 1)0 28 1,1NN AMI 291

IIz1*NN AMi 248'
11I1=II3*NN AM!1 e99
Y(1I)zY(III) AMI 0UG

28 YP(1I):YP(1II) A141 301
E. (9) =E (9) +3e AM41 302
llz*S*E(4)/EL(..5 AMI 303
TEmI"1 I AM! 304

29 IF (E(9)-TEmP)3I,31,30 AMi .30b
30 E(9)=E(9)-FLMP AMI 306

E (c) at(d) 1 eAM i 30f
60 TO 29 AM! 308

C COMPLETELY RESET ANU EXECUTL RKG STEP AMAi 309
31 DO 32 I=1,NN AMi 310

11=1+NN AMi 311
Y (1)=Y (II) AM! 3ie

32 YP(I)=YP(II) AMi 3i3
E(9)=29*E(9) AM!A 4

E(6)=IoAMi .315
33 DO 34 1=1914N AM! .316
34 ABC(I)0.o AMA 3ir
35 1I:NN+3 AMA 319

DO 37 IIIZNN,1L AMiA 39
Do 36 I1,NN AMi 3d0
TEMP=A8C(11I.1)O(YP()-AC(11Ib)*At§C(I)) AMi 321
Y(1)=Y(I)+L*LTLmP AMi 322Z

36 ABC(I)=AdC(I) .4.1EmP-At3C(111.9)*YP(1) AMA 3".
CALL UI FEJ

31 CONTINUt AMI .325
G0 10 39 AM! .326

C LAbl POINT NUT HKG AM! .32f
38 E(1)0fl AM!1 328

60 TO (40941),ICUN AM! 329
39 W()1.l AMi 330
40 E(b)=a. AMi 331
41 IF (EWb)1.)42'.3,43 AMi 332
4.2 E(6)=E(6)*1. AMi .3.3
43 E(9)=E(9)-1. AMi 334

IF (E(9))45944945~ AM! 336
44 Y (1) =-(10) *(i)-,L (4) AMA 3.36

L (s) E () * *AMA 3.3f
45 RETURN AMi 338

C NOT ENOUGH PAST HISTORY OR INTEGRATION MOUE 3 AMi 3j9
46 ICUNz2 AM! 340

Go TO 5 AMi 341
ENI) AMA 342
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SUbI4OUT INE t 4L

COMMON / 8LOCKH / N
COMMON / dLUCKJ / IJELA. PULLA9 ABC, E
COMMON / 6LUCKK / Pit PI4IN9 Ht X0 EMIN, LMAX
COMMON / 8LOCKL / Y9 VP
COMMON / dLOCKO / NN
EQUIVALENCt (P'4NT(j)q Y(2))

C N =NUL
C E =EAM
C, Y YAM
C VP = YAM
C SUbHOUTINE SU5PI4U5RAF FOR INITIALIZING ADMINT
C a*HE N =SEE ADmINT
C DLL = S~t AOe4INT
C PLUELX =Stt AUMINT
C Y = SLF ADMINT
C VP = SLL AUMINT
C DIR = SEE AUi4INT
C AbC = SEL AIJmLNT
C E = SEE ADMINT
C P1I = INITIAL STEP SIZE IS r1Q*2.**(-PI) IAM41 16
C PMIN = MINIMUM ALLOWABLE STLP SIZE I 1~.*-Mrl IAMI16
C ALSO SL E(3) OF AUMINI
C liD = AAXIMIJM ALLOUAtLL STEP SIZE* ALSO StlE E44) 01 IAMI 18
C AIJMINr
C XD = INITIAL VALUE OF TriE INOLPENUENT VARIAbL~e ALSOIAHIi ZO
C SEE E(10) OF ADMINT
C EMIN = MINIMUM ALLOiAbLE LOCAL LNROH. ALSO SEE LCD) OFIA14i 22
C ALIMINI
C EMAX ;-MARIkUM ALLOWABLE LOCAL EM.ROHo ALSO SEE E(2) OFlAMI 24
C AOMPINT
CADMN'd INITIALIZES THLl ARRAYS YP9A8C AN.) E AS WLLL AS THE VARIABLES
C utLKPuELX ANU Y(1)9 PRIOR To THE CALL TO AUi4RES
C PLACE THE INITIAL VALUES OF IhEIAMI 20
C DLPENI)ENT VARIAbILES Iil.o Y(2) THROUbH Y(N+I)e A141 V

Y(I)=XOlAMk 30
yptl I=1. IAMIi .3
CALL l)IFEW
NN=N. 1 AMI .33
00 1 I=I4 LAIA14

1 AHC(I)=O. IAMI i
AHC ("N4 I)= I. AMk 3
ABC (NN+i?)9229jb4 I AMI .31

AKC. NN.'.) . bbtb6bb6bb~h? IAMI 4'9
AHi.C(NN.~i)22 -J AM 40
AHLt(NN~b)1.e lAMI 41
A8C. NN.?)=Io * AMk 42
AB..(NN+8)=e* lAMI 43
ARC CNN+9'e) I. AMk 44
At3L(NN41O) :.2'4893218814 lAMI 4b
AC0NN+11)=,07&'0bl.6 lAMI 46
AHC CNN. I2) :5 lAMk 4r

( I E MI N LAMI 48
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E (,e) Lt4AX IAMI 49
E(4)=HO LAMk 50

L(SSOOJAIA~ 61
E(61. AMk !3

IAMI 53
E(81. AMI b4

E(V)=. 1AMI bb
E(1O)=Xu LAI 6
POLLX=Oo LAMk b1
TLNP=HO LAMk b8
IF (PI)494,2 LAMI b4

2 j=P1..4 IAMk 60
DO 3 1=19i LAMI 61

3 TEAP=TEMP/2* LAMI Q~
4 Dt.LA=rEMP lAMk 63

JPNLEIN-P1.., LAMk 64
IF (J)79rl,6 LAM! 65

5 Do I=O LAMI 66
6 lENI'=ftMP/eo LAMk b1
7 E(.J)=TEMP LAMI 68

WE [URN LAMI 6'V
ENU lAMk 10
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SUd"OUTINE IBCONO

COMMON / BLOCKD / IL9 IR, TI9 TRJ, ALFL9 ALVH
COMMON / qLUGf H / NOEk
DO 2 1 a It a
00 Z J z It a
TL (19J00

DO 3 1 2 59 NOE
TI (191)2190

3 TR (1,1)81*0
SIL=SIN (ALFL)
COLzCOS (ALFL)
SIH=SIN (ALFH)
CORMCOS (ALFR)
1191)z COL
TR(1,1)= COR

TR(193)=-SIR
TL(292)3 COL
TR(292)= COR
TI (294) =-SIL
TA (2,4) =-S IR
TL(i.1l)= 511
TR(3,1)a SIR
TL(393)a COL
TR(3,3)v COR
TL(4,2)x SIL
TR(492)z SIR
T114,4)2 CUL
TRC4,4)x COR

5 RETURN
ENO
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SUBROUTINE CALCUL
DIMLNSIoN IA18) 9 S1460) 9IPAH460)

*183(a) v SX(60) 9 INT(6O)
* (A(1 9 PHNT(S) 9 ISS(bO)9

68G(a) 9 ERI4(8) , PSR(60)
*Y(*i) 9 OM(8,61) q Lvr4(6O)
*DY(i5) 9 rL(8,8) , (99
* 11(boa) 9 TLI(898) , JOf*'LT(1Q)
* 114(b,8) 9 TRY(8961) , 1142(8i)
*SOUT(275) 9 0(8.9960) q 0(592751
*SLOPE(5,275) * TRI(898) I E(996O)

oIMENSION V3(13) 9 VN0l,60) 9 YAM112)
*DYAr4(72) 9 ABC(21) 9 EAM~iO)I
*BACK(60) 9 YSAVE(8) 9 DETtMtl0)
*ipLoTmo) 9 XPLOT(350) 9 YPLOT(3i0vIO)9
*STROUT(350) 9 SIGNP.1(350) 9 SIGMIPN(JbO)
*SItiPIT(350) 9 SIGPM&(35Ci) , SIGN[Htjbo)
*S1(rnTh(350) 9 SIGTHT(3b0) * SIG~THB(ibU)
*TAUPHI(3S0) s vARTIK(60) , PtJINIM6)

COMMON / BLOCKA / NU, P1, ALO, NTYf'E, INDE~v 1WHO PNO NPOINt9l
1 ISH, T, ri. T2, IITT, INIC

COMMON / IHLOCK3 / Ht 19 k29 R43, SXN, CXS
COMMON / 13LOCKC / DM9 GA, 689 NF9 NFP, NPL, Nh, N, lAY
COMMON / BLOCK) / TL9 TR, TL19 IRI, ALFL, ALF14
COMMON / SLOCKF / NFF, SMXX9 SZILRO9 6O, ERP, ISS9 Et

* MAX, INWPHN, INTVALt NPP
COMMON / BLOCKG / NPARTS, PHIl, V39 KIND, NT9 MT9 SI*IINT9 Vf4, E.YM.

I BACgK9 NHAGA
COMMON / BLOCKH / NOEL
COMM4ON / o3LOCKJ / DELA, POELX, AHC, EAM
COMMON / SLOCKK / PIN, PMIN, H0, X09 EMIN, EMAX
COMMON / LOCKL / YAM, OYAM
COMMON / LOCKM / YSAVE
COMMON / ILOCKN / OE.TLRM
COMMON I 1LOCKP / PLOiq PLTIME, SPLOT, PLOTP1, IFLO19 YMOU9 KST,

1 HIAMMA, DtAD, NFh
COMMON / LOCKO / fIML, VARIIK, NVAHTK
COMMON IBLOCKS / JOtiPL19 ALXL, ALAN, IA, 189. NOPUNC, JNPUN9

* CUNVER, Slo SX, INT. IPAR9 PSI4, I~tR9 NIHY,
* NLRHOR, 113AM, TRYINg IBRMAA

COMMON SLOPE, Ps SOUT, 09 A
COMMON /PLXYlC / IEA(8), OIJM(4
EQUIVALENC. (Y(I). PONT(l))t (Y(1)q YAM(2))v (UY(1, UYAM(2))o

1(5, YAM(1))q (VAR1IK(1), POINT)
EQUIVALENCE (SLOPL(I) 9 YPLOT(l) )t

o(U~(476) 9 XPLOt(l) )o
*(U(826) 9 STROIJT(1) )t
* 0(1116) * bIGNPH(l) )t
*(0(15ibE) 9 SIGMPH(1) )q
*(0(18F6) 9 SIGPIIT(1) )s
*(U(22eb) 9 SI(3PHI3(1) )q
*(0(251t,) 9 SISNTH(1) )o
*(U(292h) 9 SIGMTH(l) )o
*(01321b) 9 SIGTHT(1) )t
*(L)(3626) 9 bIGTHB(l) )q
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* (U(3916) f AUPMI(1))
INT(EER 60, rRYIN, PASS, SPACE, ADMSCT, FINIS, VLOT,
I PLOTI'T, PL[UME, TIME, VAR1II(, POINT

UATA(RPO 09114b329452E-01)
REAL NIJ, NT, MT, NdACK9 NFM
NF z 0
00 10 1 It1 8
00 10 L It1 8
TRI(19L) =0.0

T'2(IL) 20.0

10 CONTINUE
DO 11 1 5, o
TRI(II) = 1.0
TR2(II) lo

11 CONTINUE
00 4340 11W 19 ItBRMAX
NBACK = tACIK(1t~k)
NVARTK POINT(ION)
1511= ISS(18R)
YMOU = EYI'(IBR)
NU =PSW(18H)
PI z (1.0 - NU*KU)/YMO)
INUEX = 1
CALL GOMIIRY
TT = H*H/12o0
TI = P1/M
T2 =Ti/T
HIT = m*TT
NFF = PAR(IoN)
NPP = INT(Iak)
SMXX = (SX((I8R) - SI(IBR))/FLOAT(NFF)
SZEtR0 = Sl(IbR)

C GO 1S SET T0 1 IN INTEG IF THE UIMENSION(275) OF SOUl IS EXCEEDED.
C CALCULATIONS ARE STOPPED*

60 =
CALL INTEG
IF(GO 9EQ9 1) GO TO 205
IF(I8R .EQ. 18NAX) GO T0 501
S=SX (11W)
IStI a ISS(113R)
NBACK = bACIK(II8)
INLE a 3
CALL GOMTRY
TRI(191) =CXS

TRI(292)8 CXS
TRI(2,4)x -SAN
TR1(3,1)x SAN
TRI(3,3)m CAS
TRI(492)a SAN
tRI(494)2 CAS
IF(IN'TVAL .E(o 0) GO TO 716
wRIrE(69678)
wIwIIE(6,676) (UYRI(19J)g J It H)t 1 19 NDE)
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178 113I4SAV = IUR
!BN =i 18+I
S =SICIbR)
1511 = ISS(18R)
NBACK = OACK(ILIH)
INL)EX = 3
CALL GOMTRY
ISH c IBRSAV

TI4Z(1,3)z SXN
TRZ(292)a CAS
TRZ~(2,4)= SXN

TRZ(393)z CXS
TR2(492)3 -SXN
rRZ(494)z CXS
IF(INTVAL .EQ. 0) GO TO 7-19
WRITE (6,619)
wRIrE(b66b) (11H2(IJ), J a It 8), I a1i 8)

C FORM PKOQUCT OF IR2 AND fRI
C PUT RESULT IN YRI*

779 CALL rATML(TR2(1,1)o 89 89 It It NDE, NL)E,
* TH1(191), bo do 1, 19 NUt.,
* TH1(ItI)q d, do it 19 A)

IF(INTVAL *EQ* 0) (Go TO 7uS0
wRI hi(6,680)
wHITE(6,616) ((TRICIJ), J 9 It 8)s 1 = I NUE)

C FORM PROUUCT OF (TR2*rR1) AND D(ItJtNf)* O(IJNP) CONTAINS THE
C COMPLEMENTARY ANt) PARTICULAR SOLNS FOR THE LAST PAOT OF THE BAANCH
C PUT RESULT IN U(IjNf)

780 CALL MATML(fN1(IgI), do 89 It 1t NDE, NDE9
a D(lovM), 8* 9s 1, 1, NPL9
* U(1,1,NF)g 8, 9, 1v 1, A)

4340 CONTINUE
501 IFiISS(1BRM) .Gre 1) 60 TO bO28

15I1x I

ISH a I8M

YMOU EYM(IBR)
NU x PSR(IBR)
IF(NTYPE 9NE* 1) GO0 TO 518
XLU. x 0.0
60 TO 519

516 XLV 1.0s
519 CALL GOmTRY

C ?400IFY COMPLEMENTARY SOLNS FOR THE FIRST PART O r~t FiHS1 BHANCHe
c STORE RESULT IN D(19IJ)
5028 CALL MAIML(O(I9191), 9 99 It.I NUE, NUE9

a U(19191)9 tit 9, It It A)
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C IF THERE IS A CWOIN, NO MODIFICATION Of COMPLEMLNIAKY ANU
C PARTICULAR SOLUTIONS IS NLCLSSARY SINCE THERt IS CNiINUItY AND
C ELLMENTS HAVE 8ELN CORRECTLY POSITIONED*

IF{ISS(IORM) .Ego 1) GO To 106

C MOUIFY COMPLEMENTARY AND PARTICULAR SOLNS FOR THE LAST PART OF [HE
C LAST 8RANCHo
C STORE RESULTS IN D(IoJtNF)

CALL MATML(IR(191)9 8 6, It 19 NDE9 NOE#
" U(t19NF)v 8. 99 1, It NFL*
* O(tIqlNF)9 8, 99 t 19 A)

C MOUIFY THY(IJ) 1OR LINEAR COMBINATIONS A' ARRANGE LLLMENrS
C SO THAT UPPER ThHEE ARE THOSE PRESCRIEU ON BOUNDARY.
C STORE RESULT IN TRY(I91)

706 CALL MATML(TL(1,1), do do It It NOD9 NOE9
* TRY(Itl)j 8, It It It It

* TRY(Iol)o 8, It It It Ai
IF(ISS(IBRM) .1. 1) GO TO 4675
O0 4676 1 = It d
TRY(IoNPARTS) OoO

4676 CONTINUE
4675 IF(INTVAL oEQo 0) 60 TO 4680

WHITE(6,610) NN
wRITE(6,6?i) ((TWY(IJ), I = 19 8)t J = 1 NTRY)

4680 NF x NPARTS
CALL TRIANG
IF(ISS(IdRM) oGTo 1) GO TO 4685
O0 4690 1 It 6
TRY(INFP) = UM(IoNFP)

4690 CONIINUE

C MOOIFY DM(I,1) FOR LINEAR COMBINATIONS AND ARRANGE LLEMLNTS INTO
C CORRECT POSITIONS.
C STORE RESULT IN DM(I91)

4685 CALL MATML(TLI(11), 8, 89 It It NDE9 NOE,
* OM(IqI)q So Is It It It

* OM(191), So t It 19 A)
C MODIFY DM(INFP)*FOH LINEAR COMBINATIONS AND ARRANGL ELEMENTS INTO
C C04RECT POSITIONS.
C STORE RESULTS IN OM(INFP)

CALL MATML(TRI(Iti)t 8t 8, 1 1 NOE, NDEt
* OM(19NFP)o 8. It It 19 I
* )UM(I1NFP), 8, I, It It A)
WRITE(6,24 )
IF(INTVAL *EQ* 0) RETURN
WRIrE(6o671) ((UM(Jg1)t J x It 8)9 1 = I NFP)
RETURN

205 wRITE(6,661)
CALL EXIT

618 FORMAT(IHlt 8HTWI(IJ))
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6r6 FORMtAT(1H09 dEl6sl)
679 FORMATCIHO, / IH 10, 8HWR2IJ))
680 FOHMAT(110, / IH 10, i2HPROUUC1 OF TH2 ANO FRI)
670 FORMAT(IH1, 31HfHIS IS TRY(ItJ) FOR IfERATION let /9 IHO)
671 FOI4MAT(1H 9 8E169r)
24 FOHMAT(IHO)

661 FO~RMAT(1H0, 26HO1'4tNSON OF sour EXCEEDEO)
ENO
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SUt*ROUTINE UIFFEU
DIMENSION y(d) 9 We)8 q pstal

*SOUr(2p5) 9 SLOPE(59275) , YAM(72)
*DYAM(f ) 9 PRNT(8) 9 31PLU O~)
*YPLOT(Sb0,10)t STHOUT(350) 9 SIGNPH(3b0)
*SIGI4PH(350) 9 SIGPHT(350) , SIGPAB(3b0)
*SIONTH(350) 9 SIGMTH(350) 9 SIGIHT(3b0i
*SIUIW(2350) 9 TAUPHI(350i 9 0(8.9,60).
*IPLOTIIO) 9 A(699)

COMMON / BLOCKA / NU9 P19 ALO, NTYPE9 INDEX, ION, PNv NPOIt4T9
1 ISH, TT9 T19 T29 tITT9 INTC

COMMON / BLOCK8 / H9 Hi, R2, R39 SXN, CXS
COMMON / HLOCKH / NUE
COMMON / BLOCKL / YAM, UYAM
COMMON / BLOCKP / PLOft PLUIME, SPLOT, PLOTPT, IPLOT, YMOU9 KST9

1 HGAMMA, OLAU, NFH
COMMON SLOPE, P9 SOUT, 0, A
EQUIVALENCE (Y(I)t YAM(2))o (bY(1)t tOYAM(2))t (St YAM~l)),

*(PRNT(I)v YAM(2))
EQUIVALENCE (SLUPE~i) 9 YPLOT(1) )o

*(0(476) , XPLOt(l) )t
(U(826) 9 STROUT~l) )o

*(t01116) 9 SiGNPH(l) )t
*(O(15eb) 9 SIGMPH(1) )t
*(008B76) , SIGPHT(l) )t
*(0(2226) 9 SIGPHB(I) )o
*(0(2576) 9 SIGNTH(l) )9
*(1)(29M6 9 SIGMIHMl )t
*(002~76) 9 SIGTIIT(l) )v
*(003626) 9 SIGTHS(l) )o
*(0(0976) 9 1AUPHI(I)

REAL NUt KT9 Nit MT, NR?9 NFH, MTP

C ET x EPSILON THETA
C KT 2 KAPPA THETA
C NT =N SUB THETA
C MT a M SU8 THETA
C NU x POISSON*S RATIO
C PI a (1.0 - NU*NU)/YMOU
C TT 4H*H/l~e0
C T1 2P/H
C T2 TIMT
C HTF a H*TT
C NFH a FOURIER HARMONIC
C NR2 NFH*R2
C MTV a M THETA PHI
C PN a NORMAL SURFACE LOADING
C Pl a LONGITUDINAL SURFACE LOADING
C PC a CIHCUMFLRENTIAL SURFACE LOADING
C HT BETA THETA
C NTYPE a 1 LINEAR
C NTYPE a 2 NONLINEAR
C NTYPE a 3 AUXILIARY EQUATIONS FOR NONLINLAR ANALYSIS.

INIC =INTC + I
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CALL GOMTRY
R2COSS ziR2*CXS
R25INS = RZ*SXN
IF(fdDE .EQ. 8) G0 TO 65
ET a RdCOSS*Y(4) + R2SINS*Y(I)
KT ZR2COSS*Y(5)
NT NU*Y(4) + * IET*YMO
MT 2 NU*Y(6) + HTT*KT*YMOD
OYMI 2 1*Y(3) -Y(5)

DY(5) x T2*Y(6) -NU*KT
OY(6) x kCOSS*(MT - Y(6)) + Y(2)
GO TO (109 20Op 30)9 NTYPE

C THIS SECTION COMP'LETES LINEAR EQUATIONS*

10 DY(6) z 2SINS*Nf - H2COSS*Y(2) # R1*Y(4)
1 (PN + (H iAMMA # UI:AL)*CJS)*XLO
)Y (3) =Tl*Y(4) - R10Y(1) NU*ET
DY(4) = H2COSS*(NT - Y() R14Y(2) # (HGAMMA *UEAU)*SXN*ALD
Go To 59

C THIS SECTION COMPLETES NONLINEAR EQUATI~iNS9

20 DY(3) a 110 Y(4) -R1'Y(1) - NU*ET -0*5*Y(5)*Y(b)
UYW~ a NT*(HZSINS HM~CSS*Y( ))

* Y(4)*(DY(h) *(loo *Y(04*Y(5))*R1)
* Y(WION2CtSS *Rj*Y(5)) - PN - (HGAMMA # OEAU)*CXS

DY(4) c 2COSS0 (NT - Y(4)) + R1*(Y(5)*Y(4) w Y(2))*
* (HbAMMA 4 UEAU)*SXN

(iO TO 59

C THIS SECTION COMPLETES AUXILIARY EQUATIONS FOR NONLINEAR ANALYSIS*

C PARI a Q PHI
C PAR = N PHI
C PAR3 x 8ETA PHI
C PAH'O x HETA PHI COMMA S
C PAH5 a N THETA

30 1 a NPOINT
IF(SOUT(I) - S) 3Ji, 389 3Z

32 IL 81
lU NPOINT

33 IF(IU - IL - 1) 3jP, 319 34
34 1 2 (IL + IU)/2

IF(S - SOUr(I)) 4ho 38, 36
35 1u 21

5o TO 33
36 ILI

GO TO 33
371 Ia W
38 UO 4J I 15

SUM 2 SLJ.PL(JtI - 1)*S P(J.I 1)
GO 10 (419 4i~i 439 44' 45)9 J

41 PARI xSUM
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60 TO 49
42 PAH2 SUM

00 TO 49
43 PAH3 = SUM

60 TO 49
44 PAR4 a SUM

Go 10 49
45 PA~b a SUM

60 O 5 b
49 CONTINUE
55 DY(3) z T1*Y(4) NU*ET - fI*Y(i) -PARU*Y(ba)

DY(2) vNT*(H2SINS + H2COSS*PAR3) + KT*PAR5 - R1*Y0))*PAHl
* Y(4)*(fl*(1.O + PAR3*PAH3) + PA144)+
* PAH2*(2oQ*R1*PAR3*Y(5) + OY(5)) - Y(2)*(H2COSS + R1*PAR3)

OY(4) =H2COSS*(NT -Y(4)) + fR1*(PAH20Y(5) + RAHJ*Y(4) Y- )
59 IF(N3 sEQo 1.0) RETUN

00 60 1 r it~ 6
DYCI) x LU'(1)/R3

60 CONTINUE.
RETrURN

65 NNe NF*R
ET R2COSS*Y(3) + R2SINS*Y(1) *NR2*Y(7)
8T R2S1NSOY(7) + NH2*Y(l)
KT 2 COSS*Y(5) + NH2*"3T
NT NU*Y(4) + H*Ym(J0*E'T
MT 2 NU*Y(6) + HtT*YMUL)*KT
UY(l) x R1*Yt3) - Y(5)
UY(3) a 110 Y(4) - NU*ET - R1*Y(1)

U5)a T2*Y (6) - NU*KT
DYM7 a H2COSS*Yi7) 4 NH2ibY(3) 4 2@0*(Y(S)*(1,0 * NU)/(YMUOH)

s H2S1NS*rT*(NNa*Y(b) + BT*R2C6SS))
MTP a 0*!)*(j*0 NU)*(R2COS5*(Ri*Y(7) - 98T+
s NR2*(HI*Y(3) - 90()+

s R2SINh*0Y(7))/T2
DY(.2) a R2SINSONr + RI*Y(4) - R2COSS*Y(2) + NH2*(NR4*mT - 2o
* H2C0SS*MlP) -PN4*XL

UY(4) aH2cOSS5(04r Y(4)) R1*Y(2) + NR?*(MIP*(RI + I42SINS)

DY(b) x (MT - Y(6))*R2COSS *Y(2) - 2*O.Nr4Z*MTP
UY(d) x R2COSS*(MTP*(H1 - R2SINS) - 2*0*Y(8))

NHe*(NT + R2SINS*Mt)
IF(W3 .E09 1.0) RETUN
00 70 1 = 19 8
DYCI) x Ul(I)/R3

70 CONTINUE
R ET URN
ENU
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UImLNSION VN(790O) 9 OM(8,61) 9 GAM )
6(8~() , TRY(8,61) 9 SOUTim1)

*V1(494) 9 V2(494) 9 V3(8~)
0 (8~99,60) 9 V4(494) 9 V5(4i4)

*PRNT(8) 9 ISS(60) 9 E(9960)I
oYAM(72) 9 OYAM(12) , VA ' TIK(60)
o (h,2lb) 9 SLUPE(5,215) 9 STRUUT(3bO)
*SIOiNPH(35o) 9 SIGMPti(350) , SIGPt1T(bO)
*SIGPHk3(350) 9 SIONTH(350) 9 SlGMtH(3bO)
*SIG3THT(3bo) 9 SIGTHt3(30) 9 TAUPNI(3b0)
4v XPLOT(350) 9 YPLOT(35091O)9 001141(60)
*EYM(60) 9 IPLOT(1O) , kACK160i
* A(899)

COMMON / t3LOCKA / NUt P19 XL0, NTYPE, INUEX, 1814, PN, NPCINT9
1 ISH9 T, Ti, T2, HTT9 INYC

COMMON / 8LOCKH / Ho Hit R2, R39 SXN, CXS
COMMON4 / 8LOCKC / OM9 (iA9 U89 NF, NFP, NIPL, NH, NN9 IRY
COMMO)N / dLOCKF / NFF, SMXX, SZER09 GO, ERP9 ISS9 Et

* MA)(, INTPHN9 INIVAL, NPP
COMMON / OLOCKG / NPANTS9 PHIl, V39 KIN). N19 MT9 SPHINTi VN9 EYM9

1 8AC'\, NdACK~
COMMON / 8LOCKL / YAN, OYAM
COMMON / I8LOCKP / PLOT, PLluME9 SPLUT9 PLOTPT9 IFLO[t YMO~o KSr,
1 HI3AMMA, UEAO, NFH
COMMON / 8LOCIKO / TIME9 VAHIIK, NVARTK
COMMON SLOPE, Pt sour, Do A

LQUIVALLNCE (SLOPLU() 9 YPLOT(1) )o
*(U(476) I XPLOt(1) )9
*(0(826) 9 STRODT(l) )t

W 01176) 9 SIGNPH(1) )o
*(0(15Z6) * SIGMPH(1) )I

M U1816) * SIGPHT(l) )t
W222~Z6) * SIGPH8(1) )o

*(U(2516) 9 SIGNTH(l) )o
* (U~9Z) 9 SIGMIH(l) )o
o(U(3?lb) 9 SIGTHI(1) )o
*(U(3626) * SIGTkB(1) )9
*(U(3916) * TAUPHI(1)

REAL NU, NO, MU, Nit M19 Nt. M19 Nt3ACK9 NFH
INTEGER 609 VARTIK, TIME, POINT
()AfA( RPU z O.174,33294b2E-01)
GO TO (19 ?o 3. 4.. 59 6. 79 8), ISH

C THIS SECTION IS FOR THiE CROWN*

I GO TO (139 14)9 INULX
13 H X VN(ltTI6H)

RI X 190/VN(29IdN)
PN x VN(59IBR)
GAMMA x VN(69IaN)
UEAU 8 VNIIIdH)
HGAMMA x H*GAMMA
PmI a (1.0 - NU)/YMOU
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P2ml z (1.0 -NU*NtJ)/Y1400

PP3 a 3eQ + NU

R1113 a .oo/tlH*H*H)
IF(KINO oEQ. 4) (i0 TO 140
PHII1 2 0902
PH12 = 0.0004
WO 2TRY'(19NFP)
NO a TRY(29NFP)
MO a THY(3,NFP)
G0 TO 190

180 PH12 aPMI1**2
WiO 2 OM(1,NFP)
NO 2 QM(4,NFP)
MO Z OM(bNFP)

190 UO zPMI*NO*H1M WO
HOa1200*pm1*RIHr3*MO

b01 1.0 + b0*XL0
(iO x NO*b01 O.!5*(PN - tIGAMr4A - EJAO)/F4
WI 2 Oo5*(UO -dO/Ri)
Ml a .125*(PP3J0/R1 - PM1*MO*YMOD)
61 x Oob*Rltl*(3*.OPZMAI*QO/R1 (1.0 - 390*NU)*PM1*MO)
NI - 0*5*(3*OOH1M*PrMl*(1.0 O.*kO*XLU)*M0*YMD/H +
I O92b*PP3*dul*Qo) - 0912b*(HOAMMA + ftA)*PP3/Hl
Ul - W1/3*O - 0.12$*P2M1*6O1*dO*RtI
I ft (3.0 NU)*80*tHO*XL1J/(16*0*91)

2 w O.6*FM1*(10O - 3.0*NV)*H3*MO/H1
3 - 0#125*P2M'*(HGAMMA + UEAU)/(R1*R1*H)
01 x 0.2b*(JO*(801*t301 + 1.0/3.0) * 01*Nl + NO*(dj 6/1*i*L

I 0*125*(HGAMMA + UEAL))*(190 2.O*8O*ALU)IH1
V.J(1 a WO +* i12~I
V3(4) aO 14 N12PH12
V3(6) x MO + MIOPH12
V3(2~) a - (00 4 QI*FH'I2)*PHII
v3(3) a - (00 + U1*Pml2)*PMII
V3(5) x - (bO + bl*PHIZ)*PHI1
JF(KINU *EUe 5) 140 TO 196
NT Z NO + (39O*N1 b01#Q)*PHI2
MT* MO + (3*O*M1 Q0/RI)tI'tI2

RE TU RN
195 00 200 1 3 it 3

U0 200 J x It 3
V19j) a 0.O
V2(LiJ) a 0.0
V4(19J) x 0.0
VS(ItJ) a 000

200 CONTINUE
vs(192) a 1.0
V'i(2.,3) x 12.0*PMI*W1H3
V513o3) a 1.0
V4(191) 2 1.0
V4(2v2) a O1
V4(29,3) = N0*V!)(e,3)
V409.1) 3 1.0

V4(32)3 PMl*N1M
V2(12)3 - O.12!)*PP3*6O1*V4(292)
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V2(113) leib'I'41R1h*(.oQ 4 0o.*kO)*TMOU/"
1 £0.15* 1RIN*MQV(29j)*YlMOU/"

2 *U*j6*PPJ*(8gj*V*(293) + 0O*Vb(9)))*AL0
V2(292) 2 15*p2mlea41H3*v4(z,2)/R1
V2Ue,3) = i5*il43*(3.0*P2M1*V4(2vJ)/Rl -

(1.0 - 3.*isJ)*P4*vb(393))
V2(392) 0912b*IPP3*V4(292)/R1
V2(393) 09U125*(PP3*V4(2,3)/Rl P1I10YMOIJ)
W191g) = 0b*V4(391)

VI193) =- 0.5*VS(293)/l
V1(292) =0o25*V4(29)*(SO1*3qI 1.0/3.0) * dO1*VZ(19Z) #

((81 - do/12*0)*VS(192) *NO*VZ(2Z))*XLD
V1(293) = 0o25*vI4(Z9J)*(tsQ1*d0I 1.0/3.0) + d01*V2(i,3) *
I ~ N0'(V2(2,3) - V5(993)/12.0)

2 V5(2?,3)*(O*b*Q0*t30l * NId)XLD
VT(3,1) =- V1(11l)/.3*0
VI(3,2) =- V1'(192)/390 - 0*I2!*P2M1*RI#4*d01*V4(492)
V1(393) = - VI(193)/3.0 - o*5*PM1*(1.0 - 3.O*r4U)4Rli3/I
I - 0*125*P2m1*8OloR1HeV4(293)

2 - 0.ebd*(IF2ml*U0/H + (3.0 - NU)*60)*v!2(293)*L/R1
V1(1,1) =V4(1,1) + V1(1,1)*PHI2
VI(192) = V4(192) + vl(192)*PHId
VI(193) =V4(193) + Vl1l,PHI2
V2(191) = V5(191) +ve(1,1)*PNIe
V2(192) = V5(192) +Vi2(192)*PHI2
V2(193) =V5(193) + V2(193)*PH12
V2(391) a V5(39i) + V2(3,1)*PH12

V2(32) =Vb(3,i2) + * 32)Pl
V2(393) =V5(393) +V2(3,3)*PttI2
V1IQ91) 2 - (V4(291) * v1(291)*PH12)*Ph11
V1(292) =- (v4(22 4 V1(i?,Z)*PH12)*PHI11
Vl('t3) =- (V4(.293) + V1(293)*PH12?)*PHII
VI(391) - (00931) * vl(391l*PH12)*PH11
V1(392) - (V4(392) 4 V1U,92)PH2)*PH11
vl(313) - (V4(393) + VI(3*3)*PH12)*PHII
V2(291) =- (vb(291) + V2,fli*PHI2)*PHII
VQ(e,) - (V5(29,2) + VZ(292)*PHI2)*PHI1
V2(293) 3- (V5(293) + V2(2,3)*PH12)*PHII
IF(INTVAL *EQ. 0) Ciu 1'o 166
WRITE(69603)
WRITE(6,b02) C(Vi(ij)v J It 3)9 V3(1)9 I It~ 3)
wRITE (6,604)
00 i0%i I1 19 3
maI+ 13
WRITE(6,60e) (V2(IJ.o J a It 3), V3(M)

165 CONTINUE
166 CALL INVERT(V1, 39 49 DET, ISCAL)

D0 100 1 a 1t 3
00 100 1 a 19 3
0(IJNPARrS) 2 V1(.Itj)

100 CONIINUE
CALL MATML (V2?(191)9 49 49 It It NH, NH,

* V1(191)9 49 4, It 1. NH,
* U(191,NPARTS)o So 99 NH + Is Is A)

00 115 1 z 19 6
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00 115 j a 49 7
D(IoJoNPARaIS) x 090

115 CONfImPuE
00 120 1 a 49 6
D(1It4PARIS) 1.0

120 CON4TINUE
00 130 .J a Is 3
Sum a 000
DO 125 1 = It 3
SUM = SUM + I(J,1,NPAI4TS)*v311)

125 CONTINUE
D(Jo1,NPARTS) SUM

130 CONTINUE
00 135 1 = It 3
U(1,1,NPAR1S) ZU(I17NPARTS) TRY(1,NFP)

135 CONTINUE
00 145 J 2 49 6
Sum = 000
DO 140 1 = 19 3
SUM = SUM # O(Jq1,NPARTS)*V3(I)

140 CONTINUE
D(J,?.NPARTS) s-SUM

145 CONTINUE
DO 150 1 49 6
U(1,7,NPARTS) =U(1,1NPARTS) + V.3(I)

150 CONTINUE
IF(iNTVAL .E4. 0) RtTIJHN
WRJ.TE(6,600~
wRIIE(6,606) ((L(IJNPAH1S), J x 1, 1)9 1 Is 6)
WRI TE(69604)
wHIrE(6960b) (JET
wWITE (6vb04)

14 RETUR~N

C r~iS SECTIUN IS OR NHE CYLINOEi4(CONSTANT THIICKNESS)

2 00 TO (239 ?4, 23)9 INUEX
23 H Z VN(iI8H)

Hi= 000
R12 2 .0/VN(2,ItAN)
R3 a100
CxS 2 0.0
SXN a *
PN X VN(5,113H)
GAMMA = VN(69I$N)
UEAU x VN(79IBR)
tIGAMMA x H*GAMMA
INIJEX x 2
IF(VN(39183N) oNEe 90.0) SXN x 1-

24 REIURN

C THIS SECTION IS FOR THE SPHERE*

3 GO TO (339 349 345), INUEX
33 H VN(1,113H)

HI l.0/VN(eIHN)
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R3 m NeACK.ba1
pN a VN(59IOR)
GAMMA z Vt4(69Ids4)
()EAUJ 8 Vtk(7,I84)
"GAMM4A a H*6AMMA
J?4UEK x 2
IF(t4VAI1TK Ago. 0) INDEX
R4ETURNI

34 CALL THICK
TT H*H/le*O
TI1 P1/H
12 x TI/TI
HIT a H.11
HGAMNA x H*GAM4A

345 SXN = SIN($)
C(5S xCosts)
IF(Nt3ACI( eEQ. - 1.0) CAS a-CXS
R42 2 H1/$XN
RETIURtN

C THIS SECTION IS FOR A PA,4ABOLOIUAL SHELL.

4 Go TO (43. 449 445)v INUE9
43 H VN(1918H)

PN 2VN(S*It3R)

GAMMA a VN(69I$R)
UEAU z VN(79It6RO
HGAf4MA a H*GAMMA
A 2 190/VN(2918H)
INL*.X a 2
IF(NVARrK *EQ9 0) INDEX *3
EU RN

44 CALL THICA
TT 2 H*H/1290
Tix PI/H
12 8 TI/Ti
HTT x H*TT
HGAMMA a HO*3AtMA

445 CXS = COS(S)
SXN = SIN(S)
IF(NHACK *L09 1.0s) CXS * CXS
R2 A*CXS/SXN

RI x AOCXS**3
R3 NB3ACK*Rl

REIURN

C THIS SECTION IS FOR AN ELLIPSOIDAL SHELL#

5 G~o 10 (539 b4o 545)9 INDEX
53 H 2 VN(19IW)

A a VN(2918R)
82 VN(3,II8N)

C C VN(4,111R)
A0VE-R8 x2AW*
FACIOR 2 1 a AUVERS
PN Z VN(Sv1BH)
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DEAU a Vkh(1gjLkl
HGAMN& a 0136AeM
INULE a 2
IF(NVA~RtK *EQ. 0) I~KOt 3
REFURN

54 CALL tHICK
IT a H'H/jz.o
TI= PU/N
T2 z Ti/IT
"Ti = l*fT
HGAM#4A a 14*GApAA

545 SXN =SIN(S)
CAS COS(S)
IF(NOfACK *EU* jog*) CPXS s CXS
k = 501T(AUVEiRH + FACTOR*SXN*SXN)
Ni = *.R*H/(l3*AOVLRd)
R2 1.0/CC + i*bAN/H)

R3 NIBACI'*H1
RETURN

C THIS SECIION IS 10H A CONICAL SHELL@

6 GO TO (6.3, b~ bi, 64b)s INIJEX
63 H = VN(iIBH)

RI= 0.0
R3 Z 1.*0

ALFA VN(2,it3)*FU
SXN SIN(ALfA)
CXS SCtJS(ALFA)
A 3VN(3,It8H)
FN SVN(5hIBR)
GAMMA = VN(bglIk)
I)EALI a VN(79IBHt)
HGAMMA = H*GAMM~A
INUE.X 8 Z
IF(NVAHTK *EW 0) INUEX 24

RETrURN
64 CALL THICK

Itr H*H/12#0
11i P1/H
T2 =TJ/TT

HtaH*TT
HGAMMA aH*GAMMA

645 H22 1.0/CA 4 S*CXS)
RETURN

C THIS SECTION IS 10R THE ToRUS.

7 GO TO (73, 749 745)9 IND)EX
73 H ZVN(IIbR)

RI ai*O/VN(3*IHR)
R3 8 NhsACK*WI
A XVN(2,!t8H)
I3TOHUS =VN(3tIHH)
PN 3VN(bhit3R)
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DEAl) a Vh~(lo1W4)
'GAHNA = m*GAmMA
INUCX a 2
IF(NVARTK *EU. 0) INOEX 3
RE IURN

14 CALL THICK
TT Z H*H/I29O
TI P1/H
12 =TI/T
1171 a 11.1
IIGAMMA = H*GAMMA

745 SXN a SIN(S)
CJ(S a COS(S)
IF(f1BACK *ELO - 1.0) CAS a-CXS,
R2 8 Io0/(A # *JTOiUS*SXN)
RE(rURN

C THIS SECTIIJN FOR VARIABLE THICKNESS CYLINURICAL SHELL*

8 GO 10 (839 84, d4)9 INOEX
83 H VN(IIbR)

RI 0.0
R2 .oo/VNI2918R)
R3 lo
SXN a 1.0
CAS x 000
PN =VN(5,IbR)
GAMMA a VN(69IdW)
UEAD VN(718HU)
11GA14A a H*GAMMA
INUEX 8 2
IF(VN(3,It8N) *NE* 90.0) SXN 1*0o
RETURN

84 CALL THICK(
TT H*H/1290
TI 8P1/H
T2 a Ti/T
HTT a HTT
HGAMMA a H'GAMr4A
RETURN

603 FOHMAI(IN19 25HSERIES SOLUTION FOR CROW
602 FORMAT(IH09 3E20989 IOX9 E20*8)
604 FOHMAT(IH0, /9 Ik)
601 FOWMATUlH0, 13HOIlJoJNPAHTS))
606 FORMAT(ilhO, 6EI919 lOXt Eltal)
605 FORMATUH09O 14MULkTERMINANT a Ubod)

ENU
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SUONI4OIT E INPUT
OtMLNSION TITLEI(2O) 9 HOUNDIMS , IiA(8

f TILEZ(20) 9 sSOUNDF(8) 9 Gt4(bi
*T11LE3(eO) 9 SI(60) * miA(S
* PAMEOIf(6) 9 SX(60) * Iof~
*NAIIE2(60) 9 IPAR(60) 1"It(6O)
*TUIsT(60) 9 VN(7960) , VARtIK(oO)
*NAMESI Cd) 9 EYN(6G) * XP(I096U)
*NAMES2C8) 9 PSR(60) 9 YP(10960i

155S(60) 9 jPLOt(IO) 9 TI4Y(69601)
*SLC9o60) 9 OM(8961) 9 V3(8)
* IACK(tO) 9 POINT(60) 9 UNIfIiul

uNtru(2) 9 JOBPLT(1O) 9 0~EEWM(io)
OE19,60) 9 NFUURA(9)

COMMON / BLOCKA / NU9 Plg AL0 NTYPE, INDEX9 IaH, PNt WPOINtt
1 [SN, TTg 119 T2, HTT, INNr
COMMON / f3LOCKC / 0Mg GA, (Gq NF9 NFP9 NPL, N9 PiN, IIRY
COMMON / BLOCKE / A'* YP9 SL
COMMON / BLOCKF / NFI, SMXA9 SZLRO9 (30, EHP9 15, Ev

* MAAg [NTPN INTVAL9 NPP
COMMON / 8LOCKG / I*'ARTS9 PkIjg V39 KINU9 Ni, MT9 SPi4INT9 VN9 ELM9
1 "ACK, NHACK
COMMON / 8LOCKtI / NUE
COMMON / HLOCKN / OETER4
COMMON / tiLOCIKP / PLor, PLuIME, SPLOT, FLOWJ,9 IPLOI, YMOi2, KST9
1 jIGAMMA9 UL.A0g NFH'
COMMON / H3LOCKQ / TIME, VAfIK, NVIAI4Ti
COMMON / tiLOCKS / JO8RLJ~q ALXLg ALXHg lAt 189* NUPUNCt INPUN9

* CONVER, SI, SX9 INT9 IPAR9 PSi4, IttR, NIHY9
* Nt.NROi9 IbRM9 TRYIN9 1tiRMAX

COMMON / tiLUCKA / LEVEL19 LEVEL2
EQUIVALENCE (VARTIK(1)q POINTi)
DATA( HPU 2 091745329252E-01 )
UATA (NAMEt3I(l) a 6IIOISPLA) g(NAMERI(b) a 6HCEMENT)

* (NAMEtiI(2) a 6HFORCE )
O (NAME81(3) a aSLOPE ) ,(NAMLtiI(6) a 6H)
* (NAm~bl (4) =6HmOmENTi

DATA (MARKC a geHYE)s (MARKO 2HNO)o (MARKL a lIS)q
* (MANKN a 3HN( )q (MARRY *3HYES)

DATA ((NAM"ES1(I)g I x, 19 ) a 6HCROWN , 6HCYLINUt 6tISPHERO,
* 6HPARA3O, 6HELLIPS9 bH'(ONICA,
* 6HTOROIO, 6HVARCYL)o

* (CNAME2(1)9 I a 19 8i) = 6H ,6HICAL 9 6HLOAL g
61ILOIDAL9 6HUIUAL 9 6HL
6tIAL 9 6HINUiiR

UAIA (UNITICL a bMINCHES)t
*(UNITl(2) m IH )

* (UNITUMi = 6HUEGREE)g
* (UNITUM~ x IHS
INTEGER VARTIKe POINT9 GO, TRYINg PLOT, FLTIME9 JIMtq kJOUNOI,

* UUNOF9 TOISF
R4EAL NUg Nis M19 NtiACK9 NFH

C FOR PLOTTIN6 USE. THL FOLLOwING CODE N1JMBERS 10 INOICAm~ tHL VAR1AIHLL
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c DESIREU,C

C COUE NUMdER VARIAOLE
C

C 2 Q PHI
C 3 U PHI
C 4 N PHI
C 5 bETA PHI
C 6 M PHI
c 7 N THErA
C 8 M THETA
C 9 EPSILON TLTA

C 10 EPSILON PHI
C 11 SIGMA N PHI
C 12 SIGMA M PHI
C 13 SIGMA PHI OUTER
C 14 SIGMA PHI INNER
C 15 SIGMA N THETA
C 16 SI6MA M THOtA

C 17 SIGMA THETA OUIE

C 18 SIGMA THETA INNLR
C 19 TAU PHI

C TRYIN a 0 INDICATES THAT LINEAR PROBLEM wILL BE SOLVtO.

C TRYIN a I INuICAiES THAI LINEAR PROBLEM AND POSSIBLY ONE OR MORE
C ITERATIONS HAVE 6EEN OONE AND THE LAST RESULT I TO UE READ IN*

C INTPRN = 0 INDICATES THAT INTERMEDIATE RESULTS IROM [HE NONLINEAR
C ANALYSIS, I.Eo VALUES OF PARAMEIERS AND SLOPES, WILL NOT BE
C PRINTED OUT.

C INTVAL a 0 INDICATES THAT INTERMEDIATE RESULTS FROM INITIAL VALUE
C INIEGRATIONS WILL NOT BE PRINTED OUT.

C NOPUNC a 0 INUICATES THAT SOLUTIONS, DM(INF) AND E(IJJ) WILL

C NOT RE PUNCHED*
C NOPUNCH x I INDICATES THAT THEY WILL HE PUNCHED.

C PLOT a NUMBER OF COLUMNS OF VARIABLES TO BE PUT UN PLOT TAPE TO
I BE MACHINE PLOTTEO AT LATER TINE.

COMMENT SET NUMHER I ( CARDS 8 3

REAU(%t'30O) TITLEI

IF(EOF95) 998, 991
991 CONrINUE

HEAD(O5900) TITLE29 TITLE3
wHITE(6v534)
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WRITE(bqb3b)
WRIIE(69536)
wRITE (69531)
wRI IE(69539)
NMIME aI

350 WRITE(6,501) TITLE1, TITLE29 TITLE3
Go TO (359 360, 3659 3709315), NTIME

COMMENT SET NUMBER 2 ( CARUJS = 1
COMMENT BOUV4DAHY DATA AT INITIAL EDGE

355 REAU(59530) (IOUNDI(I), GAdl)v I =1, 4)

COMMENT sEr NUMBER 3 ( CARDS Z I )
COMMENT SOUNUARY OATA Ar FINAL EDGE

READ(59530) (dOUNUF(I)t 66(1)9 1 = 59 8)

COMMENT SET NUMBER 4( CARDS 1

COMMENT ANGLE IN DEGREES AT INITIAL AND FINAL BOUNDARIES

REAU(59b65) ALAL9 ALXR
IF(8OuNUI(1) o10. NAMEt3I(l) *OR*. BOUNDICI) *Ego NAMtl(J2)) d159800

815 IF(80UNUI(e) .EcJ NAME81(l) *0ON* BOUNDI(2) .10. NAMLUI(2)) 816,800
816 IF(dOUNOI(J) oEO. NAMEBI(3) *OR* BOUNDI(3) *EQ* NAMidI14)) 811,800
817 IF(8OUNDI(4) Ego. NAMEB81(i) *ORe BOUNDI(4 .10. NAmLui(2)

o OR9 BOUNDI(4 .10. NAML52(l)) 818,800
818 IF(I3OUNDF(5) .10. NAMLSI(l) *OH. BOUNOF(5) *EQ. NAML9I(2)) 819,8300
819 IF'CdOUNOf(b) E10. NAME8I(l) .014. 8OUNOF(6 @EQ, NAML1(2)) 820,800
820 IF(UOUNUF(7) *EQ* NAME8I(3) .ORs BOUNUF(7 sE~o NAM~dl(4)) 821.800
821 IF(dOUNUF(8) .Ego NAMESI()) *OR*. HOUNUF(8 .EQ. NAmL8I()

* OR* I3OUNF(8) *EQ. NAMiS2(l)) 822,800
822 CONTINUE

COMMENT CONTROL CARD)
COMMENT SET NUMBER 5 CCAROS 21

REA,*(59S61) ISHM9 ITER, NUUMMY, PLOT, INTPRN, INTVAL,
* LLVL1, LEVEL29 ER41' CONVER9 NUMHAR, (N*OURA(I)9
*I 1,8)

NOPUNC 0
INPUN :0
TRYIN 0
NOE 2 6
IF(NFOURA(1) .t3To 0) NOEa
NPL x NL)1 + I
NFI1 = FLUAT(NFOURA(l))
IF(AHS(ERP) sEQ* 0,0) tERP I hE 05
IF(I8RM) 8029 80et 9~90

990 lF(IHRM *GT. 60) GO To 802
IF(PLr)T eGle 10) GO TO du3

COMMENT SET NUMbtR 6 ( CARDS 1
COMMENT INDICATE 6~Y YES OH NO wHE1THER ELASTIC RAHAMtIENS AHL SAME
COMMENT FOR EACH PART. IF YLS9 ON SAME CARI), GjIVE VALUES* IF No, Nf.AI
COMMENT THEM IN AFTER SET NUMI*.W 9.
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REAU(Sbb3) Nt.LAS9 YOUN6, PO1ISON
IFINELAS .EQ9 MARKC 9OR* NtLAS .Lu. M~ARKO) 64h 89V

821S CONTINUE

COMMENT SEW NUMB5ER I CARlUS = 1

COMPENT INDICATE 8JY VES OR NO wNLtNLR PHESSURL LOADIN6, UL.NSITY OF MAILHIAL,
COMMENT OR UEAD LOAD ON SHELL IS TilL SA14E FOR EACH PART* IF YES9 ON SAML
COMMENT CARD. UIVE VALUES* IF NO, READ THEM IN APTER SET NOM804 10.

REAU(5,q,$0) IiPRES9 PRESS* UENSfY, DEAD
IF(NPRES *EQ* MANKC *OR* NPRES *EU. MAHRKO) 84259 810

8225 CONTINUE

COMMENT SET NUMOER d CARDS = NUMBER OF PARTS
COMMENT TYPE Ot. SHELL. INITIAL AND t.INAL COORDINATES, NUMISER OF SEbMLNIbv
COMMENT UmtiLtk OF PRI-T POINTS, YES OH NO FOR THICKNESS UIbTRIbUTION9 It.
COMMENT fES, THLN SPECIFY VALUE* IF NO, SPLCIFY NUMBER 0JI POINTS WHICH
COMMENT SPECIFIES IJSTRI60TION.

COMMENT FOR CYLINUER SI(L) 1S EITHER 90.0 DEGREES (NORMAL OUT) ON

COMME.NT 27090 UEbREES (NORMAL IN). SX(L) IS LEFF iLANK9

COMMENT FON CONE S1LL IS THE ANOLE (ULbi4EES) WHICH THlE NORMAL MAKES WIIrt
COMMENT THE AXIS OF THE SHELL. SX(L) 1S LEFT BLANK.

* TDLST(L)o VN(19L)s VARTIK(L)t L a 1 It 164)

COMMENT OETERMINE IP SPELLIiVQ (it SHELL PARTS IS CORRECT.

D0 325 L :a I WHO
IF(NAME2(L) stO. IJAMESiI) 9OR.

* NAML2(L) .E(J. NAMESI(2) *OR*.
o NAME2(L) .t.U. NAMLS1(3) 9OR.
* NAr4Ei(L) .E~o NAMESIM4 .OR.
* NAmEZ(L) *Ego. NAMESI(5) .014.
* NAMEe(L) 9ELJ. NAME51(b) .OR.
* NAmL2(L) 9E~o NAMESIUl) .014.
* NAMEM() .EQ. 'AMESI(S) 3959 801

325 CONTINUE

COMMENT UETERMINE IP rOLJST(L) CONTAINS COHECI SPELLING.

U0 .326 L x It Idmm
IF(TOIST(L) .ot. MANIKC .01. rL)IST(L) sEA. M4ARKO) 3abe 804

326 CONTINUE
FLUTPT a 0
00 1234 1 x It I8iRM
PLOTPT x PLOrWd + IVAR(L)*INT(I)

123'. CONTINUE
IF(PLorPT .GT. .dO) GO TU a05
NPAHTS a 0
UO 85 1 a~ 19 um
NPARrS =NPAkTS + IPAR(I)

85 CONTINUE
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7-

IF{(PAITS sGr. 6U) GO TO 606
DO 327 L a. It 1M
VAkfIK(L) a IAHS(vAkTIK(L))

327 CONOINUt
DO 300 L z1, Ibt
IF(IDIST(L) otE, HARLC) GO To 329
IF(VARTIK(L) .LT. 2 ,OH. VAHIIK(L) 9GT. 10) bUo ro 8o
GO TO 300

329 IF(VARTIK(L) eNEo 0) GO TO 808
300 CONTINUE

COMMENT SET I55(L) MATRI. THIS SPECIFLS COUE NUM13ER FOR SHtLL TYPES*

COMMENT CROWN = 1
COMMENT CYLINDRICAL = e
COMMENT SPHEROIDAL = 3
COMMENT PANA6OLOIDAL =4
COMMENT ELLIPSOIDAL = 5
COMMENT CnNICAL = 6
COMMENT TUROIDAL = 7
COMMENT VAHCYLINR =8

DO 1SO L = Is IbHm
00 150 I =1 8
IF(NAME2(L) .NE. NAMLSI(1)) G0 TO 150
IS (L) = I

150 CONTINUE

COMMENT OETERMINL IF LYLiNUICAL SHLLL 4 HAS VAkIIK(L) sLQ. 0 AND IF
COMMENT VARCYLINUEH SHELL 8 HAS VAHIIK(L) *NE. O.

00 994 . 2 1 IHH
ISH = ISS(L)
GO TO (9949 9959 994, 994, 9949 9949 9949 99b)9 ISH

995 IF(VARTIK(L) .Nt. 0) 6O TO d08
GO TO 994

996 IF(VARTIK(L) .EU. 0) 6O 10 O0l
994 CONIINUL

COMMENT SET NUMBER 9 ( CARDS N NUMBER OF PARTS

COMMENT REAU IN A, 89 C

COMMENT FOR CROWN AN) SPHERE ONLY SPECIY A

COMMENT FOR CYLINDER A IS RADIUS, B IS LENGTH

COMMENT FOR CONE A IS RADIUS Al INITIAL, 8 15 SLANT LEN6IH

COMMENT FOR ELLIPSE C ,GT, Oo IUICATES TOROIUAL SHELL UP ELLIPIICAL CHUSS
COMMENT SECTION PROViOED A sNE. be

MEAU(C5562) (VN(?tL)t VN(3,L)t VN(4tL)i L = I IHRM)

COMMENT dETERmINE IF SHELL PARIS ARE CONTINUOUS.
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NTIE=O
L=0

3 LaL* I
IF(L*GT.IBRM) 6O TO 13
ISH=ISS (L)
ALj a SI(L)*RPU
ALFAF x SX(L)*RPU
A 2 VN(2,L)
8 VN(3,L)
GO 10 (39 49 59 b. 79 8, 9. 4)v ISMI

4 RI 8A
RF aRI
Go T0 10

5 RI =A*SIN(ALFAT)
RF = A*SIN(ALFAF)
Go TO 10

6 RI 8 A
RF x A*TAN(ALFAF)/TAN(ALFAI)
GO TO 10

? Do 75 I a It 2
IF(l sEQ. 2) GO TO 76
SXN a SIN(ALFAI)
Go TO 77

76 SXN a SIN(ALFAF)
77 R a VN(49L) id#5XN.((A/8)**2 *(1.0 *(A/B)*02)*SXN@SXN)

17(1 9EQs 2) GO TO 78
RI 9 R
Go TO 75

78 RF 8 R
75 CONTINUE

GO TO 10
8 RI a A

RF a A + 3*COS(ALFAI)
GO TO 10

9 RI x A # 8*5IN(ALFAI)
RF a A + 8*SIN(ALFAF)

10 I F (NTIMEE.1o) t60 TO 11
RJIRI
RFIxRF
NTIMEul
GO TO 3

11 RI2xRI
RF28RF
IF(A8S(f4FI R12) *GT. 090025) GO TO 812
RFIERF2
RlIaRI2
GO TO 3

13 CANtINUE

COMMENT SET NUMBER 10
COMMENT READ IN YOUNG*S MODULUS AND POISSONOS RATIO ONLY IF
COMMENT NOT THE SAML FOR EACH PART.

IF(NELAS *EO. MARt(C) GO TO 400
REAU(59564) (EYM(L), PSR(L)o L a It ISRM)
6O TO 402
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400 00 401 L a It IbHm
L.YM(L) x YOUNG
PSHUL a POISON

401 CONTINUE

COMMENT SET NUMBER 11
COMMENT REAU IN PRESSURE LUAUA'NG, DENSITY OP MAlERIAL9 AND UEAl) WEIGHT
COMMENT ONLY IF THEY ARE NOT THE SAME FOR EACH PART.

402 IF(NPRES .EQ. MARKC) 0O TO 402b
RL.AO.(5,S66) (VN'(5,L)o VN(btL)o VN(1,L), L Itj 16HM)
GO TO 4026

4025 DO 963 L a19 I8HM
VN(5,L) z PRESS
VN(69L) a UENSTY
VN(79L) a UAL)

963 CONTINUE
COMMENT SET NUMBER 12
COMMENT READ IN VAkIAHL. THICKNtSSES

4026 00 403 L 8 19 IdHM
IF(VARTIK(L) .EQ. 0) GO TO 403
NPNf a VARTIK(L)
REAU(S,565) (XP(IL)o I a It NPNT)
REAU(59b6fl (YP(IL)o 1 a It NPNT)

403 CONTINUE
IF(ISS(IBRM) *GTo 1) GO TO 6
NTRY a NPARTS + 1
NER4IOR a NPARIS - 1
GO TO 87

86 NTAY = NPARTS
NERROR u NPARTS

COMMENT SET NUMBER 13

87 IF(PLUT 9EQ9 0) GO rO 1238
REAU(5SS) (IPLOT(I)o I a 1t PLOT)
REAU(59526) (JO8PLT(1)t I a It PLOT)

1238 CONTINUE
IAMI a I
IA(2) a 3
IA(3) a $
IAM4 a 1
18(5) a 1

18(b) a
18(7) 5

IF(HOUNUI(l) sNE. NAMEbI~l)) IA(l) a 2
IF(OOUND1(2) #NE* NAMEBIMl) IA(2) a 4
IF(8OUNDI(3) 9NE9 NAME8BI()) IA(3) a 6
IF(dOUNUI(4) sNEo NAMEBIM1) IA(4) a 8
IF(t3OUNDF(S) 9NE9 NAME8Iml) 18(5) a 2
IF(8OUNOF~b) eNEo NAMEHI(1) 18(6) a 4
IF(8OUNUF(7) .NEo NAMEBI(3)) 18M7 a 6
IF(HOUNOF(8) sNEe NAMEBlIl)) 16(8) a 8
vdHITE (6,503)
WRITE (6,504)
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WRIrE(6,boS)
IM(AM1 eEQo I 9AN~o 18(5) *EQ. 1) 60 ro 121
IF(IA(1) AgoJ 1 oANUo Id(b) .EQ@ 2) GO TO 122
IF(IA(1) oEQ. 2 9ANU9 18(5) oEQo 1) GO TO 123
IM(AM1 oEU. 2 oAN~o 18(5) oEQ* 2) 60 TU i24

1211 WRIrE(69551) GA(1), GH(S)
GO to 125

122 WRITE(6,552) GA(1), GB(S)
G0 TO 125

123 WRITE(6,553) GA(1), G8(5)
0O TO 12b

124 WRITE(69554) GA(I)t G8(5)
125 IF(!A(2) .EQ. 3 oAN~o 16(b) .EQ9 3) GO TO 126

IF(IA(2) AgoQ 3 *ANDo 18(6) .EQ. 4) 60 TO 127
IF(IA(2) 9EQ. 4 oANUo 18(b) sEQo 3) 60 TO 128
IF(IA(2) .EQo 4 oAN~e 18(b) 9EQ; 4) GO TO 129

126 WRITE(69bSI) GA(2), GB(6)
GO TO 130

121 WRITE(69b52) GAC?)9 08(6)
Go TO 130

128 WRirE(69553) GA(2), 68(b)
Go TO 130

129 WR1TE(6,654) GA(2), GH(6)
130 IF(1A(3) .o.U. 5 sANO. IH(7 #EQ. 5) (30 TO 131

IF(IA(3) .EQ. 5 eAN~o 18(l) vEQ9 6) GO TO 132
1F(IA(3) .EQo 6 *AND* 18(l) oEQ* 5) 60 TO 133
IF(IA(3) .Ago 6 oANDo IH(7 .EQ. 6) G0 TO 134

131 WLITE(6,555) GA(3), G8(7)
GO TO 135

132 WRI1TE(6,S5b) GA(3), GBMf
GO TO 135

133 wR1TE(6,bS?) GA(3)9 GH(7)
Go TO 135

134 WRITE(6,558) GA(3,9 GB(7
135 IF(NDE oEQo 6) (30 TO 140

IF(IA(4) .o.Qo 7 oAN.) 18(6) .FEQo 7) GO TO 136
IF(1A(4) .*.Q* I oANUo 18(8) oEQ9 8) GO TO 131
IF(IA(4) Ago. 8 oANUo IS(S) 9EQo 1) GO TO 038
1F(IA(4) *L~o 8 oAN~o 18(d) sEQo 8) GO TO 139

136 WRITE(69551) GA(4)9 GS(S)
Go TO 140

137 WRITE(69552) GA(4)9 G8(8)
GO TO 140

138 WRIE(69553) GA(4,q G8(d)
GO TO 140

139 WITE(6,S54) c3A(4), GB(S)

140 WRIIE(6,559) ALXL9 ALXIR
IFiNOE LEQ9 8) GO TO 100
IB(4) a IH(S)
18(b) z 18(6)
10(b) 3 18(l)

GB(S) = 68(6)
GH(b) x (,t3U)

100 NH X NUE/2
COMMENT THIS LUOOP SEIS UP IA(4)9 TA(S), IA(b) FOR NUE 6 AND
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COMMENT IA(5)9 IA(b)v IA(7), IA8) FOR NOE a 8e
M NH + I
L= I

00 104 IK a M, NDE
DO 102 N * Lt NOE
00 101 J It NH
IFM1A(J) .EQ. N) GO TO 102

101 CONTINUE
GO TO 103

102 CONTINUE
103 L 2 N + I

IA(IK) a N
104 CONTINUE
COMMENT THIS LOOP SETS UP 18(4)9 18(5)9 18(6) FOR NOE a 6 AND
COMMENT IR(5)9 18(6)9 18(7)9 18(8) FOR NOE a 8.

Lal1

LO 108 IK 1 1, NH
DO 106 N = Lt NOE
DO 105 J a My NOL
IF(1B(J) .EQ. N) GO TO 106

105 CONTINUE
Go TO 107

10b CONTINUE
107 L • N s I

18(1K) a N
108 CONTINUE
COMMENT IF ELASTIC PARAMLTERS ARE SAME FON EACH PART, THLN WHITE THEM MIGHT
COMMENT UNDER BOUNUARY DATA. IF THEY ARE NOT THE SAME FOR EACH'PAHI't
COMMENT THEN SKIP TO Nr'XT PAGE,9 WHITE GEOMETRY9 SKIP PAGE, WHITE
COMMENT ELASTIC PARAMErERS, SKIP PAGE, WRITE VARIAOLE THICKNESSES*

IF(NELAS ,Eo MAHKO) GO TO 475
wkITE(6,5?5) YOUNG, POISON

475 IF(NPRES ,oQ, MARKO) GO TO 4755
wRIrE(b,682) PWESS, UENSTY9 DEAD

4755 DO 478 I = IL
IF(I .EGQ. 1) GO TO 476
IF(1tRM .Li. 41) 00 TO 479

476 NTIME a 2
GO TO 350

360 WRITE(b,513)
WRITE(6,514)
GO TO (36059 3606), II

3605 IMIN x 1
IMAX a I8RM
IF(IRRM .GT. 40) IMAX • 40
GO TO 360?

3606 IMIN x 41
IMAX a IBRM

3607 DO 385 L a IMIN9 IMAX
ISH a ISS(L)
GO 1O (881, 8e 881, 883, d849 882, 883, 882), 15H

881 IF(VARTIK(L) .EQ. 0) GO tO 8815
wRIIt(69716) Lo NAMESI(ISH)t NAMES2(ISH)l IPAR(LM 9 S(L)o SX(L)s

• UNI1U(0), UNITU(2)9 VN(29L), MAHKN

GO TO 385
8815 WRtTE(69111) Lq NAMtS1(ISH), NAMES2(ISH)o IPAH(L)t 51(L), SX(L)t
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GO TO 385 UNIfU(1), UNIlU(2)9 VNtZL), MANKY9 VN(iL)

882 IF(VARTIK(L) *EW*I 0) GiO T0 8d25
vRITE(6,77b) Lq NAMES1(ISHi)o NAMESM(SH)o IWARML) SI(L)t
*UNITUM9) UNiru(2)9 VN(2*L), VN(3,L), MAHKN

Go TO 385
8825 WRITE(69719) Lo NAMkES11SH)t NAMES2(ISH), IPAR(L)o SI(L)v

*UNITD(1)q IJNITU(2)9 VN(2,L)o VN(3,L)- MARKY, VN(1,L)
(30 TO 385

883 IF(VARTIK(L) 9EQ. 0) 0O TO 883b
WRITE(6,780) Lo NAMESl(IS'), NAMES2(LSH)o 1'AiR(L)o SIML) SAIL),

*UNIT(I)s UNITU(2)9 VN(2,L), VN(JL), MARKN
GO TO 38!5

8835 WRITE(69781) Lo NMES(ISI)q NAMES2(ISH), IPAR(L)o SlL), SAIL),
*UNITU(J)q UN11O(2)9 VN(29L)t VN(3,L), MAHIKY, VN(19L)

Go TO 385
884 IFV4ARTIK(L oEQ. 0) (30 TO 8845

w~4LTE(b,782) Lt NAMES1(1SH), NAMES2(ISH), WPANIL), SI(L), SAIL)
*UNiru~i)q UNITU(2), VN(29L)q VN(3,L), VN(4,L),
* MARKN

60 TO 3b5
8845 WRITE(69783) Lo NAMESl(ISH)o NAMES2(ISH), WPAR(L) SlL) SAML)

*UNITUCI) UNlTU(2), VN(29L)o VN(.3,L)t VN(49L),
* MARKY, VtIIL,1)

385 CONIINUJI
478 CONTINUE
479 IF(NELAS 9LU* MAkKC) GO TO 480

00 48? 11 a1I 2
Ill *L~e 1) GO TO 483
IF(IRM *LT* 41) GO TO 480

483 NTIME x 3
Go TO 350

365 WRITE(695U8)
WRIT E(6.57 7)
GO 10 (360bg 3609), 11

3608 IMIN = 1
IMAA I6RM
IF(1qRM *GT* 40) IMA)( 40
GO TO 36L0

3609 IMIN =41
IMAA a IdRM

3610 U0 386 L =IMIN9 IMAX
ISH a ISSML
WRITE(6,576) Lo NAMESIISH), NAMES2(lSH)v LYMIL),9 ISHIL)

386 CONTINUE
482 CONIINUE
480 IF(NPHtS .*.Q9 MAHKC) (30 TO 480b

DO 1M11 a 19 2
IFCII aEO. 1) GO TO lfd3
IF(lHRM *LT. 41) GO TO 4ROb

1783 NTIME = 4
Go TO 350

370 wRITE(6,683)
WRITE (6,684)
GO TO (18309 '1831)9 11

7830 IMIN x I
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IMAX ' IBRM
IF(I8RM *GT* 40) IMAX 240

GO TO 7832
7831 IMIN a 41

IMAX x I8HM
7832 DO 186 L a IMIN, IMAA

ISH a ISS(L)
WRITE(69685) Lo NAMWESl(ISH)t NAMES?(ISM), (VN(1,L)o 1 59 7 )

706 CONTINUE
1782 CONtINUE

COMMENT PUT YP(I9L) 11N VN(1,L)

4805 00 9~50 L 2 It I8HM
IF(VARTIK(L) *LQ 0) GO 10 950
VN(19L) a YP(lL)

950 CONTINUE

COMMENT NVARC a INUICATLS NO VARIABLE THICKNESS

NVAHC a 0
00 974 L. 2 It IdRM
NVAWC x NVANC + VARIIA(L)

974 CONTINUE
IF(NVARC 9L.(J 0) GO TO 978

COMMENT WRITE OUT VARIAdLE. THICKNESS DATA

NTIME a 5
GO ro 350

375 WrE(69686)
Do 915 L x 1, IRRMv
NPNr x VA~rIK(L)
IF(NPNT *EQ* 0) GO TO 975
WRITE(6,6081) L
wRIrE(69688) (XP(IL), I a It NPNT)
wRLTE(b,689) (YP(I.L)g I x 19 NONT)
WRI rE(69690)

975 CONTINUE

COMMENT FOLLOWI4NG REPLACEMENTS MUST BE MADE TO MAKE. ARRAYS COMPATIBLE
COMMENT FUR ,JS IN GOMTRY

978 00 955 L x 19 I6RM
ISH a ISS(L
G0 TO (9559 9539 955, 955, 955, 954, 955, 953), ISH

953 SX(L) a VN(39L)
VN(3,L) a SI(L)
SI(L) a0.0
Go TO 955

954 SAIL) x VN(39L)
VN(39L) a VN(2,L)
VN(2*L) 2 SI(L)
SI(L) x 0.0

955 CONTINUE
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COMME!'( C,,ANGE XP(IL) TO RADIANS AND ADJUST IF FINAL CUUHUINAtt. Is
COMMENT LLSS THAN INITIAL COORDINATE

00 404 L 19I I6HM

IF(VAHTIK(L) .Ago 0) Go ro 404
NPNT = VARiII'K(L)
ISMi a ISS(L)
GO ro (4049 4049 255 25059 2505, 4049 250bo 404)9 ISrI

2505 IF(XP(NPNUL) *Qr. AP(1,L)) 6O TO 2605
Do 255 1 x It NFNT
XP(LL) = P30.0 - XP(19L)

255 CONTINUE
2605 DO e65 I a It NPNT

XP(IL) a AP(IL)*NIJU
265 CONTINUE
404 CONTINUE

DO 40b L a It P3Rm
IF(VARTIK(L) .EQ. 0) GO 1 0 405
NPNr x VARTIK( L)
00( 384 1 a it NfPNT
SL(I - 190) a (YP(19L) - YIV(I - I#Lfl/

* (XF(IL) - XP(I - 1,L))
YP(1 - 1'L) a YP(I 19L) -SL(I -IL)OXP(I 190,L

384 CONTINUE
405 CONTINUE

RE TURN
800 wHirE(6,6,0)

GO TO 9980
801 wR1TE(69671) L

GO TO 9980
802 WRItE(69666)

6O 1O 99b0
803 wRIIE(6,664) PLOT

(30 TO 9980
804 wHITE(6967e) L

6O TO 9980
805 wRirE(6,b63) PLUIPT

GO To 9980
806 WHI1E(69665) NPARTS

60 To 9980
80? WRITE(69673) Lt VAHIIK(L)

0O to 99d0
H08 WRirE(69614) Lt VA~fiK(L)

GO to 9980
809 WRItE(bgblb)

GO TO 9980
810 WRITE(69616)

6O to 9980
811 WRITE(69611)

GO TO 9980
812 WRI(E(69691) L

9980 WRItE(69669)
(30 T0 998

500 FOWMAT(20A4)

535 FOHMAT(//60X, 14tICOLU)MIUS, OHIO)
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536 FOHMAT(// 41X9 40HSrNESS ANALYSIS Of A StILLL OF HEVULJILUJ)
53? FON'4AT(// bOA, 3.3HAUVANCEU) SOLU) MECHANICS UIVISIUN)
539 FORMAT (I bOA, 33HMLCHANICAL EN(3INLLINU 0EI'ATMNT
bOl FORMATU(1 20A4?(IH0, 20A4)
530 FOkMAT(A6, bX, Fd2 A69 6X9 F8929 A69 6A9 f89?, A69 6A9 Fb.2)
565 FO HMAT(BF 10.5)
561 FOkMAT(815, 2EI0939 1L012)
563 FORMAT(2K, A29 4K, E1.49 4A9 F694)
680 FOHMAT(2X, A2, 4X9 3F 14*5)
512 FOHMAT(4Xt Ab, bK, FI1.5, F12.59 2159 2X9 Aet 1K, FlOobt Ib)
562 FORMAT(3K, 3P12ob)
564 FORMAT(OX, E11949 4X, F6*4)

566 FOHMAT(5X, 3F155)
525 FOHMAT(1015)
526 IOHMAT(10AB)
503 FOkMAT( ///// 49K9 36H** PRINTOUT OF INP~UT UATA* 0//)

504 FOHMAT(IH0, blX9 19H* HOUNUARY DATA * ///)
505 FOHMAI(1H 934X9 12t4INITIAL EDGE, 36X, 1OHFINAL LUGto
551 FOHMAM(H 921X9 15HUISPLACLMENT a Flobo

4 0A9 15HUISPLACEMENT a F1095)
552 FOHMAT(H 9 21K, 15HUISIJLACLMENt a F10.59

*20K, ISH IFORCe a F10.5)
553 FORMAT(IH 9 27X9 ISH IURCE aFlos!)t

*20K, 15HUISPLACEME.NT a FlOob)
554 IFOHMAT(IH 9 21K, 15H FORce x floe.

*2049 ISH 9ORCe. a F'10.b)
55S FORMAT(H 9 27K, 15H kLOPE a fiO.59

*20K, 15H SLOPE aFlo.o,)
556 FORr4AM(H 9 2IX9 i5H SLOPE a l0.b,

*20*, 15H MOMENT a F1095)
55? FOHMAT(IH 9 21A9 15H MUMENT xF10#5,

*20K, ISH ROTATION a F1O.5)
558 FOHMAT(1H 9 27X, 15H4 MOMENT a FlO.59

*20K, ISH MOMENT a Floob)
559 FOkMAT(1HO9 45K9 17HUIOUNUARY ANGLE a Fl0*59

* 1$K 17HUOUNO)ARY ANGLE 8 Fl0*5)
575 FOHMAT(IHO,/1 2449 42HELASTIC PARAMETERS AWE THE hAMt FOR EVERY

* 36HPART IN THIS SHELL, THEIR VALUES ARE 9
*H 9i J8$ IhHYOUkdjS MODULUS a le~

O 1K, 22HPOUNOS PER SQUARE INCH,*
* 11 3849 16HPO[SSONS R4ATIO a F895)

682 FUHMM(HOI/ 24X9 42HLOADING PARAMETLRS ARE THL SAI*. FOR EVERY
* , 36HPART IN THIS SHELL. THEIR VALUES AWE 9

oH 9M 38X9 IIHPRi.SSkUHE a Filob,
* 1K,9 22HPUUNDS PER S14UARE INCHO

IH 9 38X* 4bHUNIT WElIGHT OF MATERIAL x FllieS,
1K, 21HPOUNUS PEW CLJHIC INCH /

1H 9 3HKt 13HOEAD WEI(6HT = Fils!Do
lK, 22HPOUNUS PER SQUARE INCH)

bi-3 CORMAT(//// 6eA9 14H* tiLOMLTRY * //9
25* 9 b M bNO* OF9IUK, 21HC 3 0 R 0. 1 N A T L tt '4hK9

* 1frrHICKNESS9 INCHES)
514 fONMAT(H 9 !5K,

* 4HPART9 6X9 4H[YPF9 5X9 8HStGMLNli, 4X, IHINIiIAL, !)Xt
bHFI11AL 9 4XK9 1OHO I ftNbI )NS, .3* JX9HA 9 1NC1tS, 9 3
O HH91NCHLSo bX9 8HCsINc HES9 4K, liNCUNSiANI VALUE)
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176 FUNMANtIH 9 1$, 3X, eAbs 159 4X9 2F12*59 4X9 A69 Al, tl.3.5,
* 32*,A3)

r77 FORMAT(H 9 1$, 3*, eA69 159 4X9 2Fl2*59 2X9 A6, Alt Plieb.
* ~o AJ9 F1395 )

f1 FORMAT(H 9 189 JX, 2A69 159 4X9 Fl2sS,14X9 A6, Alt 2f13obo
* 19X9 A3)

179 FOHMATUlH 9 189 .3*, 2A69 159 4X9 F1295,1'i*, A6, Alt Ufk.Sbo
*19X9 A39 Fl3*5)

780 FORMAT(H 9 18. .3*. 2A69 159 4X9 2FIZ.59 2X9 A6, Alt Zf13obt
I 9X. A3

781 FORMAM(H 9 18, 3X9 '?A69 15, 4X9 2F12.b, 2*, Abe Alt 2F13*bt
*19X9 A39 F13.5

782 FOI*MAT(1t1 9 189 3X9 e46, 169 4X9 2Fl2.59 Z*. Abe Alt 2F13959
*F13*b. bXq A3

783 FOIMAT(IH t 18, 3*, 2A69 159 4X9 2F12959 29 Abe Alt 2fl3obt
*F13obg 6*, A39 F1395)

508 FOHr4Ar(////, 59X9 16H.* PROPERTIES 46//
* kM * 44X9 4.3HE a YOUNGS MODULUS (POUNDS PLkR 5WUARE INC11)o

IH iN 44X9 19HNUJ x POISSONS RATIO /)
57? FOHMAT(IH 9 44X9 4HPAHtT, 6X9 4HTYPE9 13*, IIIE, l9X9 4MNU)
576 FOIIMAT(1H 9 45X9 129 3*. 4A6t 3i, E12*59 3X9' F8.b)
683 FOI4MAT(//// 9 57X9 16H.* LOADINGS *///t

*III * 46A9 39HP a PRESSURE (POUNLS PL.R SUUARL INCH) I/
* lH 9 46X9 3911w a UNIT WEIGHT (POUNOi PER CU61C INCH) 9/
* IH 9 46X9 40HU1 a DEAD WEIGHT (POUNDS PER SQUA~t INCM))

684 FORMAT(1H09 34X9 4HPAkT, 6X9 4HTYPE9 13*. lN~, 13*, 1MW, 13*, ImO)
685 FOHf4AT(lH 9 35*. 12. .3*, 4A69 3FI495)
686 FOHMAT(////* 50*9 22H* VARIABLE THICKNESS *//
68? FOHt4AT(1H 9 4HPAHT 13)
688 FORMAT(1M * lONCUORUINATL L0F12.5)
689 FONMAT(1N 9 IOHTHICKNtSS 1012o5)
690 FOHMAt(1H)
670 FORMAT(IHO, 39HSPELLING ON dUUNUAkY CARD) IS IriCORRk.CI.)
671 FORI4AT(INO 17HNSPELLING OF PART 12. 14H1 IS INCORNEC(;)
666 FOHMAT(IHO, 501INUMdEk OF PARTS 1S EITHER IERU ON GRLATEN THAN 60.)
664 FOHMAT(1HO, 3OHNUMI3EH OF PLOTS HEODESTEU WAS 149

* 26H9 ONLY 10 CAN BE OBTAINED.)
672 FUHMAT(1NO, 44HSPELLING OF YES OR NO IS INCORRECT FUR PART 12,1H.)
663 FOHMAT(lH09 3?HNUmI*.N OF PRINT POINTS REQUESTED WAS !6.

* 34H# ONLY 360 PUINTS CAN HE OBTAINE09)
665 FORMAT(1H0, 22HNUMBEH OF SEIIMENTS IS 139

* 35Hs ONLY 60 SEGMENTS CAN BE ANALYZED.)
613 FOHMAT(1H09 5HPART 1eg 24H HAS VAR1A6~LE THICKNESS*

* 29HNUMHLR OF POINTS HEAL) IN WAS 13.
*48H# THIS CANNOT BE LESS THAN 2 OR OREAILR THAN 10.)

674 FONMAT(1H09 SHI"ART 129 24H HAS CONSTANT THICKNLSS.
*29HNUM6LW OF POINTS REAU IN WAS 139
* 1911. THIS SHOULU AE 0.)

675 FORMAT(lHO, 45HSPE.LLING INCORRECT ON ELASTIC PAWAMEIt.R CANL).
676 FOHMATlIHO, 44HSPELLING INCORRECT ON UISTR~bUtED LOAD CARD.)
6?? FONMAT(IH09 34HSPELLING INCORRECT ON CONIROL CAND.)

691 FORMAT(1HO, 35HTWO SHkLL PAR4TS ARE NOT CONTINUOUS,
S 47H CHECK IN17IAL AND FINAL COOHOINAIES AND NA0II

s 9HFUR P~ART 129 19H1 AND PREVIOUS PAR(*)
669 FORMAT(1H09 33HPkOCESSIN6 01 INPUT DATA STOPPED.
998 CALL EXIT

E NU
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SUUHOUTINE INTr.G
U)MkNSION UY(H) 9Y(d) ,lYtI

*ENH(53) 9 SOUT(215) ,p(bUb) 9i
P tI~f(d) 9 LJ(t960) ,SLOI'L(helh)

*UM(8961) 9 GAM8 0648) )
aISS(60) 9 F(9960) , L)YAM(72)
aYAM(72) 9 ABC(21) 9 EAM(l0)'
* vAM(eI) 9 KAvE(j) 9 YSAVtLi893)
aFSAVE(d) 9 XPLO1(.30) 9 YPLOT(3bU,10)#
aSIHOUT(350) 9 SIGNPH(350) 9 SIOMPH(ib0)
aSI(,PHT(35o) , SIO.PHtI(30) 9 SIGjNTH(3b0)
aSLO.MTH(350) * SIGTHT(350) 9 SIGIHA(4bo) 9
aTAUP.HI(350) 9 IPLOT(10) 9 A(899) .

COMMON / LOCKA / NO, Pig XLU, NTYPE, INUEX9 IH~t* PNO NPOINT,
1 ISH9 Tb9 Ti, T29 HTT9 INKC
COMMON / L0CK8 Ho Hit k29" R3o SXN, CXS '
COMMON / BLOCKC /UM, GA, Gdo NF, NFPq NPL9 NH, NN9 WHY
COMMON / 'LUCKF /NFf, SMXX# SZER09 GO, LHP9 IS59 to-

a MAX, INTPRN, INTVAL, NPP
COMMON / LOCKH / NUL.
COMMON / eLOCKJ / UELX9 PULLX9 ABC, EAM
COMMON / HLUCKK / PIN, 9PMINq H0, X09 EMIN9 t.MAX
COMMON / 8LOCKL / YAM, OYAM
COMMON / 6LOCKP / PLOT, PLfIME9 SPLUT, PLOIJT, II'L~r, YMOUt iKSr,

1 HOAMvMAs UEAU, NFH
COMMON SLOPE, Pt SOOT, U9 A
EQuiVALENCE (Y(1)t PWNT(l))t (1()v YAM(2))* W(019 UYAM(W)

1 (S, YANI)
EQUIVALENCL (SLOPE(l) 9 YPLOT(1) )I

W 0476) 9 APLOti) )o
W8U(26) s STROUT(l) )q

a(U(1116) 9 SIGNPH(1) 's

a W15eb) 9 SIGmPH(1) )t
W U1816) 9 SIGPHT(l) )t

a(U(2226) 9 SIGPMB(1) )t
M2U(576) s SIGNTH(1 )q
W2U(926) s SIGMtH(1) )t
M 03216) 9 SIGTk~T(l) )9
M30(626) * SIGTHB(i) )o

a (W3976) 9 [AUPHI(1M
INIEGEH 0O9 PASS, EXTRA, AUMSCT, FINAL
REAL NO, NT9 Ml, NdACK, NFM
PIN 24.0

PmIN boo
D0 4330 L x 19 NN
IF(INTPRN oE~q 0) GO TO 4210
wRIrE(6,691) Lt InN

4210 NF NF 4 1
00 '.320 J.J x It NPL

C FINAL a 0 IF OUTPUT FROM AUMINT IS AN AUAM~S MOLJLIUN PULNT AT
C SFINAL,
C FINAL a 1 IF OUTPUT FROM AUMINT IS A RUNGL ImUTTA POiNT AT S INAL*

FINAL = 0
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NOSAVk = 0
UO 4310 I s j, NUL
Y(I) a 0.0

4310 CONTINUE
SFINAL a SILRO + SMAX

C INiC COUNTS NUM$H OF lIMES DIFFEO IS CALLLUe

INIC a 0

C AOMSCT COUN TS NUMHER OF TIMLS 6o0MINt 1S CALLEU.

ADMSCT x 0

IF(PN oNEo 0.0 *OR* H(AMMA *NE. 0.0 *OR* UEAU oNto 0.0) 60 TO 4dOU
IF(NTYPE .&Qo I oANUO JJ oEOo 1) 0 TO 777

4200 IF(JJ oGTo 1) GO TO 4526
0O 4390 1 a 1 NUE
YMI a TRY(19NF)

4390 CONTINUE

C NOSAVE a 0 IF NTYPE a 1 (LINEAH ANALYSIS) ON IF JJ IS OWEAILH
C THAN 1 (COMPLEMENIANY SOLUTIONS BEING OdTAINEU).OTMRWISE
C NOSAVE a I*

NOSAVE a I
GO TO 4621

4526 Y(JJ - 1) a 1o0
NOSAVE a 0

4527 IF(NTYPE oNEo 1) GO T) 431
NOSAVE a 0
IF(L oGTo 1) GO 10 1310
IFIJJ oGT. 1) 60 TO 430
XLU 1 .o0
ERROR a ERP
GO to 1308

4530 XLU 8 0.0
ERROR a ERP
GO TO 1308

1310 IF(JJ oGTo 1) uU TO 131b
XLU 2 1.0
ERROR s L(JJtNF - 1)*LRP
G0 T0 1308

1315 XLU 8 0.0
ERROR a E(JJtNF -)eLIRP
GO 10 !308

4531 IF(JJ .*Go 1) GO TO 4533
NTYPE a
5 8 SU1RO
CALL GOMTRY

C P(1,NPH) a Q PHI
C P(etNPH) s N PHI
C P(39NPH) a HEIA PHI
C P(4N'4) a UETA PHI COMMA S
C P(btNPH) a N THETA
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P(.dgl) =Y(4)
I'(iel) a Y(5)
P(491) =Ti!*Y(,) - NUOR?*CXS*Y(5)
F(bol) =NU*Y (4) + H*(R*CXS*YC3) R 2*SXN*Y(t))*YMUU
SOUTMi = S
ERH~UR = E(JJ9NF)*ERP
60 TO 13U8i

4533 NTYP a .3
ERHUR =:(jNF*R

1308 LmAX = ERHUR
EMLN = ERHOH*O.01
IF(INTPRN .E(. 0) GO TO 4220
uo 11Ok2 1 = It NUE
ERHQ) 3 ERH0H

1102 CONTINUE
WRITE(bb%) (ERN(I)t 1 0 It NUL)
O~IIE(69b15) 5S.t(O, (YI)i I x It NUE~)

4220 HO x SMXX
X0) a SZ.NO
CALL AUMR4ES
NPH 0
PASS 30

L.x(IA 30

830 ADMSCT xALJMSCT 1
CALL AUMINT
IF'CNOSAVL k. .( 0) GO TO 1313

C IHL. SOUT(I) ANU P(1,NPR), j a It 5 HAVE Tt*. INOLVE~NUL.NT VAWIABLE
C AWL) THE CORESPONUlNG PARAMETERS WHICH ARE USED iN IRE AUXILIARtY

cEQNS (TYPE .3) F~OR ThE NONLINLAR ANALYSIS*

IMAAm(f) 9EQ. 0.0) GO TO 3*15
EXTHA x I
IF(PASS *EQ. 3) WO TO 310
PASS a PASS + I
GO 10 315

310 PJASS a1
315 00 350 1 x It NOE

YSAVE(1,PASS) 8 *(1.
350 CONTINUE

XSAVE(PASS) M S
Go To 130

.75 IF(LXTRA *LQ* 0) GO TO 400
SSAVE = S
Do 390 '4 19 3
NPk NPH I
S z XSAVE(M)
CALL bUMTRY
P(IvNPR + 1) x YSAVE(2,M)
P(?,NPR * 1) aYSAVE(4t4)
P(3,NPk + 1) a fbAA(hoM)

P(49N * + ) a Te*YSAVE(69M) -NU*k2*CXS*YSAVL(bM)

v0)9NPR 4 1) a U IAYSAVL(49m) + H*(H20CXS*YSAVE(J9M)
£ H4*SXN*YSAVEA1,M) )*YMOU
~fl(NR *1)*+
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390 CONrINUE
S a SSAVE
EXTRA a 0

400 NPH aNPR 4 1
IF(EXTRA .LQ. 0) 6O 10 410
CALL GOMYRY

410 P(.19NPR + 1) a Y(2)
P(29NPR + 1) aYM4
P(239NPH * 1) a yi5)
P(49NPR * 1) a Te*Y(6) -NUOR2*CXS*Y(S)
P(59NPH 4 1) a NU*Y(4) *H*(R2*tXS*Y(3) *R2*SXN*Y(1))*YMOO
SOUT(NPR + 1) a 5
IF(NPR *LTo 276) GO TO 138
WRITE(6,686) JJ
WRITE(69678)
WRITE(69676) (SQUT(N)t (P(ION)o I It 1 )t N 1* 1. 5)
Go i 1
RETURN

138 IF(S *LT# SFINAL) GO TO 80
IF(EAMM7 sEQ9 0.0) GO TO 830
IF(FINAL .AQ9 1)GO TO 80
00 i25 1 a It NOL
FSAVEMI a YMj

82S CONTINUE
FINAL a I
6O TO 80

630 IF(FINAL oEQ. 0) 0O TO 840
DO 63S I It1 NDE
PRNT(I) aFSAVEM1

835 CONTINUE
840 TERMI a MAXIF(AHS(PRNT(l))t ASS(PRNT(2))* A8S(PMNTfJ))s

1 A8S(PRNT(4)'I. ABS(PRNT(S))o A@S(PKNT(i))
IF(NOE *EQo 6) 00 10 8406
TERMI a MAX1F(TU(MI9 Ag5(PRNT(?))* ASS(PRNT(Sf)

8408 E(JJ9NF) a TERMI'
IF(jJ #GTo 1) 00 TO 4540

777 JJJ a NPL
GO T0 1491

4540 JJJ a JJ - 1
1491 00 4542 1 a It NUE

H,1JJJsNF) a PNNTM1
4542 CuNTINUE

IF(INTPRN sEXJ. 0) GO TO 4240
wRIrE(69675) YAM(I), (PRNT(I)o I a It NOE)
WRIrE(69605) AUMSCT9 INKC

4240 IF(NOSAVL dAgo 0) GO TO 4320
NPOINT a NPR + I
IF(INTPRN *E0. 0) 60 T0 1490
WRI TE(69677)
WRITE(6,676) (SOUT(N)o (P(19N)t I 9 1. S), N a It NPQINT)

1490 00 5035 N a 29 INPOINT
DELTA a 1.0/(SOUT(N) - SOU~TN - M)
DO b03O 1 a19 5
SLOPE(19N 1) a (P(19N) -P(1,N - 1))*DLLTA
P(I9N - 1) aP(I9N -1) -SLOPE(I#N - 1)*SOUT(N -1

5030 CONTINUE
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5035 CONTINUE
IF(INTPHN .fEQ. 0) GO TO 4320
WRLTE(69631)
MPOINT =NPOINT - 1
WRITE(6,b19) (Mo (SLOPE:(1,M),I 1.I b)v M s Is MPOINT)

4320 CONTINUE
VilISH *EQ. 2 oAN0@ NTYPE @EQ@ 1) 00 TO 4536
SZEI4O aSFINAL

4330 CONTINUE
RETURN

4536 NPARTC z NFF + N - 2
Do 4375 JJ aNFq NPARTC
DO 4381 1 x 1t NUE
DO 4381 J a 1t NIWL
O(IgJtJJ + 1) a U(1,jqjj)

4381 CONTINUE
4375 CONTINUE

NF N NPARTC 4 1
NEIURN

697 FORMAT (110, 9H*****************O*
1 27HIHtQSL kESULIS Aft FOR PANT 1d IIH O' BWANCH 129
2

696 FOHMAT41M 9 1IM***** ERN(1) *2H** E16obs 2HM* ti.6i, 2t1** t16.89
I 2H** E16*89 Zie* t.16obo 2H** E1698i)

675 FORMATIHt 9 Fl09o dE15.6)
686 FONMAT(1HIV 41HOIMENSION OF SOUT LXCEEUEU FUR INTEGRATION NO# 119

1 d3H* CALLULATIONS STOPPED.)
678 FORMAT(1HO, 11*. 4tHSOUT9 lb*, 4HOPH19 IbA, 41INPHI, IbX9 4H8'MI9

I 14X9 8HUbVHI/OS9 15X9 2HNT)
676 FOHMAT(I' 9 6E.20.8)
605 FONMAT(IH 9 14HAUMINT CALLe.U 139 6H TIMES, bX9

I 14HUIFPEQ CALLEU 139 6Ht TIMES)
677 FOHMAl(LI, 11~s 4HSOLJT, leA. 4H(JPHI, 16X9 4HNPHIv 16X9 4HHPHIt

1 14K, BHUbI"HI/DS, I5Xv 2HNT)
637 FOHMAT(lI9 69HvALUtS FOR SLOPES IN FOLLOWING OHDEH * (PHI9 NPHI,

18PH19 OUHH/US* NT)
679 FOWMATtIH 9 139 6X. SEZ~eb)

ENL)
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SUk$HOUTINE INVERT (BAgAXtNAXoDETERMt1SCAL)
DIMENSION UP(0t8)9 M(8)t C(O) t HA(64)

DO 310 J=tMAX
Kz(J-I)*NAAXl
DO 305 I31,MAX
UP4I1J)NBA(K)

305 KzK+1
310 CONTINUE

DETERM z l

C INITIALIZE BOOK-KEEPING ARRAY

00 90 1 z Is MAX
M(l) a " I

90 CONTINUE
O0 140 I1 It MAX

C LOCATE LARGEST ELEMENT

0 a 0.0
D0 112 K a Is MAX
IF (M(K)) l009100114

100 00 110 L a It MAX
IF (M(L)) 10391039110

103 IF(ABS(D) - ABS(UP(KtL))) 1059 105. 110
105 LO & L

KD X K
O 8 OP(KoL)

110 CONTINUE
112 CONTINUE

C CALCULATE DETERMINANT

IF(KI) - LO) 900s 9019 900
900 OEVERM z - ETERM
901 OLIERM a DOUETEWM

C INIERCHANGE COLUMNS AND bUBSTITUTE IDENTITY LLEMtNTS

NEMP a -M(LU)
M(LU)zM(KD)
M(KO)s NLMP
O0 114 1 a It MAX
C(I) z )P4I1LU)
DPItLO) a UP(ItAO)
DP(I*KD) a 0.0

114 CONTINUE
DP(KO*Kl)) z I*

C UIVI)E ROW BY LAWGESI ELEM.NI

00 115 J a It MAX
UP(FOJ) x UP(KUgJ)/U

115 CONIINUE
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C 6kEUUCE R[MAINING ROWS AND COLUMNS

00 135 1 a It MAX
IF (I-KO) 130913bo130

130 0 134 J I t, MAX
DP(1,J) U DP(IJ) - C(I)*UP(KOoJ)

134 CONTINUE
135 CONTINUE
140 CONTINUE

C INIERCHANGE ROWS

O0 200 I a It MAX
L 0

150 L L + 1
IF (M(L)-I) 15091609150

160 M(L)aM(I)
M(L)BI
00 200 J a It MAX
TEMP x DP(LtJ)
DP(LoJ) a UPLP(J)
DP(ItJ) a 1LMP

200 CONTINUE
D 330 JuIMAX
Ka(J-I)*NAXl

O0 325 I11MAX
BA I) mOP(IJ)

325 KmA*l
330 CONTINUE

RETURN
ENU
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SUbROUTINE MATML(A, NHA, NCA, IRA, ICA, NRSAt NC$At
* t NHB, NC8t IN8t IC69 NCSbt
* Co NRC, NCC9 IRC, ICC. UUMMY)
DIMENSION A(NRANCA), 8(NR~,NC8), C(NRC9NCC)9 UUMMY(N$OCNCC)

COIMENT IF A IS DOUBLY SUdSCRIPTEDt THEN WHITE A(llg)
COMMENT IF A I5 TRIPLY SUbSCRIPtED THEN wRITE A(19iK) WHERE K
COMMENT INDICATES THE K - TH A ARRAY.
COMMENT IF 8 15 VECTUR, I.E., SINGLY SUBSCRIPTEU, THtN WHITE b(I),
COMMENT IF B IS UOU8LY SUBSCRIPTED, THEN wRITE u(oIt)q It 6 IS
COMMENT SQUARE, OTHERwISE IF B IS RECTANGULAR, THEN WHITE b(lK)o
COMMENT WHERE K IS THE K - TH COLUMN IN be
COMMENT IF 8 15 TRIPLY SUHSCHRIPTE0 THEN wHIlE b(19t9K) WHERE K
COMMENT INDICATES THE K - TH B ARRAY.
COMMENT IF C IS VECTUH, I.E., SINGLY SUBSCRIPIEUt THEN WHITE C(I),
COMMENT IF C IS DOUBLY SU6SCRIPTEO, THEN wRITE C(1,I),
COMMENT IF C IS TRIPLY SUBSCRIPIED, THEN WRITE C(19,9K) WmERE K
COMMENT INDICATES IHE K - TH C ARRAY.
COMMENT NRA = NUMBER UF ROWS IN A,
COMMENT NCA a NUMBER OF COLUMNS IN As
COMMENT NRSA = NUMBER UP ROwS IN SUB MATRIX OP A WHICH wILL HE
COMMENT MULTIPLIED.
COMMENT NCSA * NUMBER OF COLUMNS IN SUB MATRIX OF A WHICH WILL dE
COMMENT MULTIPLIED.
COMMENT IRA NUMBEH UP IHE HOW IN WHICH THE SUbMATRIX SJAHiS,
COMMENT ICA 2 NUMBER OF THE COLUMN IN WHICH THE SUBMATRiA SIARTS.
COMMENT SIMILAR UEFINITIONS FOR OTHER QUANTITIES.

COMMENT CALLING PROGRAM MUST PRUVIDL IEMPOHARY STORAGE Ut NRC.NCC
COMMENt DECIMAL wOHOb,

IMAX a IRA * NRSA - I
JMAX = ICR + NCSb - I
LMAX = ICA * NCSA - I
MMAX = IRC * NRSA - I
NMAX = ICC + NCSb - I
MaI
DO 110 1 2 IRA, IMAX
N = I
DO 105 J a ICB, JMAX
SUM = 0.0
K = IR8
DO 100 L a ICA* LMAX
SUM z SUM * A(IL)*B(KtJ)
K : K + I

100 CONTINUE
DUMMY(MN) = SUM
N2N+ 1

105 CONTINUE
MaM +I

110 CONTINUE
MM I
DO 120 M z IRCs MMAX
NN = I
00 115 N S ICC. NmAA
C(MN) OUMMY(MMNN)
NN = NN I I
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115 CONTINUE

120 CON IINUE
RETURN
ENUi
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SUWNOuTINE PRIM I
DIMENSION IAIa) 9 S1(6O) 9 IPAW160)

*1000) 9 SX(60) 9 INT(6O)
6 A($) 9 PRNT(d) 9 ISS(60)

* (i(b)v E14R(8) ,PSII(bO)
Y(d) 9 )(,1 LYM(60)

* OY(d) 9 L88 A(899)
* Iidtd) 9 TLI(8,tI) 9 JUdPLT(10)
*TRaI(d~td) 9 TRY(Oofo1) 9 1i42(a8)
*SowuTfe) 9 DW960) , P(5947bi
*SLW'c(59,275) 9 TRI(bod) 9 L(9960)'

01IMENSION V.3(1) q Vk(7,qb) 9 YAN(12)
* iVAHMR- 9 AtSC(21) 9 EAMIIO)

d ACK(60) 9 YSAVL(b) 9 OETILAM(10eJ
*IPLOI(1O) 9 XPLOY(350o 9 YPL~UI( 2 690,1)
*SII4JUI(50) 9 S16NPH(35,O) 9 S1GMHaM(X2O)
*SIOPHI(350) 9 SIOPHU(350) 9 SIGWi.1(bOJ
*SIbmTH(3bO) 9 SIGTHT(3!,O) 9 S1Gi1d(S-bO)
*TAuPH1(350) 9 VARTIK(60) , POhiN(6)

COMMON / I3LOCHA N U, Plo AID, NTYP(.. INOEA, 1*314, PM, NPUI~r,
1 ISti. TT, l Ti12, 1411, INKL
COMMON / OLOCIW HeN H19 H~v R39 S1ms CXS
COMMON / RLOCKC / Mg GA, 68, NF, NFP, NPL, NH9 NN, 1141
COMM3N / HLOCKU Me11 IR, iLl, TRIg ALFI, ALFH
COMMON / BLOCi'F INFF9 Smxxv SZER09 6O9 ERPo 155, Et

* MAX. INTPRN, INTVAL, NPP
COMMON / OLOCKG INPAkTS9 PHIl, V39 KIN0, NT, NT, SPHINT, VN, EYM,

1 RACK, NUACK
COMMON / LOCKN / OE
COMMON I LOCKJ / DLE, PDELX9 ABC, EAr4
COMMON / LOCKK IPIN, PMIN,9 tiO, X09 tMIM, EMAX
COMMON / ILOCKL I AM9 DYAM
COMMON I HLOCKM /YSAYE
COMMON I LOCKN / DEIIM
COMMON I LOCRhP / PLOT, PLuIME, SPLOT9 PLOTPT9 IPLOT, YMOD, KST9

1 IIGAMAq 6LA0, NFN
COMMON /eLOCKO / TIME, VAI4TIK9 NVARTK
COMMON /BLOCKS / JOdFLTq ALXL, ALXR, IA, 18, NOPUNC9 INPUf',

* CONVER. SI, SX9 INT, IPAR9 P514, 1tH, NTRY9
* NLRROR, IbRmo TRY IN, IORMAX

COMMON SLOPE, Pt SOUl, 0. A
COMMON IPLXY1C / IEk(8)9 iJUM(4)
EQUIVALENCL (Y(i)q PRNT())t CY(I), YAM(2))o (1)1(1)v DYAMW()

1(St YAM()), (VARTIK(1), POINTl)
EQUIVALENCE (SLOPE(fl 9 YPLOT(1) )q

*(0(.71b) 9 XPLOt(1) )o
*(00.326) 9 bTROUT(l) )o
*(t0(11rb) 9 SIGNPH(1) )t

wusz(')b) 9 sI(3Momml )t
*(0(1876) ,SIGPIIT(1) )t
*(U(222~6) 5 SIPIIB(1) )s
*(0(251bi) SIGNTH(1) )t
* (e~926) ,SIGMtH(1) )o
o(0021I6) b IG1I'Tu) )t

* (0Jh~) ,SIGrN,(n )t
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it) (39 7h) 9 TAUPHI (1)
IItGEAi Gut iXYIN. PASS, SPACE, AOMSC7, FUNIS, PLU19

PLOTI-f, eLTIMEi TIME, VARlIK, POINI. COLUMN
DArA(PPU = 'i.I?43292b-0D1)9 (DPR 2 57*295I19! I)
REAL hu, NF ml. N44%iK, NWho NR2
IF(NDE eEQe 8) Go TO 105
00 100 1 = It d
YSAVE(I) = 090
PHNT(I) = 0.0
V3(1) z 0.0

100 CON~TINUE
105 NF =0

PIN =1*0
PMIN 500
PLUrPT = 1
SPLOT =0.0
KS! = 0
NPLACE = 1

106 WR11E(693s 3)
KOUNT = I
Go 1o (1019 Iu9, 161. 166, Z34, 246. 576)9 NPLACL

107 DO 245 IIHR = It 163RMAX
NVAHTK =P01N1(Idk)
NBACK BACK(ItiN)
IS" = ISS(18'R)
INUEX ISMi - I
KOUNT = KOUNI + 2
IF(KOUNT oLfe 53) bu TO 109
NPLACE = 2
Go To 106

109 WRIIE(6934b)
Go To (1109 1159 1209 125, 130, 1359 140)v INUEX

110 WRItE(69365) IdR
GO To 145

115 WRIIE(6,370) ISR.
GO TO 145

120 wRIIE(6,31h) 18k~
GO TO 145

125 WRITE(6,.380) ItdH
60 TO 145

130 WRItE(6,385) IdH
GO 10 14b

135 WRIIE(69390) 1dR
GO 10 145

140 WRIfE(6936b) 1d14
145 1NUL.X Z 1

CALL GOMTRY
YmOI) z EYM(ItUR)
NU = PSR(fbR)
P1 (1.0 -NU*NU)/YMOO
TT = H*1/1290
TI = P1/H
Ti = T1/TI
HTI x H.Tr
NF = IPAR(18H)
SMAX = (SX(IHW) -SI(IHR))FLOAI(NFI
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NPF a INT(lIHR)
PPM = SMAX/FLOAT(NPP -1
SZERO a SI(IbiM)
Do 240 L 1,I NFF
SPINAL a SZERO + SMXX
NF NF 4 1
IF(NTYPE *NE* 1) GO TO 155
IF(L *EQ. NFF) GO TO 160
TEMI MAXIF(A8S(UMfl9NF +)Mt A8S(UM(29NF + M9)
1 ABS(UM(3*NF + 1)) A8S(UM149NF + 0)9
2 ABS(Om(5,NF + 1)) ABS(IM(6,NF + 1))
IF(NDE @EQ9 6) 00 TO IbO
TENML a MAX1HTEM1, ABS(LJMi7,NF *1))q AIHS(M(dtNF M )

190 ERROR x TERM1*ERP
GO TO 16

155 ERROR a E(19NF)*ERP
160 E'4AX a ERROR

EMIN = ERRORO.U01
KOUNT a KOUNi + 1
IF(KOUNT .LTe 53) GO TO 1l,1
NPLACE a3
Go TO 106

161 wRITE(69345)
IF(INTVAL 9EQe 0) GO TO 170
DO 165 I = 19 NUL
ERR(I) x ERROR

165 CONTINUE
KOUNT x KOUNT 4 1
IF(KOUNT oLT. 53) GO TO 166
NPLACE a 4
GO TO 106

166 WR1TE(69400) (ERR(I)o I a It 6)
170 DO 175 I = 1t NOE

Y(j) a OM(INF)
115 CONTINUE

HO 8 PPR
aO SZERO

IF(NTYPE *NE9 1) GO TO 180
XLI) x 1.0
Go To 185

180 NTYPE z

C KIND a 1 INDICATES FUNDAMENTAL VARIABLES ARL FROM THL BEGINNING
C OF A PARt, THAT I5, Um(INF)a
C KINU a 2 INDICATES FUNUAMENIAL VARIABLES ARE. ADAMS-MUULTON POINTS,
C THAT IS9 PkNT CI)e
C KINU a 3 INUICAWES FUNIJAMENIAL VARIABLES ARE FROM ITHL YSAVE(I)t
C WHICH MEANS THIEY ARL PERMANENT RUNGE KUTTA P~OINTS.
C KIwUL a 4 INUICATES IUNI)AMF.NIAL VANIAbLEt ARE FROM CHUWN CALCULA-
C TIONS.

185 CALL AUMNES
S aSLERO
SPRINT x SZLRO
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KINU = I
LPLACE = I
GO TO 495

106 PASS a 0
INC = 0
SPACE =
ADMSCT = 0

190 ADMSCT a AUMSCT I
CALL ADMINI
IF(PASS oEo 2 sANUo EAM(9) oEo 0,0) 00 TO 245
IF(PASS oE(, 0) 60 to 195
IF(SPACE *E~e XFIXF(LAM(8))) GO TO 200
IF(PASS oEQo 3) (O ro 205
PASS 2 PASS * 1
GO 10 190

19b IF(.AM(9) oEQ, 0.o) (0 tO 210
GO 10 190

200 PASS = 0
GO To 190

205 PASS z 0
KINU 2 3
SSAVE a S
SPRINT a XSAVL
S = XSAVE

SPLOT x SPLOT * PPR
PLOIPT a PLOTPT * 1
LPLACE x
Go UO 49b

206 S a SSAVE
SPACE a SPACE + I
IF(SPACE *LT* NPP) 60 TO 190
GO TO 230

210 IF(EAM(l) .EU. 0.0) G0 TO 20
O 215 1 a It NUE
YSAVE(I) a Y(I)

215 CONTINUE
XSAVE 5
PASS w
GO TO 190

220 KINU 2
SPRINT a S
SPLOT a SPLOT + PPR
PLUIPT a PLOfIT * 1
LPLACE a 3
GO 10 49b

221 SPACE a SPACE + 1
IF(SPACE *LT* NPP) GO TO 190
GO TO 230

225 PASS = 0
KINU a 3
SSAVE a S
S 2 XSAVE
SPNk1T m XSAVE
SPLUT = SPLOT + PPR
PLUTPT = PLUT1f + 1
LPLACE a 4
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GO TO 49b
226 SPACE = SPACL + I

S 2SSAVE
IF(S *GT* 1900001*SFINAL) GO TO 230
KIN)z 2
SPRINjT s S
SPLOf = SPLOT + PPR
PLUIPT = PLOT +
LPLACE =
Go rO 49b

22? SPACE = SPAC.*
IF(SPACE *LTe NPP) GO t0 Igo)

230 IF(INIVAL *EU* 0) IG0 TO 235
KOUNT a KOUNt + I
IF(KOUNT e11. 53) 60 To 234
NPLACE 2 5
60 TO 106

234 WRLTE(6,350) AOMSCT* INTC
235 TEIHM3 =MAXlF(Af8S(PHNN(I))q AiS(PRlNr(2)), AUS(PRNr(3))q

1 ~AdS(PR4Nr(4))q AA'S(PHNT(5))9 At3S(PWNI(b)))
E(19NF) = TEHi43

SIH SFINAL
240 CONTINUE
245 CONTINUE

IF(ISS(IBRM) *GTe 1) 6O TO e~o
KOUNT x KOUNT + 5
IF(KOUNT eLT* 53) GO TO 246,
NIPLACE a 6
GO to lob

246 WHLTE(6934b)
WRITE 6,360)
WRI rEC69345)
ISMi 1
16HN x I8Rm
YMUU m EYM~(18R)
NU 8PSR(IbR)
K114U 2 4
INUEX x I
IF(NTYPL *NL* 1) GO TO 250
XLU. = 0.0
GO TO 255

250 XLU. a 1.0
255 00 215 m x is 2

60 TO (260, 2b5)9
260 PHII x 0.02

G0 TO 210
265 PHLI a 0.0

SPLOT aSPLOT + 0.02
PLOfPT 3PLOJPI I

M1 CALL GomfRY
LPLACE x 6
GO 10 495

211 CONTINUE
215 CONTINUE

GO t0 280
495 IF(I!NU *EU* 4) ~UO 1U b35
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CALL GoomTwy
60 10 (5009 5109 S520)9 KINU

500 0O 505 I = 1, NUO.
V3(l) = UIW(INF)

505 CONTINUE
GO T0 530

510 DO 515 1 =1I NOE
V3(1) = PRNr(I)

515 CONTINUE
6O TO 530

520 DO 525 1 = It NOE.
V3(I) =YSAVE(I)

525 CONTINUE
530 NR2 NFNH2

N1 NU*V3(4) * *CXS*vJ(3 RZ*SXN*V3(I) *NHe 4 V3(7))*YM0U
MT =NUOV3(b) H TT*(R~2*CXS*V3(5) *NR2*(R2*SXN*V3(?i

1 NH2*V3(i)))*YmOu
535 DO 575 1 = It 2

Go TO (5409 545)9 J
540 TENml (NT - NU*V3(4))/H

TEHM2 =Ub*(MT -NU*V3(bflITT

GO TO 550
545 TERMI = (V3(4) -NU*NT)/H

TEHM2 = 0.5*(V3(6) -NU*MT)/TT
550 IF(TERMI .bTo 0.0) 6U TO 55b

SIGN = 1.0
GO TO 560

555 SIG~N = lo0
560 TERt43 =SIGN*MAX~I.(AbS(TEHMI T ERM0), At3SWERM1 ILRM2))/YMOU

00 10 (5659 570)9
565 EPi= TEHFvj

GO TO 575
570 EPP = TEHMJ
575 CONTINUE

KOUNr =KOUNT +I
IF(KOUNT *LT* 53) GO TO V~7
NPLACE =7
GO TO 106

516 WRITE(b*345)
KOUNT =KOUNT 1

51f GO TO (5809 !)90, 5859 b55 b859 5909 585, 590), IStI
580 SPkINT =(3,14159265 - PHII)*OPN

(30 to 590
585 SPRINT = SPHINT*UPR

IF(NFHACK oEQ@ - 1.0) SPRINT = 180.0 - SPRINT
590 WRITE(6,670) SPRINT, (V3(1)9 I m1I 6)9 NT, M19 LPio EPP'

TEHMI z V3(4)/tI
TERM2 = 0*5*V3(6)/TT
TEHM3 z NT/il
TEHM4 a 0.b*MT/IT
KST = KST 4 1
STHUUT(KST) = SPRINT
SIONPH(KSI) = EM
SI$6.MP(KST) x TENM2
SI(bPHT1KST) =TERMI - TERM2
SlbP-1t(KST) = TLHMI + Tt'RMP2
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SI0NT.(IKST) aTER4M3
SIGMTH(KST) a TEHM4
SIGTHT(KST) xTERM3 -TERM4

SIGtHS(KST) atERM3 *TERM4
TAUPHI(KST)= 3 i5*V3(2)/H
IF(PLTIME .EQ. 0) GO TO 666
XPLOT(PLOTPT) 3 SPLOT
DO 665 1 a 19 PLOT
COLUMN a IPLOT(l)
IF(COLUMN eGT9 6) GO TO 595
YPLOT(PLOTPTtI) 3V3(COLUMN)
Go TO 665

595 KOLUMN aCOLUMN 6
GO TO (6009 605, 6109 615, 6209 625,
1 6309 635, 640, 645, b0, 6559 660), IKOLUMN

600 YPLUT(PLOTPT,1) *NT
GO TO 665

605 YPLOT(PLOTPTI) *MT
GO TO 665

610 YPLOT(PLOTPT9l) *EPT
Go TO 665

615 YPLOT(PLOTPT91) *EPP
GO TO 665

620 YPLOT(PLOTPTOI) *SIGNPH(KI~S)
GO TO 665

625 YPLOT(PLOTPT9I) *SIGMPH'(KST)
Go TO 665

630 YPLOT(PLOTPTI) *S1GPHT(KST)-
Go TO 665

635 YPLOT(PLOTPT91) *SIGPHB(KST)
Go T0 66b

640 YPLOT(PLOTPTtl) a SIGNTH(KST)
GO TO 665

645 YPLOT(PLOTPTI) a SIGMTH(KSJ)
Go TO 665

650 YP ,OT(PLOTPT91) a SIGTHT(KST)
Go TO 665

655 YPLOT(PLOTPT91) a SIGTHB(KST)
Go TO 665

660 YPLOT(PLOTPTI) a TAUPH:(KST)
665 CONTINUE
666 GO 10 (1869 206, 2219 2269 221, 271)9 LPLACL

C WRITE OUT STRESSES.

280 tKST x0
NPLACE 1

281 wRI1E(69405)
KOUNT a3
GO TO (282, 283, 321, 3229 336)9 NPLACE

282 00 335 18W It 1,8RMAX
NFF a IPAR(It8H)
NPP a INT(16k)
IsM ISS(18N)
INUE.X =IStI - 1
t(OUNT x KOUNT + 2
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IF(AOUNT *LTs 53) GO TO 283
NPLACE a 2
GO TO 281

283 WRITE(6,345)
GO TO (285. 290, 2959 3009 305, 3109 315)9 INDEX

285 WRITE(6,365) IHR
GO 10 320

290 WRITE(69370) IBR
Go TO 320

295 WRITE(69375) IBR
Go TO 320

300 WRITE(69380) IBA
Go TO 320

305 WRITE(69385) ISA
Go TO 320

310 WRITE(69390) IHR
Go TO 3e0

315 WRITE(6,365) 188
320 00 330 L = 19 NFP

KOUNT a KOIJNT + 1
IF(KOUNT oLI. 53) GO TO 321
NPLACE a3
GO to 281

321 WRLTE(6,34b)
DO) 325 N 2 It NPP
KOUNT a KOUNT + I
IF(KOUNT .LI'. b3) 60 TO 323
NPLACE a 4
GO TO 281

322 WHItE(6934b)
KOUNT x KOL'NI + 1

323 KSta KST + I
WRITE(6941b) 5THOUT(KSr)t SIGNPH'(KST)t SIGMFH(I)t SIO.PHT(KST)o
1 SIOPeHj(KST), SIGNTH(KST)o SIGMFH(KSUt SIGTHT(ST),
2 S[Gr-iH(KST)o fAUPHI(KSr)

325 CONlINUE
310 CONTINUE
33~5 CONTINUE

IF(1SS(18HM) *GTe 1) RETUN
KOUNT a KOUNT # 5
IF(KOUNT *Lto $3) GO TO 336
NPLACE =5
Go TO 281

336 WRITEC69345)

WRirE(69 345)
00 340 M It1 2
KST aKST *I
WRITE(6,415) srNuur(KST)i SIGNPH(KST)o SIG(MPH(KSUI, SIGPHT(KST)t
1 SIGPHH(KST), SIGNTH(KST), SIGM(HCKST)i SL'UTHI(KST),
2 SIGTH*i(KST)t TAUPHI(KST)

340 CONTINUE
RET URN

395 FOHMAT(jMl, 3X9 4HSUUT9 lox, 1MWo 9X9 bMQ PHI. lX9 bHU PHiIs
1 7X9 bHN PHI, 6X9 8H8ETA PH-I, bX9 5MM PH1,
2 6A, 7HN THETA, 5X9 7MM THETA, 4X9 9HEpS rHLTA,
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3 4X9 7HEPS PHI)
345 FORMAT(H )
365 FORMAT(UH , 23HRESULTS FOR MAIN SHELL 12. 12H CYLINDRICAL)
370 F,,kMHAT(1H 9 23HRESULTS FOR MAIN SHELL 12, 1OH SPHERItAL)
375 FOkf4AT(lH 9 23HRESULTS FOR MAIN SHELL 12, 13H PARABOLOIDAL)
380 FORWAT(lH , 23HRESULTS FOR MAIN SHELL 129 12H ELLIPSOIDAL)
385 FOkMAT(lH , 23HRESULTS FOR MAIN SHELL 12# 8h CONICAL)
390 FORMAT(1H 9 23HRESULTS FOR MAIN SHELL 129 9H TOHOIOAL)
400 FORMAT(IH ,1lH**ERR(I) = 1H*Ell,4, 1H*El1,4, IH*Ell,4o

1 1H*Ell,49 1H*Ell,4, IOHE114)
350 FORMAT(IH 9 14HAUMINT CALLED 139 6H TIMES* bX9

1 14HOIFFEQ CALLED 139 6H TIMES)
360 FORMAT(tH 9 17HRESULTS FOR CROWN)
670 FOHMAT(1H 9 F11? l0E12.4
405 FORMAT(1Hl, 31X9 19HMERIDIUNAL STRESSES.

1 29X9 24HCIRCUMFERENTIAL STRESSES*
2 16X9 12HSHEAR STRESS tl
3 5X9 4HSOUT9 8X9 SHMEMBRANE9 6X9 7HBENDINbt 7A9 bHNNER9
4 8X9 5HOUTER9 bX9 8HMEM8RANE9 6X9 7HOENDINb, ?X9 bHINNER9
5 8K, 5HOUrER)

415 FOHMAT(1H 9 F129,9 2X9 9E13*5)
ENU
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SUbHOuINE THICK
DIMENSION P(1Otbo), POINr(60)9 A(1,

*YP(1O9bo), UYAM(72)9 PF4NI(O)t
5 L( 9960)9 VARTIK(6O)9 V3(b),

*VN(1,60)9 EYM(60)9 BACK(60)
COMMON / HLOCKA / NU9 Pit ALL), NrYPE, TNL)EX, IbN, PNf NPOINt,
I ISH, TT, fit 12, HT, INTC
COMMON / HLUCKH / Hq H1, H29 H39 SAN, CXS
COMMON / HLOCKE / xk, YP9 SL
COMMON / S3LOCKGi / NPA~tSt Prill, V39 KIN.) Nr, 41, SHHINT, VN, EYMO

I tiACK, N.3ACK
COMMON / HLOCKL / YAMM L)YAM
COMMON / HLOCKU / TIME9 VAkrIK, NVARTK
EQUIVALENCE (X, YAM(1) tPHNT(1), YAM(2))o (VANVIK(I)o P011(l))
INTEGER TIME# POINT9 VARTLIK
REAL NUt NI, M1, NIJACK9 NFH
I xNVARTK
IF(XP(II1iR) - X) 38, 3d, J32

32 IL x1
IU xNVAHTK

33 IF(IUJ - IL - 1) .319 31, J34
34 1 = (IL 4 IU)/4'

IFA- XP(IIbR)) 3b, 38, J36
35 10 X I

6O TO 33
36 IL a

GO 10 33
37 1 xIu
38 H a SL(I - lIHR)*X 4 YPCI - ItIBR)

RE TURN
ENL)
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SUbROUTINE IHIANji
DIMENSION UC(4,4900) 9 UE(4,4960) 9 U(899960) 9

* (ETE(6O) 9 DETC(6O) 9 ZA(496O)
*ZB(4960) v GA18) q 68(d)
*TRY(8961) 9 P(59275) , SLOPkr(59475)
*UU(4,4) 9 DM(8961) 9 OETU4M(16)
*E(9960) 9 ISS(60i 9 SOUT(27i)
*STHOUT(35o) 9 SIGNPH(350) 9 SIGMPH(3bO)
*S16PHT(350) 9 SIGPH8(350) 9 SIGNTH(3b0)
*SIU.MTH(350) 9 SIOiTHT(350) 9 SIG1HB(3b0)
*TAUPHI(350; 9 XPLOT(350) , YPL0T(3i0,10,q

10 A(899)
COMMON / 8LOCKC / DM9 GA, 08, NF, NFP, NPL, NH, NN, IRY
COMMON / BLOCKF / NFFe SMXX, SZER09 GO, EP ISS, Et'

* MAX, INTPHN INTVAL, NPP
COMMON / BLUCKH / NUE
COMMON / HLOCKN / UETERM
COMMON SLOPE, Pt SOUT, Do A
EQUIM~ENCE (SLOPECI) 9 YPLOt(1) )o

*(0(476) 9 APLOT(1) )o
*(0(826) 9 STROUT(1) )9
*(0(1176) 9 SiGNPH(1) )9
*(0(1526) * SIGMPH(1) )o
*(0(ldlb) 9 SIGPAT(l) )o
*(0(2226) 9 SIGPHB(l) )o
*(0(257b) 9 SIGNTHM1 )9
*(0(2926) 9 SIGMTH(1) )o
*(0(3276) 9 SIGTHT(1) )s
*(U(3626) 9 SIGTH8(1) )o
*(003976) , TAtJPHI(1)

C NF COUNTS NUMBER OF PANTS. THUS AT THIS POINT IN PRUOiRAM IT EQUALS
C THE TOTAL NUMBER OF PARtS.

C D(1,JK) CONTAINS THE COMPLEMENTARY AND PARTICULAR SQLNS AT THE
C ENUS OF SEGMENTS* K REFE.RS TO THE SEGMENT NUMBEH. Im It1 NIJE AND
C J 8 It NOE ARE THE COMPLEMENTARY SOLNS, 1 8 It NUiE AND J *NUiE *1
C IS THE PARTICULAR SOLNs

C NFL aNDE I1
C NFP 9NF, I

DO 67 IalNH
0O 67 J219NH
JJJ+NH

67 CONTINUE
CALL INVLRT(UE(1,1,1),NH,4,OETISCAL)
CALL MATML (0(19191)9 8, 9, NH 4 19 NH + It NH, NH,

* UE(19191)9 49 49 19 Is NH,
* UC(1,191)9 49 49 19 It A)

DETEM a UET
00 10 I=1,NH
1131 4NH

C-75



SUMA x - 0CIoNPL,1)
SUMb a - 0'%119NPL,1)
00 9 1 It1 NH
JJ aJ *NH
SUMA x SVMA - 0(LoJg1)*(GA(J) -TRY(J91)) *U(t.JJ91)*
1 THY(JJ91)
SUMB x SUMB 0(IJ91)*(GAWJ) TRYW,1)) * I(11,JJ91)*
1 TRY(JJ91)

Q CONTINUE
ZA(191) a SUMA

10 CONTINUE
00 11 IulNH

00 12 J 2 19 14H
SUM aSUM - UC(IJ,1)*ZA(J,1)

12 CONTINUE
ZB(lv1) a SUM

11 CONIINUE
1F(NF *EQ* 1) GO TO 59
DO b6 iK a 29 NF
CALL INVERT(UC(191,K - 09, NH, 4, UET, ISCAL)
UETC(K( - 1) a L)ET
CALL MATML (WC1,1,K)g do 99 19 It NH, NH,

UC(19K - 1), 4, 4, 19 1t NH,
* UDQ,91)9 49 49 It It A)

UO 121 1 a It N0
Do 121 1 =1I NH
JJ =J + NM
UE(IJK) a UCIJJtK) + UU(ItJ)

721 CONTINUE
CALL INVtHI(UE(1,1,K),NH,4,UErISCAL)
UEIE(K) 2 UE
U0 13 I1,NH
SUM =- U(INPLgK)
00 74 J 2 It NH

Uj J * NH
SUM a SUM - UO(19J)*Zd(JgK - 1) + D(ItJtK)*!HY(JtK)*

* U(ivJK)*1kY(JJ9K)
74 CONTINUE

ZA(ItK) a SUM
73 CONTINUE

CALL MATHL (0(1,itK)q 89 9s NH + 19 It NH, NH,
* UC(1919K -1), 49 49 19 1, NH,
* UO(191)9 49 4t It It A)

U0 16 IzlNH
IISL.NH
SUM 2 - 0(IINPL9K)
00 161 1 z 19 NH
SUM x SUM - UUt1,J)*Ztb(JoK 1)

761 C014rINUE
Z8(i9K) x SUM

76 CONIINUE
Do 17 s1,qNH
I111NH
DO 17 JalNH
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JJ=J*NH
UD(IJ) = Li(1I,9JJ*K) + UD(19J)

77 CONTINUE
CALL MATML (UD(191)9 49 4, It It NH, NH,

UE(191,eK)t 49 49 It 1s NH,

DO 54 l=1, 9
11I I + NH
SUM aZB(19K)
DO 55 J It NH
JJ 2 J NH
SUM a SUM - UC(ItJ,,K)*ZA(JgKQ # D(IIJoK)*THY(Jtj()*

* D(IJJoK)*IRY(JJgK)
55 CONTINUE

ZB(19K) XSUM
54 CONTINUE
56 CONTINUE
59 00 51 I*lNH

112l+NH
ZB(INF) a ZB(INF) # 68(1I)

57 CONTINUE
DIAGZUC(1919NF )*UC(22NF )*UC(3t39NF
IF(NUE .EQ. 6) GO TO 575
DIAG x OIAG*UC(4949NF)

575 CONTINUE
IF(INTVAL *E(Q. 0) 00 TO 500
WRITE (694 4)
wRITE(699118) ((UC(lJPNF)t J w Is 4)9 It1 NHt)

500 CALL INVERT (JC(1,1,NF )tNH949OETPISCAL)
IF(INTVAL oEQ. 0) GO TO 505
WRITE (69302) OEJOIAG

505 DETC(NF) a OCT
IF(INTVAL .EQ. 0) GO TO 510
WRlIE(69425) (OEITe)t 1 8 It NF)
WR1tE(69426) (UEiCiL)t I a 19 NF)

C AT THIS POINT UM CONTAINS THE FUNDAMENTAL VARIAOLES AT THE END OF
C EACH PART ANU TH*. BEGINNINb OF THE FIRST PART.

510 OETE:RM(NN) a DEl
DO 19 IxlNH'
lII+NH
OM(IINFP) a 0.0

79 CONTINUE
00 810 J a It NF
K.NFP-J
00 84 Iul9NH

ZB(1,K) a ZB(1,K) 4 UM(IIvK + 1)
84 CONTINUE

CALL MATML (UC(191,lK)e 49 4, It It NHt NH,

* OM(19K + 1)9 be 1, It It A)
00 dS 1a1,NH
ZA(1.K) a ZA(IK) 4 UM(ItK + 1)

85 CONTINUE
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CA4LL MATHL (UE(1,19K)o 49 49 It It NH. Nil.
0 ZA(19K)o 49 It It It It

* DM(19K), 8o It NH 4 It It A)
610 CON I IPJUE

DO 98 lultNh
11=1#NH

DM(1I.NFP a GM1I
98 CONTINUE

424 FORMAT (IHO,4OX94SMSOLUTION IS BASED ON FOLLOW: NG C-SUB-N4 MATRIX)
9118 FO*IMATCII4O, 13X9 4E18*8)
302 FORMAT(H0, 14HOETERMINANT =E15989 10*, 16"DIAGONAL TERM = E15*S)

425 F0fMAT(1HO,8hDET(UE)= OE15.7)
426 FORMAT(1H0,8HDET(UC)a 8E15*1)

RETURN
END
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RETU'RN
ENDI
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ABBREVIATIONS AND SYMBOLS

t Thickness of U-shaped bellows, in.

c One-half of the convolution depth of U-shaped bellows, in.

b Local radius of torus segment, in.

IA Average bellows radius, in.

L Live length of bellows, in.

6 Amount of axial compression imposed on bellows, in.

E Modulus of elasticity, psi

3- Axial spring constant, lb/in.

p Internal pressure, psi

r Radial distance from axis of revolution to point on bellows or diaphragm, in.

00 Meridional surface stress, psi

c0e Circumferential surface stress, psi

-y Chord angle of welded bellows, deg

Angle of tilt for welded bellows convolution ends, deg
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APPENDIX D

PARAMETER ANALYSES

During the research program, analyses were made of the changes in stress caused
by variations in selected parameters of formed bellows, diaphragms, and welded bellows.
The results of much of this work are presented in this appendix.

The results are described in four sections: D-I - Parametric Analysis of One-Ply
Formed Bellows; D-II - Analysis of Effects of Small Variations in the Formed Bellows
Convolution Dimensions; D-III - Parametric Analysis of Corrugated Diaphragms; D-IV -
Parametric Analysis of Welded Bellows.

D-I. Parametric Analysis of One-Ply Formed Bellows

The computing program MOLSA (described in Appendix A) was used to carry out
theoretical analyses of stresses in single-ply formed bellows of different configurations
subjected to internal pressure or to axial extension. It was decided to limit the param-
eter study to U-shaped bellows and semitoroidal bellows with equal inner and outer to-
rus radii. The U-shaped bellows had flat annular sections (normal to the bellow axis)
which connected the toroidal segments. Shapes with unequal inner and outer torus radii
or conical segments instead of flat-plate segments were not considered, although it was
recognized that actual bellows may have such variations in convolution shape. To be
practicable, the parametric study was restricted to a study of tbe effects of variation in
only a few major parameters.

The convolution shape of the U-shaped bellows may be specified by the four param-
eters shown in Figure D-1. These parameters are the thickness t, convolution depth 2c,
torus radius b, and the average bellows radius R. When the number of convolutions or
the overall free length of the bellows is specified in addition to the four parameters, the
bellows is completely dimensioned.

It is possible to group the parameters so that the shape of the bellows may be deter-
mined by three dimensionless ratios. The ratios chosen for this study were c/R, t/R,

anb b/c. The first of these ratios, together with the value of R and the bellows length L,
establishes the envelope of the bellows. The second ratio describes the relative thick-
ness of the bellows, and the third ratio establishes the shape of the convolution.

It is noted that the absolute values of R and L must be specified in addition to the
values of the three ratios in order to fix the absolute size of a given bellows. However,
results were determined in the form of dimensionless ratios and it is possible to calcu-

late relative values of the stresses in the bellows configurations for arbitrary values of

and L.

It was noted earlier that analyses were made for two loading conditions - axial
extension and internal pressure. For a bellows with some given total axial extension, 6,
the relative stresses are reported as UL/6E, where a is some stress component and E is
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Young's Modulus. A relative spring rate was determined from the results of the axial
extension calculations in the form kL/RE where k is the actual spring rate. For the case
of an internal pressure load, p, with no axial deflection, the stresses are given as cJ/p.
These ratios are used in plotting the various results of the parametric studies given be-
low. The spring rates and stresses for actual bellows can be easily calculated from these
quantities when L, E, 6, R, and p are known.

It was decided to perform the calculations for configurations given by three values
of the parametric ratios. The values chosen were: c/R = 0. 075, 0. 150, 0. ZZ5; b/c = 0. 2,
0.6, 1. 0; t/R = 0. 004, 0. 0067, 0. 02. Figure D-Z shows the convolution shapes corre-
sponding to the three values of b/c. For certain combinations of the parameters, the

torus-radius-to-shell-thickness ratio, b/t, is much smaller than the ratios for which

thin-shell theory is generally considered to be applicable. Therefore, three of the bel-

lows with the smallest b/t were omitted from the calculations. The remaining 24 bellows

were analyzed using program MOLSA.

Table D- 1 summarizes in tabular form the geometric ratios for the different cases
considered.

The results of the analyses are presented in different ways. First, the stress dis-
tributions were machine plotted and are presented in Figures D-3 through D-50. Second,
the relative spring rates were determined from the axial extension calculations and plot-
ted in Figures D-51 through D-53 to show the variation in spring rate with variation in
geometrical parameters. Finally, the values of the maximum stresses for axial exten-
sion and for internal pressure loading are plotted against the geometrical parameters in
Figures D-54 through D-69.

Stress Distributions

The stress distributions are plotted in Figures D-3 through D-50 as a function of
angle in the torus sections and a function of radius in the flat-plate sections.

Results for each separate bellows configuration are described by a pair of graphs
with the meridional surface stresses for both axial extension and internal pressure load-
ing on the first graph and the corresponding circumferential stresses on the second graph.
The ordinate for the axial extension is on the left side in each figure and the ordinate for
the internal pressure is on the right.

The four curves in each figure are distinguished in the following manner: ao refers

to the stress on the outer surface caused by the axial extension and ai to stress on the

inner surface caused by the axial extension, while the po and pi refer to the stresses on
the outer and inner surfaces, respectively, caused by the internal pressure. If the
results are needed for axial compression or external pressure, the signs of the corre-

sponding stresses must be changed.

Although these figures are accurate for the cases considered, they are useful

primarily as a guide in the selection of a satisfactory shape for a particular loading con-
dition and material. The stresses for any bellows finally selected should be analyzed as

a particular case unless it conforms exactly to one of the 24 cases considered.
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The variation of maximum stresses with the geometrical parameters is discussed
later.

Spring Rates

An examination of Figures D-51 through D-53 shows that the bellows stiffness is
most affected by a change in convolution shape (Figure D-2) and decreases as the shape
is changed from the semitoroidal (Shape 3, b/c = 1) to the U-shaped bellows. A reduc-
tion in convolution depth decreases the stiffness of the semitoroidal bellows (except for
small c/R in Figure D-53), while the stiffness of the U-shaped bellows increases slightly
as the convolution depth decreases.

It was noted above that for some of the cases b/t was smaller than that allowed by
thin-shell theory. The top half of Figures D-51 through D-53 shows the values of b/t for
each of the bellows configurations. The dashed line at b/t = 10 represents the minimum
value of b/t usually taken to be the limit of thin-shell theory. It is seen that b/t is
smaller than 10 for a number of the bellows. However, the calculated spring rates seem
to be reasonable except perhaps for the semitoroidal bellows with t/R = 0. 02 and OR =

3. 075, Shape 3 in Figure D-53.

Maximur.t Stresses

As shown in Figures D-54 through D-56, the maximum stresses in the bellows
under axial loading also decrease with convolution depth for the semitoroidal bellows and
tend to increase slightly with decreasing convolution depth for the U shaped bellows. The
maximum stress for the semitoroidal bellows for t/R = 0.02 and c/R = 0. 075 correspond-
ing to small b/t may also be too high.

The maximum stress calculated for each of the bellows under axial loading occurred
in the meridional direction and was found on the inner belows surface. This can be con-
firmed by an examinaticn of Figures D-3 through D-50. In contrast, the maximum stress
for some of the bellows configurations under internal pressure, plotted in Figures D-57
to D-59, was found to occur in the circumferential direction.

Because of this difference in the direction of the maximum stresses, for the differ-
ent pressurized bellows, in addition to the plots of maximum stress given in Figures
D-57 through D-59, the maximum stresses are summarized in Table D-2. This table
gives the actual maximum surface stresses with proper sign on both inner and outer sur-
faces and in both meridional and curcumferential directions.

An examination of Table D-2 shows that pressure in the deep U-shaped bellows
(Shape 11 results in significant bending stresses in the circumferential direction. This
can be seen from the different signs for the stresses on the inner and outer surfaces. In
the interm3diate bellows and the semitoroidal bellows (Shapes 2 and 3), the predominant
stresses in the circumferential direction are membrane stresses. In the meridional
direction the bending stresses predominate for all of the cases.

The maximum absolute value of the stress for each of the cases is denoted by an
asterisk in Table D-2. It can be seen from this table that absolute maximum stresses for
all of the bellows of Shape 1 are negative meridional stresses on the outer surface of the
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bellows. For all but two of the bellows of Shape 2, the absolute maximum stresses are
positive meridional stresses on the outer surface. For every bellows of Shape 3, the
maximum stresses are positive circumferential stresses ,i the outer surface.

The reason for the two exceptional cases for bellows Shape 2 can be explained by
referring to the figures giving the meridional stress distributions for Shape 2 (Figures
D-5, D-11, D-17, etc. ). From these figures it is seen that in most of the bellows of
Shape 2, the pressure stress on the outer surface at the root of the bellows is negative
and very nearly as large as the positive maximum stress on the outer surface near the
center of the bellows. In the two exceptional cases (shown in Figures D-Zl and D-41),
the stresses at the root were slightly larger in magnitude than the stresses at the center
of the bellows.

Figures D-57 through D-59 show the effect of the convolution depth on the absolute
value of maximum stress for the different shapes and thickness. It is interesting to note
that the absolute value of stress increases almost linearly with the convolution depth in
the range of values considered.

D-II. Analysis of Effects of Small Variations in the
Formed-Bellows Convolution Dimensions

One of the major objectives of the research program was the development of an ip-
proach to the theoretical analysis of bellows that would give accurate predictions of the
stresses and deformations of bellows of any type. In developing this approach, it was
necessary to determine how closely the actual bellows had to be modeled mathematically
both as to cross-sectional shape and thickness variation in order to obtain accurate pre-
dictions of the bellows characteristics. As a part of this investigation, theoretical anal-
yses were made to determine variations in the stresses in a 5-inch bellows due to small
variations in the cross-sectional shape. The effect of thickness variation on the stress
state in a 3-inch formed bellows was also investigated. Although the analysis of the
3-inch bellows is described later in Appendix E, the results of the analyses in both the
5-inch bellows and the 3-inch bellows are discussed together in this Appendix.

Specimens of both the 5-inch and 3-inch formed bellows were encapsulated, cross
sectioned and microscopically measured following the procedures outlined in Appendix P.
These measurements were used to construct mathematical models which were then ana-
lyzed with the computing prGgram NONLIN (described in Appendix C).

Using measurements from several convolutions of the encapsulated and sectioned
5-inch bellows, four mather.atical models were chosen to represent typical variations in
the convolution shapes. In addition, two mathematical models were considered which had
the shape of the actual bellows. For one of these models, a constant thickness of 0.010
inch was assumed. In the other model, the thickness was taken to be the actual variable
thickness measured in the bellows.

The following paragraphs describe the different mathematical models and the theo-
retically calculated stresses obtained for each 5-inch bellows model. Poiss n's ratio
was assumed to be 0.3 and Young's Modulus was assumed to be 29 x 106 psi.
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Convolution Variation No. 1

Since the radii of the convolution roots were fairly uniform, a root radius of 0. 063

inch was used in all four convolution variations. The angles of the conical sections
varied, however, and the curvature of the convolution crowns was somewhat elliptical.

Consequently, in Variations 1-5 the modeling of these irregular features constituted the
differences in the selected variations. In these variations, a constant thickness of 0. 010
inch was assumed. Finally in Variation No. 6, the variable thicknesses we.e also
included.

For Convolution Variation No. 1, the smallest average angle, 5 degrees, was selec-
ted for the conical section. A crown radius of 0. 071 inch was selected because this was
judged to approximate the centerline of the outermost curvature of the elliptical shape, as
shown in Figure D-60.

Convolution Variation No. 2

For Convolution Variation No. 2, the 5-degree conical angi was combined with a
convolution crown radius of 0. 085 inch. This radius was chosen to approximate the cen-
terline of the entire elliptical section, as shown in Figure D-61.

Convolution Variation No. 3

Convolution Variation No. 3 (Figure D-62) is the same as No. 2 except that the cone
angle was increased to 70 10'. The convolution root radius of 0. 063 inch and the convolu-
tion crown radius of 0. 085 inch were used with the number of convolutions and the length
of the bellows to calculate the average cone angle of 7° 10'. Except for modeling the ac-
tual shape of the convolution crown, this approach was thought to be the most represen-
tative of an average bellows.

Convolution Variation No. 4

For Convolution Variation No. 4 (Figure D-63), the largest average cone angle of
8 degrees was combined with a convolution crown radius of 0. 085 inch.

Convolution Variation No. 5

For Convolution Variation No. 5, the exact cross-sectional shape was modeled.
This shape is shown as the solid line in Figures D-60 through D-63.

Convolution Variation No. 6

For Convolution Variation No. 6 the mathematical model used both the exact shape
and the exact thickness variation. The measured thickness varied from 0. 0099 inch at
the convolution root to 0. 0093 inch at the convolution crown.
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Effects on Stresses of the Convolution Variations

In each of the 5-inch models considered, the maximum meridional stresses for
both pressure and deflection loading occurred at the convolution roots and crowns. The
locations of the maximum circumferential stresses were sometimes at the root and crown
and sometimes displaced from these points. However, since the meridional stresses
were always significantly larger than the circumferential stresses, the convolution roots
and crowns were selected as the most critical stress locations.

Tables D-3 and D-4 show the stresses calculated at the crowns and roots for the dif-
ferent 5-inch models of JD92 using the computing program NONLIN. An examination of
these results shows that the deflection stresses are sensitive to changes in shape, while
the pressure stresses are sensitive to changes in thickness but relatively insensitive to
small changes in shape. For the deflection stresses, two specific effects were noted:

(1) An increase in the convolution crown radius (see Convolution Variations
Nos. 1 and 2) results primarily in an increase in the meridional deflec-
tion stress at the convolution root, and a decrease in the meridional
pressure stress at the convolution crown.

(Z) An increase in the cone angle increases the meridional deflection stresses
at both the convolution root and the convolution crown.

Comparison of Stresses in the 5-Inch Bellows
With the Parametric Models

Strictly speaking, the parametric analyses of the formed ,ellows described earlier
were applicable only to semitoroidal and U-shaped bellows with flat-plate sections. How-
ever, the usefulness of these parametric curves would be considerably enhanced if they
could be used to obtain the approximate magnitude and distribution of the stresses in other
formed bellows without the cost of a bellows analysis. Therefore, a check was made to
determine whether the parametric curves could be used to obtain approximate values of
the stresses in the 5-inch bellows.

Table D-5 shows the nominal dimensions of the 5-inch bellows which were supplied
by the manufacturer and the values of the bellows parameters t, C, R, and b. Table D-6
shows the parametric ratios of this bellows as well as the ratios of the most similar
parametric model. The stresses for this parametric model are plotted in Figures D-5
and D-6. Comparing these figures with the results given in Tables D-3 and D-4 shows
that while the pressure stresses predicted by the parametric model are reasonably close
to the stresses for the actual bellows, the deflection stresses are considerably under-
estimated. This is another indication of the significant effect of shape on the deflection
stresses in bellows.

For further comparison, the meridional and circumferential stress distributions
for Convolution Variation No. 3 are plotted in Figures D-64 and D-65 in the same format
used for the parametric models. A comparison of these figures with Figures D-5 and
D-6 shows that the parametric curves approximated from the nominal bellows dimensions
show a fairly good agreement ,iiih the location and magnitude of the meridional pressure
stresses in the variation. While the distribution of the meridional deflection stresses
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was similar in both configurations, the stresses were significantly higher in Variation
No. 3 than in the parametric model. Although a comparison of Figures D-5 and D-6
with D-64 and D-65 shows some points of similarity for the circumferential stresses,
in general, there is little agreement between the stresses for the two models.

Appendix E gives a comparison of the stresses calculated from the exact mathe-
matical model of the 3-inch bellows (including varying thickness) and three models with
the same cross- sectional shape but with three different constant thickness values.
Figures E-5 through E-20 show parts of the stress distributions calculated in the bel-
lows. These figures indicate that small variations in thickness have a significant
effect, particularly on the pressure stresses.

As a result of the analyses of the 3-inch and 5-inch bellows, it is clear that in
order to obtain a reliable prediction of the stresses and deformations of a given bellows,
the bellows cross section must be accurately modeled. This, of course, requires that
the actual thickness variation must be used. These conclusions were strengthened by
the results of the theoretical and experimental analyses performed on all of the bellows
and diaphragms in this program. The procedures for measuring the cross-sectional
shape and thickness variations of the bellows are described in Appendix P. The com-
puter program for performing the theoretical analyses is described in Appendixes B
and C.

D-III. Parametric Analysis of Corrugated Diaphragms

The primary objective of this analysis was to obtain a detailed picture of the
stress distribution and the displacement characteristics for several possible diaphragm
shapes. In this way, possible improvemcnts in the design of diaphragms could be
envisioned.

Since an infinite number of variations in the corrugation shapes could have been
tried, the decision was made to limit the study to shapes which were representative of
possible types of configurations. In addition, in order to isolate the effect of changes
in the corrugation shapes, a single corrugation was used for each model. The four
shapes chosen for study and the related stress distributions are shown in Figures D-66
through D- 73.

The diaphragms had the same shape from the centerline to a radius of 0. 85 inch.
The shape from 0. 85 inch to 1. 0 inch was designed such that it consisted of two toroidal

sections which were tangent to the flat plate section at r = 0. 85 inch, and tangent to the
outer corrugation at r - 1. 00 inch. Because the four shapes of outer corrugations had
different tangents at r = 1.00 inch, this restriction necessarily produced different con-
figurations for the diaphragms in the range 0.85 r = 1.00. In order to have a basic
configuration with which to compare these diaphragms, a flat plate diaphragm (Figures
D-74 and D-75) was also studied. The thickness of all diaphragms was 0. 005 inch ex-

cept for the center pad which was 0. 10 inch. Poisson's ratio was taken as 0.3 and the
modulus of elasticity as 30 x 106 psi. The direction of the pressure is shown in Figure
D-66.

To determine if a nonstandard shape had better characteristics than a standard

shape, a semitoroidal corrugation (Figure D-66) commonly used in diaphragm design
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was chosen for study and comparison with the somewhat nonstandard shapes shown in
Figures D- 68 through D- 72.

Since many diaphragms respond nonlinearly with increasing pressure, calcula-
tions were performed with both Program MOLSA and Program NONLIN.

Table D-7 summarizes the results for the relative deflection of the center of the
diaphragms for the linear and nonlinear calculations for p = 1. 75 psi. The results show
that an accurate estimate of diaphragm behavior requires a nonlinear calculation
procedure.

The center deflection caused by an increasing pressure is shown in Figure D-76.
The numbers on each line correspond to the five diaphragms. For lower pressures,
the flat-plate diaphragm (Line No. 5 in Figure D-76) produced more deflection, but for
larger pressures its advantage quickly disappeared. Th: limited effectiveness of the
flat-plate diaphragm is further evidenced by examining Figure D-75 in which the outer-
surface normal stress is shown for the region 0.85 <- r <- 1.25. The solid line gives the
relative stress, Q1/p, obtained from the nonlinear calculations for p = 1. 75 psi. The
broken line gives the relative stress, cr,/p, for the linear calculations. *Note the high
stress at the outer boundary. This condition only occurs for the flat-plate diaphragm.
Figures D-67, D-69, D-71, and D-73 show the relative surface stresses for the dif-
ferent diaphragm shapes. These stresses are superposed on the shape of the diaphragm
so that the diaphragm cross section corresponds to a zero stress level with tensile
values being plotted above the line and compressive stresses below. Diaphragms Nos. I
through 4 produce relative stresses of 5000 or less at the outer boundary, whereas
Diaphragm No. 5 shows a value of 18, 000.

Figure D-76 indicates that the most promising corrugation shape, based on a
deflection comparison, is Diaphragm No. 4. Diaphragms Nos. 1 and 3 show some
promise since the slopes of the deflection-pressure curves are changing gradually. The
decreasing slope of the curve for Diaphragm No. 2 shows that less deflection will be
produced with increasing pressure. Thus, on the basis of Figure D- 76, the diaphragms
which should be considered are Nos. 1, 3, and 4. It is noted that Diaphragm No. 4
(Figure D-73) also offers the best stress profile.

An examination of the stress distribution shows that there is a stress reversal in
the outer convolutions at the middle of the convolution. In No. 4, this occurs at the
intersection of the cone segments as shown in Figure D-73. Thus, the corner does not
act as a stress raiser. The introduction of the flat-plate sections in Nos. 2 and 3 moves
the corners to regions where there are significant bending stresses.

Thus, it appears that although the conical-segment convolution has abrupt changes
in slope, these discontinuities are located at regions of zero stress. This may be the
reason for good fatigue life reported in the literature for some aneroid capsules made
of conical segments.

On the basis of this study it appears that a diaphragm incorporating conical seg-
ments shows promise of giving increased deflection capabilities.
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D-IV. Parametric Analysis of Welded Bellows

A thorough parametric analysis of welded bellows could be a monumental task
since the number of parameters which would have to be investigated is significantly
greater than that required for the formed bellows study. In addition to this, a limited
parametric study performed by Bell Aerosystems(D- 1, D-2)* shows that there is so
rniuch interaction between parameters that the author concluded, "the strong influence
of various individual geometric parameters and their apparent complex coupling effects
on the stress-deflection relationships of welded bellows has been demonstrated. The
folly of using approximate formulas, such as bending of flat plates, to calculate these
relationships is clearly indicated. "

The approach taken during the Battelle research program was to attempt to find,
through selected theoretical analyses, a welded bellows configuration which would
reduce the stress in the vicinity of the convolution root and crown.

A survey of the manufacturers' literature and technical reports on welded bellows

indicated that in the majority of designs, the fl, t portion of the diaphragm was perpen-
dicular to the bellows axis and the area in the vicinity of the weld bead was the most
highly stressed region of the diaphragm. Exploratory theoretical analyses showed that
these zones were indeed regions of-maximum stress for both deflection and pressure
loading. The regions near the welds include possible heat-affected zones in which the
characteristics of the bellows material may have been changed by the welding process.
Further, the notch at the inner surface of the weld can act as a stress raiser. Thus it
would appear desirable to alter the design of welded bellows to reduce the stresses in
the vicinity of both the root and crown welds.

Since there appeared to be no manufacturing reason why the flat portion of the

diaphragm has to be perpendicular to the bellows axis, the welded-bellows study was
directed toward determining whether a tilted flat section would provide a better stress
pattern than a bellows which had a flat section perpendicular to the bellows axis. (This
direction of research was suggested in part by the results of the diaphragm analyses
where conical shapes show advantage over flat plates. )

The study progressed in three steps. First, a number of single-sweep bellows
were analyzed to investigate gross changes in the stress pattern for different tilt
angles. Next, a series of three-sweep bellows were studied to determine thei effect of
tilting the flats of a more realistic bellows. Since the results proved very promising,
the third step was to investigate the possibility of obtaining an "optimum" bellows, at
least for the size being studied. The remainder of the appendix: describes Lne.se three
steps in detail.

Variations in lilt Angle of a Single-Sweep Welded Bellows

Initially the study was concerned with the effect of tilt-angle chaniges on the stress
distribution thruughout the leaves for a single-sweep bellows whicn had an inside radius

of 1. 5 inches and a span of 0.,5 inch. The nomenclatire used in describing the mathe-
matical models is shown in Figure D-77., t he four variations investigated are shown in

*References for Appendix D are listed oin page D-15.
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Figures D-78 through D-81. The mathematical model of each bellows consisted of six
leaves so that the stresses in the third and fourth leaves would not be affected by the
rotational restraint at the boundaries. Table D-8 gives the dimensions of the mathemat-
ical models. As indicated in Table D-9, each model had an upper chord angle of

= 15 degrees. The lower-leaf chord angle varied from 15 to 0 degrees. The tangent
angle T is also given in Table D-9, along with the tilt angle which is the mean of the
upper- and lower-leaf tangent angles.

In order to assess the effect of tie rigidity of the weld bead at the junction of the
leaves, a second mathematical model was considered. The model in this case consisted
of the same bellows described above with the addition of cylindrical rings representing
the weld bead at the inner and outer leaf junctions. This model did not include the
stress concentration effect at the root of the weld. The length of the cylinder was taken
equal to the thickness of the ply (0. 006 in. ). In all cases, the bellows were subjected to
an axial load of 2 lb/in, on the outside circumference, shown as P in Figures D-78
through D-81.

The meridional inner surface stresses for the third and fourth leaves are shown in
Figures D-8Z through D-85. These stresses are superposed on the shape of the leaf so
that the leaf cross section corresponds to a zero stress level. The solid lines give the
resuts for the calculations in which no weld bead was considered, while the dotted line
indicates the stress state when the weld bead was included in the mathematical model.

An examination of Figures D-82 through D-85 shows that the weld-bead effects are
greater for the larger angle openings, i. e. , lower chord angles of 15 and 10 degrees,
but are not significant for the smaller openings (5 and 0 degrees). A careful examina-
tion of the stress changes in the bellows leaves shows that as the lower chord angle is
decreased, the stress at the inside radius decreases, while the stress at the outside
radius remains essentially constant. Thus it appears that a decrease in the tilt angle at
the inside diameter produces a more favorable stress condition. The change in tilt
angle at the outside diameter has apparently little effect, at least for the single-sweep
bellows investigated, on the stress state at the outside diameter.

These results on single- sweep bellows demonstrate the possibility that an optimum
tilt angle might exist, giving a low stress state near the weld bead. However, only one
simple mathematical model was used in this investigation. In welded-bellows models
such as the single-sweep bellows, many parameters are interdependent so that a varia-
tion in one parameter necessitates variation in other parameters as well. Thus, in
varying the tilt angle for the weld juncture in the above model, it was necessary to vary
not r ily the chord angle of the lower leaf, but also the radius of curvature of the lower
leaf. (However, note from Table D-8 that the radius of curvature b varied by only 3. 5
percent.) To obtain more information on the effect of angle changes when a flat is
included in the bellows leaf, it was decided to investigate another mathematical model
which consisted of three large sweeps, two small sweeps, and two flats per leaf.

Variations in the Tilt Angle of the Flats
of a Three-Sweep Welded Bellows

Most welded bellows are formed with flat sections which are perpendicular to the
bellows' axis at the root and crown of each leaf. These iat sections allow intimate
contact between the bellows and the chill-block rings which act as heat sinks to keep the
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bellows material cool during the welding process. One example of bellows of this type
is represented by the 3-inch stainless steel welded bellows discussed in Appendix H.
Figure H-2 shows the cross section of this bellows. A study of Figure H-2 shows that
the leaves of this relatively "standard" bellows can be characterized as having interior
regions composed of four toroidal segments joined at the root and crown to flat sections.
At both the root and crown there is a relatively sharp bend in each leaf at the junction of

the flat with the first toroidal segment. The theoretically calculated stress distributions
for this bellows are shown in Figures H-7 through H- 14 of Appendix H. Note that the
maximum stresses for both axial deflection and internal pressure occur at the weld bead.
It is believed that this is the most undesirable location for the maximum stresses to
occur in welded bellows because of the notch effect at the weld and because of the possi-
bility of weakened metal in the heat-affected zone. As shown in Figure H-2 the flat

sections of the 3-inch bellows are horizontal (i. e. , normal to the bellows' axis).

The results of the sludy of the single- sweep bellows discussed in the previous

section indicated that tilting the fiat sections of the bellows at an angle other than 90
degrees to the bellows axis might lead to a reduction in the stresses in the neighborhood
of the weld. Consequently, a parametric study was performed to determine the effect::
of tilting the bellows flats.

Two basic models, similar to a "standard" three-sweep welded bellows, were
chosen for the parametric study. The principal difference between the two basic models
was in the chord angles )f the bellows leaves. In the first model (designated Model No.
1) the upper and lower leaves had +5-degree and -5-degree chord angles respectively.

In the second model (designated Model No. 2), the upper leaf had a +10-degree chord

angle, and the lower leaf had a 0-degree chord angle. The bodies of both models had
three major toroidal segments and two small toroidal segments. The small segments
joined the major toroidal segments to the flats of the convolution roots and crowns.
Nine cases were analyzed for each model in which the flats at the root or the crown were

either normal to the bellows axis or tilted ±10 degrees.

Table D- 10 lists the tilt angles assumed for the flat sections at the root and crown

for each of the nine cases of M'fodels No. 1 and 2. (The sar. e tilt angles were assumed
for the flats of both models. ) Figure D-86 illustrates the configuration of Case 1 for
Model No. 1, while Figure D-87 shows the cross section of Case 9 for Model No. 2.

Because the objective of this study was to isolate the effects of changing the tilt
angles of the flats, the three main toroidal sections were made identical in the nine
cases of each model. Furthermore, the lengths of the flat sections of the upper leaves
were kept constant. To maintain continuity of the bellows sections, the included angle
of the minor toroidal segments joining the flats to the main toroidal sections was
changed as the tilt angles of the flat were changed. The lengths of the flats of the lower
leaves were also changed slightly to maintain continuity with the upper leaves at the root
and c rown.

Tables D- 1 1 and D- 12 list the dimensions of the mathematical models of Cases 1,
5, and 9 for the two models. The main turoidal sections are Parts 3 through 5 for the
upper leaf, and Parts 10 through 12 for the lower leaf. Parts 1, 2, 13, and 14 represent

the flats and minor torus sections at the root, while Parts 6 through 9 represent the
flats and minor toroidal sections at the crown. The mathematical models for the re-
maining cases were obtained from t.fese cases by appropriately interchanging the

D-ll



specifications of the minor torus sections and the flats at the root and crowns to obtain
the appropriate flat angles.

The nine cases were analyzed for both axial compression and internal pressure.
A unit axial deflection per unit length of bellows was assumed for axial compression,
while the pressure load was assumed to be 1 psi. In order to reduce the effect of the
end conditions on the stresses, two complete convolutions (four leaves) were analyzed,
and only the stresses on the middle two leaves were considered. All calculations were
made according to linear elastic shell theory.

Table D- 13 gives the outer surface meridional and circumferential stresses at the
root and crown for the axial compressive loading and internal pressure irr Model No. 1.
Table D- 14 shows the same stresses for Model No. 2.

An examination of Table D- 13 shows that as the angle of tilt of Parts 8 and 14 was
reduced, that is, as Part 8 slanted down to the left and Part 14 slanted down to the
right, a significant reduction in both the meridional and circumferential stresses was
achieved. Similar reductions for the internal pressure loading are also shown in
Table D- 13.

Table D- 14, which gives the stresses in Model No. 2, shows a similar reduction
in the stresses for a change on the tilting of Parts 8 and 14. However, the optimum
configuration was no longer Case 9 but Case 7. The reason for this was that a change
;-, the tilt angle of the flats at the root had a significant effect on the stresses at the
bellows crown for Model No. 2. For Model No. 1, there was al.most no interaction.
This is shown in Table D- 13, by comparing Cases 1, 2, and 3, or 4, 5, and 6, or 7,
8, and 9 for the crown stresses. For example, the tilt angle at the crown was constant
at 10 degrees for Cases 1, 2, and 3, and the crown stresses were nearly constant as the
tilt angle varied at the root from -10 degrees to +10 degrees.

In Figures D-88 through D-99 the linear meridional circumferential outer surface
stresses due to both axial loading and internal pressure are shown for the upper and
lower leaves of Model No. 1. Figures D- 100 through D- 111 show the same stresses for
Model No. 2.

The stresses in Figures D-88 through D- 111 are superimposed on the shape of the
leaf so that the leaf cross section corresponds to a zero stress level. The figures have
been arranged in the following manner. Of Figures D-88 through D-99 which give re-
sults for Model No. 1, Figures D-88 through D-93 show stresses arising from axial
loading, and Figures D-94 through D-99 are concerned with internal pressure. Further,
Figures D-88 through D-90 give the stresses for the upper leaves, while Figures D-91
through D-93 give the stresses for the lower leaves. This sequence is followed for
Model No. 2 in Figures D- 100 through D- 111.

An examination of Figures D-88 through D-93 clearly shows that, for Model No. 1,
the angle which the flat-plate portions make with the bellows centerline has a significant
effect on the stress level in the vicinity of the weld bead. The stresses due to internal
pressure are similarly dependent on the tilt angle of the flat-plate segments of the
bellows.

Model No. 2 was studied to assess the effect of changes in the chord angle. The
individual leaves of Model No. 2 have the same shape as the leaves of Model No. 1, but

D-12



they are rotated 5 degrees in a counterclockwise direction: the 10-degree angle between
the chords of the upper and lower leaves was maintained. The stress results for Model
No. 2 are shown in detail for Cases 1, 5, and 9 in Figures D-100 through D- 11. A simi-
lar reduction in the stresses for a change in the tilt angle of the flat segment is noted.
However, the optimum case for this model occurred when the inside flat segment was
sloped 10 degrees up to the left while the outside flat was sloped 10 degrees down to the
right (Case 7).

In Table D- 15, the spring rates for the two convolution models are shown for each
study. Model No. 2 was generally stiffer. Case 1 gave the lowest spring rate in both
models. Model No. 1, Case 5, which approximated a "standard" bellows (the flat-plate
segments were horizontal at the inside and outside), was 13 percent more flexible than
Case 9, which gave the best stress distribution for Model No. 1. However, for Model
No. 2, the optimum shape, Case 7, was 7 percent more flexible than the standard shape,
Case 5.

Investigation of an Optimum Shape for a
Three-Sweep Welded Bellows

Since the results of the preceding section showed that significant d..ffcrences in the
stress distribution can be obtained by tilting the flats, it was decided to attempt to find
an "optimum" shape for the two bellows just considered. In this study, an "optimum"
shape was defined as one which had a negligible stress in the vicinity of the weld beads.

To accomplish this task, the models shown in Figures D-86 and D-87 were modified
such that the flats at the roots and crown were tangent to the adjacent major torus sec-
tions and the minor toroidal sections were deleted from the configuration. The resulting
shapes are shown in Figures D-112 and D-113. The dimensions of the mathematical
models are given in Tables D-16 and D-17. As before, the model used in the computer
calculations consisted of two convolutions so that the boundary conditions would not be a
factor on the stress distribution on the middle two leaves.

The two models were analyzed according to linear-shell bending theory for both an
axial compression and internal pressure loading. The relative meridional outer surface
stresses for the upper and lower leaves for these loading conditions are shown in Figures
D- 114 through D- 117. The leaf cross section corresponds to a zero stress state.

Compared with the stresses in Figures D-88 through D-1 1, Figures D-114 and
D-115 show a dramatic decrease in the stress level at both the convolution root and crown
lur both types of loading. Thus, it appears that the shape, Figure D-l12, chosen for
study can be considered optimum. Of course, the lower stress level near the weld beads
is not achieved without increasing the stiffness of the bellows. However, the spring rate
for this bellows was 137 lb/in. which is only 15 percent stiffer than Case 9 for the Model
No. 1 and 30 percent stiffer than Case 5 for the Model No. 2 (standard bellows).

For the second model shown in Figure D-113, the decrease in the stress level pro-
duced by the new arrangement of flats is significant although the stresses are not quite
as small as those in the first model shown in Figure D-112. Figures D-116 and D-117
show the relative meridional outer surface stresses for axial compressive and internal
pressure loading, respectively. The stress level at the convolution crown of this model
could undoubtedly be reduced still further by additional modification of the tilt angle of the
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flat. At the convolution root, it appears that the optimum tilt angle has been surpassed,
although the stresses are low. t is recalled that according to the study described in the
preceding section the most efficient model for the 0-degree to 10-degree bellows was not
Case 9, from which the bellows in Figure D-113 was designed, but Case 7. A careful
comparison of these stress figures shows that there is a significant amount of interaction
between the tilting of the bellows flat, the cone angle, and the size of the minor toroidal
sections. However, it is apparent from these studies that with a careful choice of the
flat angles at both root and crown, a welded bellows can be designed with negligible stress
levels in the vicinity of the weld beads to increase the operating life many fold. The
slight increase in stiffness, which usually results from the tilting of the bellows flats can
be compensated for in the design. Since the designer will have all of the information
in this report, he can make the choice of parameters which will give him a bellows with
the appropriate stiffness for a required number of operating cycles.
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TAE D-1. VALUES 0F t/i, e/, AND b/c USED IN DIFEnE1r CASES (1 PARAWUIC
ANALYSIS

Shape Case t/ C/A b/c

1 1.1 o.oo4 0.075 0.2
2 1.2 0.o75 0.6
3 1.3 0.o75 1.0
1 1.4 0.150 0.2
2 1.5 0.150 0.6
3 1.6 0.150 1.0
1 1.7 0.225 0.2
2 1.8 0.225 0.6
3 1.9 0.225 1.0

2 2.2 0.0067 0.075 0.6
3 2.3 0.075 1.0
1 2.4 0.150 0.2
2 2.5 0.150 0.6
3 2.6 0.150 1.0
1 2.1 0.225 0.2
2 2.8 0.225 0.6
3 2.9 0.225 1.0

3 3.3 0.02 0.075 1.0
1 3.4 0.150 0.2
2 3.5 0.150 0.6
3 3.6 0.150 1.0
1 3.7 0.225 0.2
2 3.8 0.225 0.6
3 3.9 0.225 1.0

TAME D-2. MAXDnM MDIDIONAL AND CIRCM(EOTIAL TBNE8US MtE 0ITD AND
IN= MJACIS DUE TO INTERNAL PFXSSURE Or p - 1 psi FOR ALL
CASES ANALYZED

Meridional Circumferential
Sape Case outer Inner Outer Inner

1 1.1 -641* 606 .174 199
2 1.2 395* -395 298 164
3 1.3 284 -283 330* 201
1 1 .4 -2340* 226o -1160 610
2 1.5 975* -974 687 465
3 1.6 448 -443 549* 354
1 1.7 -417o* 3960 -2950 1630
2 1.8 162o* .162o 1070 839
3 1.9 590 -580 721* 471

2 2.2 -163* 152 124 91
3 2.3 125 -124 157* 109
1 2.4 -917* 869 -359 229
2 2.5 410* -439 307 191
3 2.6 232 -227 279* 180
1 2.7 -1750* 167o -lO60 559
2 2.8 700* -696 483 368
3 2.9 302 -294 365* 242

3 3.3 -17 19 38* 37
1 3.4 -111* 99 29 35
2 3.5 -75* -65 49 33
3 3.6 52 -50 60* 40
1 3.7 -248* 222 -87 66
2 3.8 124* -122 85 56
3 3.9 73 -70 84* 57

* Indicates maximum stress.
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TABU D-3. MAXIMM MERIDIONAL CONVOLUTION STRESSES FCR FOUR APPROXIMATE CONVOLUTION
VARIATIONS AND TWO IMPROVED VARIMIONS OF 5-INCH SINGLE-PLL FCOIED
BELLOWS .JD92

Relative Relative Relatie Relative
Mathematical Membrane Bending Stress(a), Stresa), Stress a)

Model Stress a) Outer Surface Inner Surface Outer Surface

Compression-Def ect ion Stresses

Convolution Crown

Variation No. 1 +7,463.79 -677,252 +684,16 -669,788
Variation No. 2 +8,088.53 -671,013 +679,102 -662,925
Variation No. 3 +8,898.54 -700,932 +709,830 -692,033
Variation No. 4 +9,258.62 -713,698 +722,956 -704,439
Variation No. 5 +7,510.31 -644.062 +651,572 -636,552
Variation No. 6 +7,451.85 -644,955 +652,406 -637,503

Convolution Root

Variation No. 1 +8,509.98 +755,499 -746,989 +764,009
Variation No. 2 +9,222.28 +813,516 -804,294 +822,738
Variation No. 3 +10,145.4 +852,666 -842,521 +862,812
Variation No. 4 +10,556.4 +869,253 -858,697 +879,810
Variation No. 5 +8,594.92 +792,853 -784,258 +8ol,448
Variation No. 6 +8,014.38 +776,503 -768,489 +784,518

Internal Pressure Stresses

Convolution Crown

Variation No. 1 +17.0907 -413.204 +430.29 -396.11
Variation No. 2 +17.2103 -374.033 +391.24 -356.82
Variatljn No. 3 +17.2433 -375.927 +393.17 -358.68
Variation No. 4 +17.2557 -376.571 +393.83 -359.32
Variation No. 5 +17.8211 -426.070 +443.89 -408.25
Variation No. 6 +19.0537 -457.496 +476.55 -438.44

Convolution Root

Variation No. 1 -17.9668 -459.961 +441.99 -477.93
Variation No. 2 -17.8302 -458.764 +440.93 -476.59
Variation No. 3 -17.7927 -458.449 +440.66 -476.24
Variation No. 4 -17.7',80 -458.253 +440.48 -476.03
Variation No. 5 -18.1549 -501.969 +483.81 -520.12
Variation No. 6 -18.6447 -533.292 +514.65 -551.94

(a) To obtain stresses (in psi) due to deflection, multiply value by deflection in
inches, divide by live length of bellows in inches (see page D-2).
To obtain stresses (in psi) due to pressure, multiply value by pressure in psi.
Plus values are tensile stresses; minus values are compressive stresses.

D-1



TABLE D-4. CIRCUMFERENTIAL CONVCLUTION STRESSES FOR FOUR APPROXIMATE VARIATIONS
AND TWO IMPROVED VARIATIONS OF 5-INCH SINGLE-PLY FORMED BELLOWS JD92

Relative Relative Relativ Relatiye
Mathematical Membra e. Bending Stress(a) Stress va) Stressa)

Model Stresska )  Outer Surface Inner Surface Outer Surface

Compression-Deflection Stresses

Convolution Crown

Variation No. 1 -170,788 -203,176 +32,388 -373,963
Variation No. 2 -212,145 -201,304 -10,842 -413,449
Variation No. 3 -247,034 -210,280 -36,755 -457,314
Variation No. 4 -261,694 -214,109 -47,585 -475,804
Variation No. 5 -201,128 -193,219 -7,909 -394,347
Variation No. 6 -211,554 -193,485 -18,068 -405,041

Convolution Root

Variation No. 1 +182,951 +226,650 -43,699 +409,601
Variation No. 2 +207,616 +244,055 -36,439 +451,671
Variation No. 3 +247,829 +255,800 -7,917 +503,629
Variation No. 4 +264,651 +260,776 +3,875 +525)427
Variation No. 5 +183,595 +237,856 -54,263 +421,449
Variation No. 6 +179,993 +232,951 -52,958 +412,944

Internal Pressure Stresses

Convolution Crown

Variation No. 1 +39.8208 -123.961 +163.78 -84.14
Variation No. 2 +33.8562 -112.210 +146.07 -78.35
Variation No. 3 +37.1844 -112.778 +149.96 -75.59
Variation No. 4 +38.3877 -112.971 +151.36 -74.58
Variation No. 5 +21.8896 -127.821 +149.71 .10,.93
Variation No. 6 +14.6292 -137.249 +151.88 -122.62

Convolut ion Root

Variation No. 1 +46.3967 -137.988 +184.39 -91.59
Variation No. 2 +57.3028 -137.629 +194.93 -80.33
Variation No. 3 +60.8525 -137.535 +198.39 -76.68
Variation No. 4 +62.0356 -137.476 +199.51 -75.44
Variation No. 5 +59.6044 -150.591 +210.20 -90.99
Variation No. 6 +59.0096 -159.988 +219.00 -100.98

(a) To obtain stresses (in psi) due to deflection, multiply value by deflection in
inches, divide by live length of bellows in inches (see page D-2).
To obtain stresses (in psi) due to pressure, multiply value by pressure in psi.
Plus values are tensile stresses; minus values are compressive stresses.
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TABLE D-5. NOMINAL DIMENSIONS OF SINGLE-PLY 5-INCH BELLOWS
AND CALCULATION OF BELLOWS PARAMETERS

Ply thickness (t) 0.010 in.

Convolution root diameter 5.00 in.

Convolution height 0.350 in.

Live Length 4.00 in.

Number of convolutions 12

C (1/2 convolution height = 2 ) 0.175 in.

(1/2 convolution root diameter + C = 5-- + 0.175) 2.675 in.
2

b - Torus radius (Live length - 2 x R,. of cony. x t
4 x No. of cony. =

4.00 - 2 x 12 x 0.010 0.078 in.

4x12 )

TABLE D-6. PARAMETRIC VALUES OF NCMINAL 5-INCH BELLOWS AND
NEAREST PARAMETRIC MODEL

Parametric Nominal 5-inch Nearest Parametric Model
Ratios Bellows (Figures D-5 and D-6)

b 0.445 o.6
c

t 0.00374 0.o04
R

C 0.0654 0.075

TABLE D-7. RELATIVE DEFLECTION, w/p*, AT CENTER OF DIAPHRAGM BY
LINEAR AND NONLINEAR BENDING THEORIES FOR p = 1.75 PSI

Diaphragm Linear Nonlinear % Difference

1 O.01928 0.01134 41.2
2 0.02061 0.01194 42.1
3 0.01973 0.01190 39.7
4 0.02281 0.01323 42.0
5 0.08224 0.00983 88.0

* w = deflection, inches; p = pressire, psi.
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TALE D-8. LEAF CHARACTERISTICS OF WELDED BELLOWS SHOWN IN FIGURES D-78
THROUGH D-81

Model Leaf a b cp Initial p Final

1 upper 1.8660 -0.5176 45 -15
lower 1.6340 0.5176 135 195

2 upper 1.8660 -0.5176 45 -15
lower 1.6736 0.5077 140 200

3 upper 1.8660 -0.5176 45 -15
l,-wer 1.7121 0.5019 145 205

4 upper 1.8660 -0.5176 45 -15
lower 1.7500 0.5000 150 210

TABLE D-9. CHARACTERISTICS OF BELLOWS JUNCTION FOR SINGLE-SWEEP BELLOWS
IN FIGURE D-77

Tangent Anle, #
Chord Ale, y Uyper Lower Tilt Angle, Degrees*

Model Upper Lower ID OD ID OD ID OD

1 15 15 45 -75 15 -45 60.0 -6o.o
2 15 10 45 -75 70 -50 57.5 -62.5
3 15 5 45 -75 65 -55 55.0 -65.0
4 15 0 45 -75 60 -60 52.5 -67.5

* Tilt angle is the mean of the upper and lower tangent angle.

TABLE D-10. TILT ANGE OF FLAT EGOMENTS IN MODEL NO. 1 AND MODEL NO. 2
3-SWEEP WELDED BELLOWS

Tilt Angle, Degrees*
Case Root Crown

1 -10 10
2 0 10
#310 10
4 -10 0
5 0 0
6 10 0
7 -10 -10
8 0 -10
9 10 -10

Tilt angle is the mean of the upper and lower
tangent angle.
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TAME D-15. RELATIVE SPRING RATES FOR TWO WELDED BELLOWS FOR IE
DIFFERENT FLAT C0NFIGURATICqS (CALCULATED FCR TWO
CONVCLUTICwS)

Case* Model No. 1 Model No. 2

1 92.5 100.7
2 100.7 112.5
3 101.3 121.0
4 96.5 104.9
5 105.5 116.8
6 113.7 126.9
7 100.3 lO9.6
8 110.1 123.5
9 119.1 137.9

* Table D-1O gives tilt angles for flat segments,

TABLE D-16. DIMENSIONS OF MATHEMATICAL MODEL SHOWN IN FIGURE D-112

Part Shell Coordinate, degree Radii, inches
No. Type Initial Final a b

1 Conical 215.0 2.0896 0.08
2 Toroidal 215.0 145.0 1.9233 -0.1757
3 Toroidal 145.0 205.0 1.7217 0.1757
4 Toroidal 205.0 145.0 1.5733 -0.1757
5 Conical 145.0 1.4725 0.11
6 Conical -35.0 1.3824 0.0776
7 Toroidal -35.0 35.0 1.5467 0.1757
8 Toroidal 35.0 -25.0 1.7483 -0.1757
9 Toroidal -25.0 35.0 1.8967 0.1757
10 Conical 35.0 1.9975 0.112

Thickness of bellows = 0.005 inch

TABLE D-17. DIMENSIONS OF 1ATHMTICAL MODEL SHOWN IN FIGURE D-113

Part Shell Coordinate, degree Radii, inches
No. Type Initial Final a b

1 Conical 210.0 2.0949 0.08
2 Toroidal 210.0 140.0 1.9367 -0.1777
3 Toroidal 140.0 200.0 1.7083 0.1777
4 Toroidal 200.0 140.0 1.5867 -0.1777
5 Conical 140.0 1.4725 0.11
6 Conical -40.0 1.4018 0.0774
7 Toroidal -40.0 30.0 1.5600 0.1750
8 Toroidal 30.0 -30.0 1.7350 -0.1750
9 Toroidal -30.0 30.0 1.9100 0.1750

10 Conical 30.0 1.9975 o.1124

Thickness of bellows = 0.005 inch

D-23



b

Inner surface P

\ -Outer
t __b surface

FIGURE D-1. ILLUSTRATION OF NOMENCLATURE USED FOR
BELLOWS DIMENSIONS
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FIGURE D-2. ILLUSTRATION OF CONVOLUTION SHAPES FOR
DIFFERENT VALUES OF b/c
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FIGURE D-3. RELATIVE MERIDIONAL SURFACE STRESSES FIGU.E P4. RELATIVE CIRCUMFERENTIAL SURFACE

FOR AXIAL LOADING AND INTERNAL PRES- STRESSES FOR AXIAL WOADING AND
SURE IN BELLOWS OF SHAPE 1 WITH INTERNAL PRESSURE IN BELLOWS OF
t/R = 0.004 AND c/R * 0.075 SHAPE 1 WITH t/R. 0.004 AND

c/R 0 .075
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FIGURE D-. RELATIVE MERIDIONAL SURFACE STRESSES FOR FIGURE D-4. RELATIVE CIRCUMFERENTIAL SURFACE
AXIAL LOADING AND INTERNAL PRESSURE IN STRESSES FOR AXIAL LOADING AND
BELLOWS OF SHAPE 2 WITH t/R • 0.004 AND INTERNAL PRESSURE IN BELLOWS OF

.R = C. 075 SHAPE 2 WITH t/R = 0.004 AND

cR 0. 075
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FIGURE D-8. RELATIVE CIRCUMFERENTIAL SURFACE STRESSES
FIGURE D-7. RELATIVE MERIDIONAL SURFACE STRESSES FOR FOR AXIAL LOADING AND INTERNAL PRESSURE

AXIAL LOADING AND INTERNAL PRESSURE IN IN BELLOWS OF SHAPE 3 WITH t/R * 0. 004 AND
BELLOWS OF SHAPE 3 WITH t/R U 0.004 AND c/R m 0.076
c/R 0. 075
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FIGURE D-9. RELATIVE MERIDIONAL SURFACE STRESSES FOR FIGURE D-10. RELATIVE CIRCUMFERE.NTIAL SURFACE STRESSES
AXIAL LOADING AND INTERNAL PRESSURE IN FOR AXIAL LOADING AND INTERNAL PRESSURE
BELLOWS OF SHAPE I WITH tjR = 0. 004 AND IN BELLOWS OF SHAPE 1 WITH t/R = 0. 004 ANDc/k = 0. 150 c/R = 0.,150
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FIGURE D-11. RELATIVE MERIDIONAL SURFACE STRESSES FOR FIGURE D-12. RELATIVE CIRCUMFERENTIAL SURFACE
AXIAL LOADING AND INTERNAL PRESSURE IN STRESSES FOR AXIAL LOADING AND
BELLOWS OF SHAPE 2 WITH t/R u 0.004 AND INTERNAL PRESSURE IN BELLOWS OF
c/R 0.150 SHAPE 2 WITH t/R .0.004 AND

c/R 0.150
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FIGURE D-13. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-14. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 3 WITH INTERNAL PRESSURE IN BELLOWS OF

0.004 AND CiR = 0. 150 SHAPE 3 WITH t/R = 0.004 AND
c/R = 0. 150
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FIGURE D-15. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-16. RELATIVE CIRCUMFERENTIAL SURFACE STRESSES
FOR AXIAL LOADINC AND INTERNAL FOR AXIAL LOADING AND INTERNAL PRESSURE
PRESSURE IN BELLOWS OF SHAPE 1 WITH IN BELLOWS OF SHAPE 1 WITH t/R• 0.004 AND
t/R .0.004 AND CA * 0.225 CR 0.225
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FIGURE D-17. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-18. RELATIVE CIRCUMFERENTIAL SURFACE STRESSES
FOR AXIAL LOADING AND INTERNAL FOR AXIAL LOADING AND INTERNAL PRESSURE

PRESSURE IN BELLOWS OF SHAPE 2 WITH IN BELLOWS OF SHAPE 2 WITH t/R = 0. 004 AND

t/R = 0.004 AND c/R 0.225 c/R = 0.225
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FIGURE D-19. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-20. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 3 WITH INTERNAL PRESSURE IN BELLOWS OF
t/R 0. 004 and c/K = 0.225 SHAPE 3 WITH t/R = 0.004 AND

c/R = 0.225
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FIGURE D-21. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-22. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 2 WITH INTERNAL PRESSURE IN BELLOWS OF
t/R =0.0067 AND c/R = 0.015 SHAPE 2 WITH t/R= 0.0067 AND

c/R 0 .075
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FIGURE D-23. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-24. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 3 WITH INTERNAL PRESSURE IN BELLOWS OF

=0. 0067 AND c/K 0. 075 SHAPE 3 WITH t/R 0. 0067 AND
c/Ru 0. 075
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FIGURE D-25. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-26. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 1 WITH INTERNAL PRESSURE IN BELLOWS OF

/R 0. 0067 AND c/R 0. 150 SHAPE 1 WITH t/R =6. 0067 AND
c/i 0. 150
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FIGURE D-27. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-28. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 2 WITH INTERNAL PRESSURE IN BELLOWS OF
t/R = 0. 0067 AND c/R = 0.150 SHAPE 2 WITH t/R 0.0067 AND

C/R 0.150
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FIGURE D-29. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-30, RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSRS FORl AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 3 WITH INTERNAL PRESSURE IN BELLOWS OF
t/i = 0. 0067 AND c/i = 0. 150 SHAPE 3 WITH t/R = 0. 0067 AND

c/K = 0. 150
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FIGURE D-31. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-32. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE I WITH INTERNAL PRESSURE IN BELLOWS OF

t/R 0. 0067 AND c/R = 0.225 SHAPE 1 WITH t/R 0.0067 AND

d/R = 0.225
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FIGURE D-33. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-34. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 2 WITH INTERNAL PRESSURE IN BELLOWS OF
t/R = 0.0067 AND c/R = 0.225 SHAPE 2 WITH t/R 0.0067 AND

cR = 0.225

D-32



.115

.. .6

.1, 0 , 00

N i

- -- AI .1"
I! 1

Tom'.1 Tom.

FIGURE D-35. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-36. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 3 WITH INTERNAL PRESSURE IN BELLOWS OF
t/R 0. 0067 AND c/R 0.225 SHAPE 3 WITH t/R 0.0067 AND

c/R 0.225
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FIGURE D-37. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-38. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 3 WITH INTERNAL PRESSURE IN BELLOWS OF
t/R = 0. 02 AND c/R = 0. 075 SHAPE 3 WITH t/R = 0. 02 AND

c/K = 0.075
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FIGURE D-39. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-40. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 1 WITH INTERNAL PRESSURE IN BELLOWS OF
t/R = 0.02 AND c/R = 0. 150 SHAPE 1 WITH t/R = 0.02 AND

c/Ru 0.150
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FIGURE D-41. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-42. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 2 WITH INTERNAL PRESSURE IN BELLOWS OF
t/R = 0. 02 AND c/R = 0.150 SHAPE 2 WITH t/R = 0.02 AND

c/R = 0. 150
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FIGURE D-43. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-44. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 3 WITH INTERNAL PRESSURE IN BELLOWS OF
t/R 0.02 AND c/Rz 0.150 SHAPE 3 WITH t/R = 0.02 AND

c/u 0. 150
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FIGURE D-45. RELATIVE MERiDIONAL SURFACE STRESSES FIGURE D-46. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 1 WITH INTERNAL PRESSURE IN BELLOWS OF
t/i 0. 02 AND c/i = 0. 225 SHAPE 1 WITH t/i 0. 02 AND

c/R 0.22b

D-35



9~2

Ve 0 0 97

1- --l ,.9 Ir stnt 4

.6 - - - .8

FIGURE D-47. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-48. RELATIVE CIRCUMFERFNTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 2 WITH INTERNAL PRESSURE IN BELLOWS OF

/R=0. 02 AND dR = 0. 225 SHAPE 2 WITH t/R 0. 02 AND
c/R 0. 225
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FIGURE D-49. RELATIVE MERIDIONAL SURFACE STRESSES FIGURE D-50. RELATIVE CIRCUMFERENTIAL SURFACE
FOR AXIAL LOADING AND INTERNAL STRESSES FOR AXIAL LOADING AND
PRESSURE IN BELLOWS OF SHAPE 3 WITH INTERNAL PRESSURE IN BELLOWS OF
t/R = 0. 02 AND dRi 0. 225 SHAPE 3 WITH t/K 0. 02 AND

c/i C 225
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FIGURE D-51. RELATIVE SPRING RATES. kLLRE, AND FIGURE D-52. RELATIVE SPRING RATES, kL/RE AND
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FIGURE D-53. RELATIVE SPRING RATES, kL/RE, AND THICKNESS RATIOS, b/t,
FOR FORMED BELLOWS WITH RELATIVE THICKNESS, t/R = 0. 02
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FIGURE D-56. RELATIVE MAXIMUM STRESS, CM L/5 E, AND THICKNESS RATIOS, b/t, FOR AXIALLY LOADED
FORMED BELLOWS WITH RELATIVE THICKNESS IR0. 02
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FIGURE D-59 RELATIVE ABSOLUTE MAXIMUM STRESS, 1M i/p, AND THICKNESS RATIOS, b/t, FOR INTERNALLY
PRESSURIZED FORMED BELLOWS WITH RELATIVE THICKNESS ,/~0. 02
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FIGURE D-60. CONVOLUTION VARIATION NO. I FOR FIGURE D-61. CONVOLUTION VARIATION NO. 2 FOR
5" BELLOWS JD 92. INSIDE TORUS RADIUS *5" BELLOWS JD 92. INSIDE TORUS RADIUS
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FIGURE D-62. CONVOLUTION VARIATION NO. 3 FOR FIGURE D-63. CONVOLUTION VARIATION NO,. 4 FOR
5" BELLOWS ID 92. INSIDE TORUS RADIUS *5" BELLOWS JD 92. INSIDE TORUS RADIUS
0. 063 INCH, OUTSIDE TORUS RADIUS *0. 063 INCH, OUTSIDE T ORUS RADIUS
o. 085 INCH, CONE ANGLE a 7410' 0. 085 INCH, CONE ANGLE =8
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FIGURE D-64. RELATIVE MERIDIONAL SURFACE STRESSES FOR AXIAL
LOADING AND INTERNAL PRESSURE IN 5" BELLOWS
JD9Z (CONVOLUTION VARIATION NO. 3). /R = 0. 00374,
dRP = 0. 0654
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FIGURE D-65. RELATIVE CIRCUMFERENTIAL SURFACE STRESSES FOR AXIAL
LOADING AND INTERNAL PRESSURE IN 5" BELLOWS JD 92
(CONVOLUTION VARIATION NO. 3). t/R = 0.00374, c/R =0.0654
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FIGURE D-66. MATHEMATICAL MODEL FOR CORRUGATED DIAPHRAGM NO. 1
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FIGURE D-67. RELATIVE OUTER SURFACE STRESS, cyo/p, FOR DIAPHRAGM NO. 1
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FIGURE D-6. MATHEMAUTCA MODFAE FORES CORRUGATED DIAPHRAGM NO. 2
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FIGURE D-7. MEATHEMATCA MODFAE FORES CORRUGATED DIAPHRAGM NO. 3
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FIGURE D-72. MATHEMATICAL MODEL FOR CORRUGATED DIAPHRAGM NO. 4
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FIGURE D-73. RELATIVE OUTER SURFACE STRESS, ao/p, FOR DIAPHRAGM NO. 4
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FIGURE D- 74. MATHEMATICAL MODEL FOR DIAPHRAGM NO. 5
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FIGURE D-75. RELATIVE OUTER SURFACE STRESS, cf~t/p, FOR DIAPHRAGM NO. 5
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FIGURE D-77. NOMENCLATURE FOR SINGLE-SWEEP UPPER AND LOWER
BELLOWS LEAVES
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FIGURE D-7 8. MATHEMATICAL MODEL NO. 1 OF SINGLE. FIGURE D-79. MATHEMATICAL MODEL NO. 2 OF SINGLE-
SWEEP WELDED BELLOWS WITH 15* UPPER SWEEP WELDED BELLOWS WITH 15* UPPER
CHORD ANGLE AND 15* LOWER CHORD CHORD ANGLE AND 100 LOWER CHORD
ANGLE ANGLE
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FIGURE D- o. MATHEMATICAL MODEI NO. 3 OF SINGLE- FIGURE D-81e MATHEMATICAL MODEL NO., 4 OF SINGLE-
SWE7P WELDED BELLOWS WITH 15' UPPER SWEEP WEL.DED BELLOWS WITH 1, UP[PER
CHIORD) ANGLE AND 5* LOWER CHORD CHORD ANGLE AND o' LOWER CHORD
ANGLE ANGLE



kt&u 

1w 
<

th 1

31 11-f 3Wld ._

- ~/ -

-- 1d b..4 /bo

FIGURE D-82. MERIDIONAL INNER SURFACE STRESS DUE TO FIGURE D-83. MERIDIONAL INNER SURFACE STRESS DUE TO
AXIAL LOADING IN SINGLE-SWEEP BELLOWS AXIAL LOADING IN SINGLE-SWEEP WELDED
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FIGURE D-87. MATHEMATICAL MODEL OF 00-100 WELDED BELLOWS,
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APPENDIX E

STRESS ANALYSIS OF A 3-INCH, ONE-PLY FORMED
BELLOWS - TYPE 321 STAINLESS STEEL



ABBREVIATIONS AND SYMBOLS

SI, S2  Measured stresses in bellows, psi

E Modulus of elasticity, psi

t Bellows thickness, in.

Angle between normal to bellows midsurface and its axis of re-,olution, deg

p Internal pressure, psi

6 Axial deflection imposed on bellows of length L, in.

XF-,



APPENDIX E

STRESS ANALYSIS OF A 3-INCH, ONE-PLY FORMED
BELLOWS - TYPE 321 STAINLESS STEEL

The stress analysis of a 3-inch, one-ply stainless steel bellows was selected for
inclusion in the report for three reasons: (1) it is representative of an analysis of a
uniform bellows, (2) it was used during the program to determine the need for including
thickness variations in mathematical models, and (3) its use facilitates the discussion
of the analysis of two-ply bellows in Appendix G. Following the description of the
theoretical analysis, the experimental stress analysis of the bellows is described, and
theoretically determined and experimentally determined stresses and strains are
compared.

Theoretical Stress Analysis

Mathematical Model

A mathematical model was developed using dimensions obtained from the encap-
sulated cross section of JD68, shown in Figures E-1 and E-2. The inner torus between
Convolutions 7 and 8 (measured from the flanged end) was taken as the origin of the
rectangular coordinate system. The x-coordinate was in the axial direction with a
negative sign indicating measurements taken on Convolution 7. The x- and y-coordi-
nates of points of the midsurface of the convolutions are given in Table E-1. The
bellows thicknesses measured at each point normal to the midsurface are also in-
cluded in Table E-1.

It was believed that the convolution cross section was sufficiently symmetrical
about the origin that only one-half a convolution need be considered. To obtain a repre-
sentative convolution shape, the x-coordinates at symmetric points were averaged.
Thus, the x-coordinates of Points I and 43, 2 and 42, etc. , in Table E-l were aver-
aged. In addition, the thicknesses at each pair of symmetric points were averaged.

The mathematical model obtained from these measurements is shown in Fig-
ure E-3. The actual dimensions of the toroidal and conical sections are given in
Table E-2. The thickness variations from the root tt the crown are plotted in Fig-
ure E-4. The circled points indicate the averaged measurements. The thickness
variation selected for the mathematical model is shown by the solid line in Figure E-4.

An examination of Figure E-4 shows that the nominal thickness of 0. 008 inch is a
poor estimate of the actual thickness of the bellows. It was decided that the variable
thickness model should be compared with models having different but constant thick-
nesses to determine the general necessity for using a mathematical model with thick-
ness variations. Accordingly, stresses were calculated for both internal-pressure
loading and axial-compressive loading for three bellows having constant thicknesses of
0. 008, 0. 00757, and 0,00661 inch as well as for the variable-thickness model. As
noted above, 0.008 inch was the nominal thickness. The other two thicknesses were the

E-1



maximum and minimum measured thicknesses as shown in Figure E-4. The meridional
cross-sectional shape for all the models was taken to be that given in Figure E-3.

Comparison of Stresses From
Different Mathematical Models

The bending and membrane stresses in the meridional and circumferential direc-
tions calculated for both internal pressure and for axial compression in each of the four
models are shown in Figures E-5 through E-12 for the inner torus (Part I in Fig-
ure E-3) and in Figures E-13 through E-20 for the outer toroidal section (Parts 5 and
6 in Figure E-3).

The stresses at the root and crown for both the axial compressive loading and
internal pressure are summarized in Table E-3 for the various thicknesses. The re-
sults given in Figures E-5 through E-20 and in Table E-3 show that variations in thick-
ness significantly affect the stresses in the bellows.

Modification of Theoretically Determined
Stresses and Strains

It was necessary to modify the theoretical stresses to allow for the thickness of
the strain gages before the theoretically determined stresses and strains could be com-
pared with the experimentally determined 3tresses and strains. Table E-4 shows the
theoretical stresses for the variapble-thickness model of the 3-inch bellows modified to
reflect the thickness of the strain gages (as discussed in Appendix Q). In accordance
with the dimensions used for the different mathematical models (see above), a thickness
of 0. 00757 inch was selected for the inner convolution and a thickness of 0.00661 inch
was selected for the outer convolution. To calculate compression stresses, a bellows
live length of 2. 03 inches was used. This value was obtained by multiplying the mea-
sured length for nine convolutions of the JD68 test bellows by the ratio 10/9, since the
test bellows had ten convolutions. Strains calculated using the modified theoretical
stresses are also shown in Table E-4.

Experimental Stress Analysis

The experimental stress analysis of a 3-inch, formed bellows is described in
four parts: (1) strain-gage locations, (2) strains due to axial deflection, (3) strains due
to pressure, and (4) stresses calculated from experimentally determined strains.

Strain-Gage Locations

In Appendix Q, a description is given of the type of strain gages used, the tech-
niques of instrumentation, and the philosophy underlying the location of the gages on the
bellows. That discussion applies to the strain gages used on the 3-inch bellows. The
"middle" convolution chosen for the 3-inch bellows was five convolutions from the
bottom. The locations of the gages on the 3-inch formed bellows are shown in Fig-
ure E-21.

E-2



Strains Due to Axial Deflection

Two types of tests were conducted in which the strains due to axial deflection
could be determined. In the first type of test, the bellows was deflected alternately in
increments of compression (0. 030 inch and 0. 060 inch) and extension (0. 030 inch and
0. 060 inch), and strain-gage readings wt-re taken at each deflection increment and at
the intermediate zero deflections. In the second type of test, in which pressure was
combined with deflection, the bellows was deflected alternately in increments of com-
pression (0. 030 inch and 0. 060 inch) and extension (0. 030 inch and 0. 060 inch), and at

each deflection increment, the internal (and subsequently the external) pressure of the
bellows was increased in 10-psi increments to 30 psi. By subtracting the readings ob-
tained at each pressure level in the latter type of test, the strain due to deflection

could be determined.

Table E-5 shows the results of the deflection tests with no pressure. (None of
the tabulated values are corrected for gage thickness.) Despite the apparent flexibility
of the 3-inch bellows, the readings of the gages were quite uniform. Table E-6 s'.
the strains due to deflection when the bellows was pressurized. No significant differ-

ence was discernible between the deflection strains for the unpressurized bellows, and
the strains for the pressurized bellows.

Strains Due to Pressure

Two types of tests were conducted in which the strains due to pressure could be

determined. In the first type of test, the bellows was pressurized at zero deflection:
(1) in 10-psi increments of internal pressure to 50 psi and (2) in 10-psi increments of
external pressure to 50 psi. The second type of test, combining deflection and pres-
sure, was described above.

Table E-7 shows the primary results of the pressure tests with no deflection.

Only two gages were read during the external pressure tests. A similarity of the
strains for the last two internal-pressure tests was noted. This probably indicated that
the first internal-pressure-test results were less representative, although they were

included in the calculation of the average values.

Table E-8 shows the strains due to pressure when the bellows was deflected and
pressurized. The results of these tests are given in considerable detail to show the

degree of repeatability of the strains due to pressure at different amounts and types of

deflection. Not only was the repeatability good, but the average strains in Table E-8
were very similar to those for the unpressurized bellows.

Experimentally Determined Stresses
and Strains

The method of calculating stresses from experimentally determined strains is

explained in Appendix Q. it is also explained that the strains as given by Gage 18 and

the average readings of Gages 11 and 12 and 13 and 17 were used as representative
strains in the bellows. Finally, it is explained that the values were selected from tests
which did not combine deflection and pressure.
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Table E-9 shows the representative compression strains and the representative
internal pressure strains as given in Tables E-5 and E-7. To determine the stresses
at the convolution roots, where no circumferential gages were used, it was assumed
that the ratio of the experimental meridional stress to the experimental circumferential
stress was identical to the ratio of the corresponding theoretical meridional and circum-
ferential stresses.

Comparison of Theoretically Determined and
Experimentally Determined Stresses and Strains

Table E-10 shows a comparison of the modified theoretical stresses and strains
and the experimentally determined stresses and strains. The results are in excellent
agreement.

It is noted that the theoretical results shown in Table E-10 were obtained from
the mathematical model in which the thickness variations were closely approximated.
Because of the importance of thickness (as shown in Figures E-5 through E-20) it is
believed that a theoretical analysis of a bellows must incorporate a close approximation
to the actual thickness variations of the bellows to provide an accurate prediction of the
stresses.
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TAE Z-i. COMDINA![S AND THICIMESSS FR MATHEMTICAL m=. OF 3-INEH B=aW
3n68 (NOUNAL THICKNESS = 0.008 INCH), 1 UNIT = 0.0005 INCH

Coordinates Thickness, Coordinates Thickness,
Readinkg x y inches Reading x y inches

1 -192 641 o.oo665 23 13 1 0.00761
2 -176 639 0.00668 24 26 5 0.00761
3 -160 633 0.00668 25 39 16 0.00753
4 -144 622 0.00693 26 49 29 0.00761

5 -128 607 o.00688 27 54 41 0.00738
6 -. 12 586 0.oo685 28 57 53 0.00725
7 -98 560 o.oo685 29 59 116 0.00709
8 -90 534 0.00685 30 62 178 0.00705
9 -79 475 0.00696 31 66 237 0.00696

10 -70 415 0.00708 32 71 296 0.00700
11 -64 356 0.00713 33 77 356 0.00693
12 -59 296 0.00717 34 86 415 0.00685
13 -56 237 0.00738 35 914 475 0.00685
14 -54 178 0.00733 36 104 534 0.00677
15 -53 116 0.00750 37 111 560 0.00677
16 -51 53 0.00778 38 123 586 0.00677
17 -49 41 0.00770 39 138 609 0.00656
18 -45 29 0.00753 40 153 626 0.00640
19 -38 16 0.00741 41 169 635 0.00648
20 -26 6 0.00753 '42 184 640 0.00660
21 -13 1 0.00753 43 199 641 0.00656
22 0 0 0.00757

TABLE E-2. DIMENSIONS OF MATHEMATICAL MODEL OF 3-INCH BELOWS JD68

Part a, b, Coordinateb, degree
No. Shell Te inches inches Initial Final

1 Toroida b 1.5295 -O.O267(a) 90.0 2.0
2 Conical' 1.5253 0.0633 2.0 -
3 Toroidal 1.5668 0.763 2.0 6.5
4 Conical 1.6508 0.09 6.5 -
5 Toroidal 1.7198 0.1875 6.5 24.0
6 Toroidal 1.7753 .0455 24.0 90.0

(a) A negative radius indicates that the normal is pointing toward the
center of curvature.

(b) For the conical shell, a is the radial distance from the center of
the bellows to the inner edge; b is the slant length of the shall.
The initial coordinate is the cone angle.
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MU &3. 1i OF M~7 "E Ansc &wmAmo

em= -

i.M roo -W6 !. 88 -6176 J lu UT3 affam

cre w 4&.0 A f
o.0o8 r 4A-8.

o.0075 root -53h8.06 -58w" -11725 -17591
exs -4k*.24 .419341 +119"9 +2ft

varial root -451.20 - .17 7 5o .iij 1 -235
cron 942.03.10 -41615 -160" +.3350

o.oo661 root -4271.70 -51o.93 -2.o 3 -3655.
rowm -3521.03 +352& 6 .17807 "10545

Interal Pressur
o.008 root -20.64T -T2T.1TT +32.41 -218.153

crown +19.49e) -560.958 -46.9840 -108.28T
0.00757 M~ot -21.7834 -"0.540( +31.0523 -21*.86e

crmin .20.6299 -621.9T4 -61.8579 -186.592
variable root -22.2870 -881.699 +32.981 -264.510

crown +23.1507 -732.999 -92.3308 -219.900
0.00661 oot -24.8m -1051.76 +24.6324 -315.527

crown 237288 -798.47 -11.591 -239.2!a3

(a) Plus values are tensile stresses, minus values are com essive stresses.
Th obtain stresses in psi due to deflection multiply value by deflection
in inches, divide by live length of bellows In in cWs. TO obtain stresses
in psi due to pressure, mltiply value by pressure in psi.

T.4.3. 1-4. NCVN THROIAL C0633881 AnD IIZNM, NIUWM MiN ANDS
SMAINS YIM PN -I=ICI G-PLY WAIJSS MM 7 M MU 8

fteeaes r 3 MNodifted Stress, psi, Strain, .in./in.
Seding Combined Calo. for 0.060- ol. for 0,060-
Stress, stress.), Stress at in. Compression in. Compression

Membrane Outer Outer 0Gp or 50-psi or 50-psi
Stress Surface Surface Location Int. Pressure lat. Pressure

Serieionas -4265.10 411,165 +578,9'e0 +574,655 -16,987 484SStress

Circumferential +160,782 +123,350 173,677 +334,459 +9,887 165

Steriionl .4518.20 -517,450 -702,180 +69,66e(b) +20.623 +681

StCircumferental -111,349 -155,235 .210,654 +99,305 +2,935 -112

Meridional +23-1507 -732.999 -1032.063 -1008.912 -5o,46-
. Stress -1532

r cmSere nti -92 3308 -219.90M 309.619 -4 0,1.95o -20,098 -171

Meridionai -22.2870 .881.699 .196.466 +i174.179( c  
+58,709 +1822

S Stres s

Cirumferentsls +32.2481 -264.510 -358.940 +391.188 
)  

9,5597

(a) Benaing stresses at outer convolution multiplied by 1.408: bending stresses at Inner convolution multiplied by
1.357.

(b) The ratio of these %tresscs to 7.03.
(c) The ratio of thecse stresses Is 3.00.
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TANZ 1-5. 3ILETDR&AIN W5 W CQ9WRI AND U hI
OF 3-IM l D =JAB - .. 112)M

Kieroln. of Straina) , Bellows In Covression icrolnehes of StrainK Dbellows In ktenio
owe Tea Test Test Test Teat Copressio Test Test Test Teat Test h t slm C016sG

No. 50. 1 No. 2 No. 3 No. 4  No. 5 AT-o..ae N1.1 No.-2 No.3 116. 4  No. 5 Avara Avermas

U 175 177 180 187 182 180 198 195 195 168 195 19k ]Or

1 180 175 180 182 180 179 190 190 190 198 93 9 i18

13375 397 39 395 395 391 38 00 395 405 395 397 394

144 35 435 440 447 442 440 430 430 440 0 438 434 437

15 410 425 397 405 402 408 385408 418410o413 40o' 408

16 395 385 392 387 385 389 398 405 408 408 405 40 397

17 417 400 405 407 405 407 400 400408418 415 408 408

18 617 625 622 627 62 624 613 633 630 628 633 627 626

19 512 510 532 525 530 522 585 573 568 565 563 571 547

(a) All measured strains in conpression vere tensile- deflection as 0.060 inch.

(b) All measured strains in extension were coressive - deflection was 0.060 inch.

(a) Compression and Extension Tests were alternated.

TABLE 9-6. Dl BTI(N STRAINS FMR 3-INCH lOUM BELLO S CGGRESZSD
AND IXTE"1WIF ID PRESSURIZED ZNWNALLY AID maiRNAZLL
TO 30 PSI

Microin, of Strain(a) , Bellows in Compression Microinches of Strain(b! Bellows in ExtensionGage ... Compression ' xtensIm Comb ied

No. 0 psi 10 psi 20 psi 30 psi Average 0 psi 10 psi 20 psi 30 psi Averaee Average

11 167 172 180 185 176 188 185 180 175 181 179

12 180 185 172 180 179 168 180 175 175 177 178

13 385 380 395 372 383 380 380 378 365 376 380

14 435 440 430 437 436 4OO 408 410 390 402 419

15 405 405 397 407 4o4 375 388 390 348 375 390

1i 16 372 387 380 382 380 375 395 378 360 377 379

17 402 412 390 412 404 373 393 393 375 384 394

18 645 650 657 657 652 645 648 660 60 661 657

19 532 532 537 537 535 570 560 563 578 568 552

CS

11 187 182 180 190 185 180 193 180 193 187 186

13 392 3195 390 405 396 385 395 395 403 395 396

(a) All measured strajn3 in compr1cion were tensile - deflection was 0.060 inch.

(b) All measured strains in extnslon were compressive - deflection was 0.060 inch.
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TAM , . is m IE-n I 3 i 3-== M M ri I ,,
AND ZtMUMUZ4D O1

mloroinobea of itrai,(&) U14ralubs of straftna
r of. l sol lm v.. mOm pa
Vert v ~ot es A. e 00 lest loat Av. pit

om No1 b. o 3 A n 2 a Mj L b,. 1 Ap mo -,.Avm= 1Uai

12 -2 -215 -213 -218 -43.6 . .

13 -1383 -1330 -1328 -131. -29.1. +1M7 41M1 AM37 +3T6 4M7.2
14 -1348 -1303 -1303 -1318 -963.6 . . . . .

15 -118-0.158 -1360 -1166 -233.2 . . . . .

16 -1603 -1535 -1533 -155T -3114.. . . . .

17 -1248 -l3 -2W -213 -218.6 . . . . .

18 .1885 .1807 -8077 +1833 .366.6 . . . . .

19 .1u47 +6o +2052 +3086 4n7.2 . . . . .

Plus values Indicate measured tensile strain; minus values indicate masred o p cresolv straln.

(a) Tests were run in 10-psl inrmets ascendi and Gewa l --values shown iwe differemes
betwen readings at 50 psI (maxima pressure) a d avera readings for sro pressure before
and after test.

A M 3 -8. ff = M m AI! ye 3 .= = I w &=lII ca n = =UD, = 1 ,
AND NNUMRI WM/WW A31D UE3 Y TO 30 M3?

Nicroinohes of .traft(a) fee r~ b rmmnte
Dflection-0.0 in.,b) DNrWti o.o o IMP) . t .o~o in. Average

O o 0.10 10-20 20-30 0.10 1o-20 W-30 U- per 10
-- 0N. psi si si sal Bel psi si Dal ]Dol psi

-050 :053 -050 -053 -00 -3 -4 -15 -05 -048
12 -030 038 -03 -030 -048 -033 -025 -00 55 -037
13 -5 -270 :273 :293 -255 -283 280 -255
14 -260 -260 -273 263 268 2 58 -255 -270 -
15 -235 -233 +245 -238 -275 -233 -235 -240 -235 .238
16 -310 -298 -318 -31o -318 -305 -300 -305 -315 -309
17 -225 -243 -248 -223 -265 -215 -215 -265 -225 -236

S 38 +350 -358 +35 .360 .365 .363 .355 .365 *373 +363
-- 19 .210 .210 +220 +215 +213 +210 .210 4215 +220 +211.

U .060 +0148 +050 +058 +050 +048 +055 .0o45 .060 +053

S 13 +2T8 +255 +27 +268 +2T3 +263 +28o +250 +290 +270

i -o13 -055 -045 -028 -055 -045 -04 -050 -040 -145
12 -038 .030 -050 -050 -030 .01.5 -050 -025 .050 -041

13 -250 -288 -253 -250 -280 -255 -250 -285 -2140 -262
a 114 -258 -258 -275 -263 -255 -263 .P65 -26o -25 -261
C, -A-233 23 248 -2143 -235 -213 -AS4 -235 -205 -3

16 -300 -308 -318 -313 -300 -303 -325 -290 -300 -306
17 -240 -230 -263 .258 -23 -250 -26o -230 -245 -244

a 18 +353 +353 +375 +355 +343 +363 +350 +340 +345 +353
12 .210 .208 +225 +223 +203 +220 +220 +205 +210 +213

11 +068 +053 48 + 070 +050 4050 +055 4065 035 "059

4 k 13 +280 +260 +278 +285 +260 +270 +270 4260 +270 +270

I thI' val.ues indieate tensile ;trains; mirnus values indicate cmpressive striin,
,2 . ;~' - of two read'ngs.
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TINZ 9-9. 2ZINMV M WMM F I iG PRAM AI SI

1A~ Maru1*. #3

oi~nl~lo ml - . - .f6 Q6 *18A963(&)

ballaal -LA-3T -32A3 48A.3,500

' 'Cireea tla, -A6 -218 - - -232 .19,800

* Ialiss - -+ 1833 +1833450 )

-x jC teete . -- 19,6W88)

(a) Calcul1ated an the assmption that gi/8 7.T03 (ben Table 3-4).
(b) Calculated on the assumption that 818 3.00 (bse !able 34).

TAMZ 1.10. carnIse Cu MuWxcATY WXUD A30 mi.-
NOMAuLY VuITED 9M313 AND 83AM1 70 3.
uIn on-LY M U W JM6

Cweaof skwaimae) Cowerlson of Ibaese)

ft~4ridioal +401 .4%4 .14,580 +16,98T

.1irafrinerentia1 .18T +165 .9,780 .9,887

ridloasi ,1 8~~(b) ue
- -~~ ~(b) .,3

to Vi~eridiona1 -1m9 -1532 -43,500 -50,446

C .ireinferetial, .232 .171 .19,800 -20,098

M ~erilional. +1833 +18e2 +59,064(c) .58,709

Cifern~tiaflt - +067 +19,w(88 +19,559

/)Calculated end tested roal m.60-in. compression and 50-psi internal pressure.
j)Calculated on the assumption that 1/8 2 .7.03 (see Table 1-9).

(c) Calculated an thb asumtion that 81/82 .3.00 (See Table 2.9).
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IX As Polished 4A509

FIGURE E-1. CROSS SECTION OF 3-INCH, I-PLY FORMED
BELLOWS JD68 - TYPE 321 STt.INLESS STEEL

FIGURE E-2. ENLARGED VIEW OF
CONVOLUTIONS OF CROSS-
SECTIONED 3-INCH, I-PLY
FORMED BELLOWS JD68 - TYPE
321 STAINLESS STEEL

lox As Polished 4A510
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FIGURE E-3. MATHEMATICAL MODEL OF 3-INCH BELLOWS JD68

14m- -

- ....... - ,- - i -l

0 0 I! lb 30 114 SI
Root Radial Ditta ce From Root to Crown, ,rwt CMowtt1

FIGURE E-4. THICKNESS VARIATION IN 3-INCH BELLOWS JD68 (NOMINAL
THICKNESS = 0. 008 INCH)

Circled points indicate measured thicknesses and solid line is
thickness variation used with mathematical model shown in
Figure E-3.
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FIGURE E-11. RELATIVE CIRCUMFERENTIAL BENDING STRESS FIGURE E.12. RELATIVE CIRCUMFERENTIAL MEMBRANE
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FIGURE E-13. RELATIVE MERIDIONAL BENDING STRESS FIGURE E..14. RELATIVE MERIDIONAL MEMBRANE STRESS
INS3-INCH BELLOWS JD68 (PARTS 5,6 DUE TO AXIAL IN 3.INCH BELLOWS JD68 (PARTS 5.6) DUE TO AXIAL
COMPRESSIVE LOADING (E .29 X 10 PSI) COMPRESSIVE LOADING (E .29 X 106 PSI)
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FIGURE E-1.5. RELATIVE CIRCUMFERENTIAL BENDING FIGURE E-16. RELATIVE CIRCUMFERENTIAL MEMBRANE
STRESS IN 3-INCH BELLOWS JD68 (PARTS 5.6) DUE TO STRESS IN 3-INCH BELLOWS JD68 (PARTS 5, 6) DUE TO
AXIAL, (.0'JFRESSIVE LOADING (E a 29 X 106 PSI) AXIAL COMPRESSIVE LOADING (E a 29 X 106 PSI)
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APPENDIX F

STRESS ANALYSIS OF A I-INCH ONE-PLY FORMED BELLOWS -
TYPE 321 STAINLESS STEEL
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APPENDIX F

STRESS ANALYSIS OF A I-INCH ONE-PLY FORMED BELLOWF -

TYPE 321 STAINLESS STEEL

The theoretical stress analysis of a 1-inch, one-ply stainless steel formed bellows
was selected for inclusion in the report because (1) it demonstrates an approach to
modeling convolutions which are not symmetrical and (2) it facilitates the discussion in
Appendix G of the stress analysis of two-ply bellows. Following the theoretical stress
analysis, the experimental stress analysis is described, and theoretically determined
and experimentally determined stresses and strains are compared.

Theoretical Stress Analysis

Mathematical Model

The theoretical stress analysis of the 1-inch bellows (JDZ9) proved to be more
complex than the analysis of the 3-inch bellows which was described in Appendix E. The
irregular shape of the convolutions, as shown in Figures F-l, F-2, and F-3, required a
more detailed mathematical model. The data used to construct this model, which is
shown in Figure F-4, are given in Tables F-I and F-2. In the analysis, the mathemati-
cal model was taken to be a full convolution since there appeared to be no symmetry with
respect to a half convolution either in the shape of the midsurface of the shell, or in the
variation of the thickness (as shown in Figures F-5 and F-6). The solid lines in Fig-
ures F-5 and F-6 show the thickness variations used in the mathematical model.

Theoretical Stresses

The theoretical stresses at the outer convolution and two inner convolutions of the
mathematical model (the locations of highest stress) are shown in Table F-3. Irregu-
larities in the bellows are indicated by the differences in the calculations for each con-
volution root of the mathematical model. The results of the analysis of the I-inch bel-
lows by thin-shell theory should eventually be compared with a rigorous theory-of-
elasticity solution, since the radius-to-thickness ratio for certain portions of bellows
JD29 was as low as 2:1 as compared with the ratio of 10:1 which is generally considered
to be the lower limit for which thin-shell theory is accurate.

Modification of Theoretically Determined
Stresses and Strains

Table F-4 shows theoretical stresses for the 1-inch bellows modified to reflect the
thickness of the strain gages (as described in Appendix Q). In accordance with Fig-
ures F-5 and F-6, a thickness of 0.0391 inch was selected for the outer convolution and
a thickness of 0. 0045 inch was selected for inner convolution Part I (for the location of
the strain gages, see below). A live length of 1. 01 inches was used to determine the de-
flection stresses., The length of seven convolutions (0. 886 inch) was multiplied by 8/7
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to estimate the live length of the test bellows. Table F-4 also shows strains calculated
using the modified theoretical stresses.

Experimental Stress Analysis

Strain- Gage Locations

Appendix Q gives a description of the type of strain gages used, the techniques of
instrumentation, and the philosophy underlying the location of the gages on the bellows.
Because the I-inch bellows had eight convolutions, the "middle" convolution selected was
the fourth convolution from the bottom. The strain-gage locations are shown in Fig-
ure F-7. Both of the root gages were located on convolution roots corresponding to
Part 1 in Figure F-4.

Strains Due to Axial Deflection

The types of tests conducted with the 3-inch one-ply formed bellows (see Appen-
dix E) were conducted with the 1-inch formed bellows. Table F-5 shows the results of
the deflection tests with no pressure, while Table F-6 shows the strains due to deflec-
tion when the bellows was pressurized. (For simplicity, the readings were not corrected
for gage thickness. ) No significant differences were noted between the strains shown in
Table F-5 and those shown in Table F-6, if allowance is made for the difference in
deflection.

Strains Due to Pressure

The types of pressure tests conducted with the 3-inch bellows were conducted with
the 1-inch bellows. Table F-7 shows the results of the pressure tests with no deflec-
tion, while Table F-8 shows the results of the tests with pressure and deflection. No
significant differences were noted between the strains shown in Table F-7 and those
shown in Table F-8.

Experimentally Determined Stresses and Strains

Table F-9 shows the representative compression strains and the representative
internal pressure strains selected according to the procedures described in Appendix Q.
Also shown are stresses calculated using these strains. For the convolution root, where
no circumferential strain gage was used, the stresses were calculated with the assump-
tion that the ratio of the experimental meridional stress to the experimental circumfer-
ential stress was the same as the ratio of the theoretical meridional stress to the theo-
retical circumferential stress.
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Comparison of Theoretically and Experimentally
Determined Stresses and Strains

Table F- 10 shows a comparison of the modified theoretical stresses and strains
and the experimentally determined stresses and strains. Altbouxgh the values did not
compare as closely as for the 3-inch bellows, the agreement was believed to be good.
Further, the compression meridional strains measured by Gages Nos. 15, 16, and 17
(1041, 1073, and 1007 microin. /in, in Table F-5) at the convolution crowns agreed
closely with the theoretically predicted strain (1034 microin. /in. ) while the internal-
pressure meridional strain at the convolution crowns measured by Gages Nos. 14 and 15
(-195 and -210 microin. /in, in Table F-7) agreed closely with the theoretically predicted

strain (-209 microin. /in. ).

It was thought that the greater variation in gage readings for the 1-inch bellows (as
compared with the 3-inch bellows) might have been caused by greater nonuniformity in
thickness. However, an examination of the thickness in both cross-sectioned bellows
did not show greater nonuniformity in the 1-inch bellows than in the 3-inch bellows.
Consequently, it was presumed that the greater variations in measured strains were
caused at least partially by variations in convolution curvature such as those noted in
Figures F.-I through F-3.

- 3



TAM.E F-I. COQNAMBS AD THMIESUSI FQH -IEH SUL= JD29
Nominal thickness = 0.005 in.; 1 unit = 0,005 In.

Coordinates Thickness, Coordinates Thickness,
Reading x inch Reading x inch

1 0 0 0.00442 52 232 9 0.00138
2 8 2 0.00o46 53 241 12 o.=446
3 14 4 o.no446 54 248 17 0.0041
4 20 8 0.0046 55 254 23 0.00450
5 24.5 12 0.00446 56 260 31 0.00450
6 30 17 o.oo446 57 265.5 38 o.oo45o
7 35 23 0.00442 58 270.5 46 o.0441
8 40 31 0.00442 59 274.4 55 0.00446
9 44 38 0.00442 60 278 72 o.oo441

10 47 46 0.00o442 61 276.5 88 0.00 433
u 48 55 o.0o437 62 273.5 lO6 o.00433
12 46 72 0.00437 63 267 134 0.00433
13 44 88 0.00434 64 263 160 0.00W425
14 41 1o6 0.00425 65 260 188 o.o417
15 36 134 0.00o425 66 258 215 o,o17
16 32 16o 0.00417 67 257 243 0.00397
17 29 188 0.00405 68 258.5 271 0.00397
18 27.5 215 0.00401 69 261 285 o.0405
19 28 243 0.00393 70 264 297 0.00o401
20 31 271 0.00385 71 271 310 0.0401
21 35 285 0.00385 72 279 321 0.00o401
22 39 297 0.00385 73 289 332 0.00397
23 45 310 0.00385 74 306 344 0.00397
24 54 321 0.00385 75 325 349.5 0.00397
25 64 332 0.00381 76 344 344 0.00o401
26 80 344 0.00381 77 362 332 o.oo4oi
27 102 349.5 0.00381 78 371 321 0.00397
28 130 342 0.00368 79 380 310 0.00401
29 144 332 0.00381 80 386 297 0.00o401
30 154 321 0.00385 81 390 285 0.00o401
31 162 310 0.00385 82 393 271 o.00xo4
32 168.5 297 0.00381 83 397 243 0.00397
33 172.5 285 0.00377 84 399.5 215 0.00401
34 176 271 0.00381 85 4o 188 o.ooo9
35 178 243 0.00385 86 4ol 16o o.0413
36 179.5 215 0.00385 87 399 134 0.o0417
37 18o 188 0.00393 88 357.5 106 0.00433
38 178.5 16o o.00405 89 396 88 o.0437
39 177.5 134 o.00=405 90 393.5 72 0.00437
4o 175 1o6 0.o0413 91 391 55 o.00446
41 173 88 0.o0421 92 390 46 o.00446
42 171 72 0.00425 93 389.5 38 o.0=446
43 169 55 0.00433 94 390 31 0.00442
44 168 46 000433 95 394 23 0.00458
45 170 38 0.00437 96 399 17 0.00o466
46 173.5 31 o.o446 97 405 12 o.oo=466
4, 182.5 23 0.00450 98 410 9 0.00470
48 191 17 0.o=470 99 415 6 0.o458
49 200 12 0.00458 100 420 4 o.0o458
50 210.5 9 o.00437 101 426 3 0.o454
51 223 8 0.o441 102 433 2 0.00454
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TAMJE F-2. DIMENSIUS OF MATHEMATICAL MOEMH OF 1-I L DELOWS JD29

a, b, Coordinates, degrees
Part Shell Type inches inches Initial Final

1 Toroidal 0.5026 -0.00950 90.0 70.0
2 Toroidal o.5726 -0.08432 70.0 59.25
3 Toroidal 0.5108 -0.01233 59.25 30.25
4 Toroidal 0.5143 -0.01916 30.25 -7.0
5 Conical(a) 0.5166 0.01667 -7.0 -
6 Toroidal 0.5706 0.3o214 -7.0 -3.5
7 Conical 0.5561 0.01600 -3.5 -
8 Toroidal 0.5870 0.23964 -3.5 2.25
9 Conical 0.5968 0.01800 2.25 -

10 Toroidal o.6120 O.06583 2.25 35.0
11 Toroidal o.6300 0.03466 35.0 85.25
12 Toroidal 0.6459 0.01833 85.25 121.5
13 Toroidal 0.6128 0.05766 121.5 139.0
14 Toroidal 0.6203 0.04600 139.0 164.75
15 Toroidal 0.6048 O.10716 164.75 176.25
16 Toroidal 0.6001 0.19180 176.25 189.0
17 Conical 0.5690 0.05000 189.0 -
18 Toroidal 0.5110 -0.01700 189.0 162.5
19 Toroidal 0.5223 -0.03550 162.5 114.0
20 Toroidal 0.4990 -0.01000 114.0 90.0

(a) a is the radial distance from the center of the bellows to the inner edge
for Shells 5, 7, and 9 and to the outer edge for Shell 17. b is the slant
length of the conical shell. The initial coordinate is the cone angle.

TABLE F-3. STRESSES DUE TO AXIAL C(WPRESSIVE LOADING AND ITMEAL PRESSURE
IN 1-INCH BELLOWS JD29 AT THE CROWN AND EACH ROOT OF THE
MATHEMATICAL MODEL

Meridional Stresses(a) Circumferential Stresses(a)

Location Membrane Bending Membrane Bending

Root (Part No. 1) -5305.79 -519,640 -95,843.8 -155,892

Crown -4575.00 4352,630 +155,462 +105,778

O Root (Part No. 20) (-5458.67) (-583,078) (-58,007.0) (-174,9 3)

Root (Part No. 1) -19.2756 -565.000 +1.19862 -169.500
Crown +20.6420 -436.388 -150.044 -130.910

Root (Part No. 20) (-21.2224) (-736.986) (-2.92186) (-221.o96)

(a) Plus values are tensile stresses, minus values s~e compressive stresses.
To determine stresses in psi due to deflection, multiply value by deflection
in inches, divide by live length of bellows in inches. To obtain stresses
in psi due to pressure, multiply value by pressure in psi.
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TA, F-5. WEFZ, MalMlUD FOR CMMIMESXWAUN ZIIS 1-NI
FORMD ZL.GJ - NO LM LM PU M aj

icronches of Strain;bDello in Ccupesscg Mierolnebes of Strain(c) Iblims in Extension
Cae Test Text Test Test Test C ressm Test Test Test Test Test kteston Cobined

No. No.1I No. 2 No. 3 No. 4 No. 5 Average No.1 INo. 2 No. 3 No. 4 No.5 &Mrae Aversd.

U 490 480 487 490 480 W 510 505 503 .98 503 504 495

12 390 375 365 370 380 376 48 433 440 .40 443 441 409

13 805 775 832 '192 765 794 695 673 675 693 65 676 735

14 815 802 805 807 802 806 703 703 708 700 7o8 704 755

15 1127 1122 1125 1125 1137 1123 958 960 955 953 965 958 1041

16 l 0 1135 1135 1147 1137 1137 1018 1013 1003 1005 1008 1009 1073

17 1052 1047 10l7 1042 1030 1044 970 965 973 965 970 969 1007

18 1372 136o 1372 1370 136o 1367 1350 1345 1348 1350 1345 1348 1358

19 1372 1360 1375 1372 1365 1369 1420 1415 1415 1415 1418 1417 1393

(a) Compression and extension tests were alternated.
bj All measured strains in compression were tensile--defleotion was 0.060 Inch.

(c All measured strains in extension were ccmpressive.-detlection was 0.060 inch.

TAN.NF-6. ILECTIO STRAINS FM I-IICH FORM BLG COIPRESSED AND XTND,
AND PRESSIZD INEI YLL AID EXTE NALLY TO 50 MsI

Microinches of Strain!a)Bellows in Compression Microinches of Strain(b) Benlows in Extension
Gege 0 10 20 30 40 50 Compression 0 10 20 30 40 50 Extension Combined
No. psi psi psi psi psi psi Average psi psi psi psi psi p81 Average Average

11 253 250 248 243 249 234 246 251 255 247 246 252 247 250 248

h1012 210 200 191 185 18417T9 192 22 208 197 203 198 193 202 197
13 360 365 361 359 328 3Lo 352 330 319 327 340 330 322 328 340

14 386 370 349 383 400 377 378 347 344 377 370 361 365 361 370

15 554 549 54o 530 525 532 538 498 487 497 507 504 508 500 519

16 577 560 549 546 536 543 552 524 518 537 532 534 530 529 541

17 534 523 525 528 534 509 526 509 505 508 483 499 507 502 514

18 684 690 696 686 698 705 693 684 692 683 693 693 693 690 690
19 688 696 695 689 690 694 692 719 719 708 715 718 712 715 704

1 1 251 243 246 248 250 251 248 265 267 272 280 273 267 271 26,

411 13 291 271 279 285 302 315 291 284 277 297 305 288 298 292 292

(a) All measured ctraina in compression were tensile - deflection was 0.030 inch - average of two tests.
(b) All measured ntrains in extension were compressive - deflection was 0.030 inch - average of two tests.
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TAUB Y-7. ,m AIZN pe 1-ImE FMW EWIS IYZD I MZ&

W r o l . o f r i ft & ) , . 2 t _ 1M e r o in, . b t e t s , .( a ) , = s : 4 1 1 A c k i i .. . .Test Tlest Test T'est TLest .@Otto o;'~tt Aver- Ay p e Net 'Test Test Ties Atwr- AT per

No. ro. .12o. No. 31 o- .4 o. No. 6 No.7 se 1Opsi N1o. 1N.b. 2No.3316 o.5 ase 20psi

11 -310 -323 -310 -313 -310 -30I -309 -311 -o6g +332 +. 33 +36D +36 +3,6 +4 6 9

12 -28 -263 -958 -270 -280 -238 -42 -253 -os - - -

13 -80 -810 -790 -810 -820 -763 -732 -789 -158 +807 +810 8 +8.32 -835 4818 +16

14 -988 -965 -97o -103 -995 -950 -950 -974 -195 .. ..

15 -1453 -1050 -1033 -1060 -107o -1035 -1040 -1049 -210 - - -

16 -848 .848 -83 -865 .865 -840 .835 -849 -170 - - -

iT -795 -755 -783 -813 -815 -823 -842 -804 -161 -- -

18 +960 +970 +972 +99T +1005 +950 +960 +73 +1 - - -

19 +950 +945 +955 '97T +985 +935 +945 +956 +191 - - - -

(a) Tests were run in 10-psi increments, ascending and descending - values shown are differerces between
readings at 50 psi (maximum pressure) and average readings for zero pressure.

(b) These tests were rim to 60 psi, values proportioned for 50 psi.

Plus values indicate measured tensile strain; minus values indicate measured cmpression strain.

TABUE P-8. PRESSURE STRAINS FMR 1-INCH F(1MED BELL0S CQO!ESSED AND EXW=, AND
PRESSURIZED INRNALLY AND MTERNALLY TO 50 PSI

Microinches of Strain(4for 10-poi Pressure Inerements
First Test Second Test

Gage 0-10 10-20 20-30 30-40 40-50 Aver- 0-10 10-20 20-30 30-40 40-50 Aver- Cobined
No. psi psi psi psi psi ae psi pst psi psi psi ame Average

i1 -070o .060 -070 -055 -090 -069 _065 -065 _065 _060 -070 -065 -067
4 12 -075 -045 -065 -030 -045 -052 -070 -040 -070 .030 .070 -056 -054

13 -200 -135 -19O -160 -165 -370 -20 -120 -145 -200 -160 -165 -168
14 -210 -215 -160 -180 .220 -197 -2= -190 -180 -195 -205 -198 -198
15 -220 -235 -205 -220 -200 -216 -230 -205 -210 -925 -195 .213 .215
16 -180 -190 -175 -185 -140 -174 -195 -165 -175 .180 -160 -175 -175
17 -130 -210 -130 -170 -175 -163 -150 -190 -165 -170 -145 -164 -164

- 18 +200 +205 -185 +210 +195 +199 +210 +180 +205 +200 +210 +201 +200

19 +205 +125 +180 .205 .185 +194 +210 +175 +200 +185 +200 +194 +191,

. 11 +oo +o7o .o8o o6o .050 4066 .o95 06o +o65 +055 +o6o +o71 .069

13 +155 +170 +170 +170 +160 +165 +190 +180 +165 +155 +155 +169 +167

11 -c65 -055 -060 -070 -060 -o 62 -070 -050 -063 -70 -060 -062 -o62
12 -065 -025 .060 -030 -060 -048 -055 -030 -010 -025 -060 -048 -048

13 -185 -155 .14o -125 -190 -159 -180 -130 -185 -155 -155 -161 -160
14 -210 -210 -175 -195 -210 -200 -195 -215 -1, -200 .200 -201 .201
15 -205 -220 -190 -210 -225 -210 -210 -230 -210 -215 -215 -216 -213
16 -155 -180 -160 -170 -180 -169 -170 -19o -170 -175 -175 -176 -173
17 -130 -200 -115 -195 -14o -256 -130 -210 -125 -205 .130 -160 -158
18 +2 o0 +200 +185 +185 +210 +196 +190 +205 +185 +200 +195 +195 +196
19 +200 .200 +175 +185 +215 +195 .190 +200 +190 +190 +0 +19s 19

11 +100 +060 +065 +065 +o060 +070 +095 +075 +060 .060 4060 '070 +070

13 #215 +140 +150 +170 +135 +162 -20, 4160 +155 +155 +135 +161 +16-

(a) Pius vmauen indicate tensile strains; minus valuUZ,..LntL zpreulv, stndln. Ojnpres ion and exteneion

tests were altern&ted.
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TARS 7-9. EXPRtDMMLT WIED XMhIM lYB SMMI AND 9MS!3S
IfN 1-I3MH SZ3MIC-PLY FGD IKL4WS

Average Calculated1
Representa- Represen-

Gage Gage Gage Gage Gage tive Itati,.
No.11l No. 12 No. 13 No. 1T No. 18 Strains ftressea

0, Mq eridional - - +735 +107 +871 +32,075

i rcumferential +495 +409 - - - +452 +22,750

0-0

S eridional - - +1358 +1358 +41,5

Circumferential - - - - -- (a
(~ ~+7,756(&

H ' e Meridional - - -158 -161 -- 160 5,155

Circumferential -062 -051 - -057 - 1,710

(b)Meridional +195 +195 +6,230

S Circumferential +1,91$4 a

(a) Calculated on the assumption that S'I2 - 5.38 (see Table P-4.).
(b) Calculated on the assumption that 5/62= 3.25 (see Table F-4).

TAM.E F-10. COMPARISON OF THORETICALLY DETWUNED AND EXD MIT Y DET ERD
STRESSES ARD STRAINS FOR 1-INCH 8XIN -PLY FGRMJ BELLOWS JIe9

Strains(a) , pn/in. Stresses(s)t Psi
Experimental Theoretical Experimental Theoretical

Meridional 4671 +1004 +32,o75 +35,C48

4 ~ Circumferential +452 +320 +22,750 +19,803

-H ' Meridional +1358 +1593 +41,695(b) +48,931

o
ICircumferential - -192 +7,750(

5) +9,097
8

U

r Meridlonal -160 -209 -5,155 -7,173
0

&-Circumferential -057 -054 .1,710 -3,714

"'o0
Id Meridional +195 +277 +6 ,230(c) -f,4

o Circumferential +003 +1 ,917(c) +2,724

(a) Calculated and tested for 0.060- in. compression and 10-psi internal pressure.
(b) Calculated on the as3umption that S /S = 5.38 (see Table F-4).
(c) Calculated on the assumption that S4/S 3.25 (see Table F-4).
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iX As. Polished -',4A835

FIGURE F-i'. CROSS SECTION OF 1'-INCH, 1-PLY FORMED
-BELLOWS JDZ9. - TYPE 3Z1 STAINLESS:STEEL

lox As P61ished 4A839

FIGURE F-Z. ENLARGED VIEW OF CONVOLUTIONS OF CROSS SECTIONED-
I-INCH, 1-PLY FORMED BELLOWS JD29 - TYPE 321

STAINLESS STEEL
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convoltion 3 j Convolution 2)

44 - root-

0" .04,.2 .16 20 -.24

liistancep arallel to ctnteriine of belloits,, inchei

FIGURE F-3. SHAPE OF CONVOLUTIONS 2AND- I OF' 1;-INCH BELLOWS JD:Z9,

t IC

0 Z2 04 04 04 1O 4

FIGURE F-4. MATHEMATICAL MODEL OF CONVOLUTION NO. 3 OF
I -INCH BELLOWS JD29
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0 .01 '.04- JO as .14i .16 Growg

FIGURAE'F-S. THICKN1ESS, VARIATION FOR PARTS- I-1I1 FQR INC BELLOWS
JDZ9 (noinal thickness- 0 00 5 in-ch)-

Circledcpoints indicate measured'thicknesses and so1id line~ is,
thickness -variation used for parts 1.l nmathematical model
shown, in Figure'F-4.,

.01 ~ ~ ~ 0 0 1 J 1 rw

illia -ltac -rc -oo to irwn _ _ -

FIGURE F-6. THICKNESS VARIATION FOR ART 2-0FRIIC ELW
JD29 (nminl thcknsq 0. 05 nch

Cirle pont inicte eaure ticnesesandsoid in isthck

nes aratonusd o prt 1-2 i mthmtialmoelshwni

Fiur F-4.
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APPENDIX C

STRESS ANALYSIS OF A 3- AND'A 1-INCH TWO-PLYt FORMED
-BEL'LOWS - TYPE 321 STAINLESS STEEL



APPENDIX G

STRESSANALYSIS OF A 3- AIND A.1-INCH TWQo- PLY FORMED
BELLOWS -TYPE 321 STAINLESS STEEL

The exact analysis of a two-ply bellows.'is believed to be :beyorid- the present state
of the art of bellows analysis. Early in the program, an approximate theoretical model
was developed to incorporate some of the -features of two-ply bellows In the modeling.
technique, each two-ply bellows was to be replaced with a multilayer shell havinig the
same shape and having equivalent membrane and bending stiffnesses. This approach
was based on information obtained during the state-of-the-art survey in which it was re-
ported that with low pressure the plies of a multiple-ply bellows move relatively inde-
pendently, but with sufficiently high pressure, -the plies "lock Up" and the bellows be-
haves -more like a one-ply bellows having a thickness equal to the total thickness of all
the plies.

The multilayer model chosen to represent the two-ply bellows was to be a three-
layer sandwich shell with layers of equal thickness. Itwas intended that fictitious val-
ues for Young's modulus, for the different layers, would be utilized to adjust the bending
stiffness of each multilayer-bellows model so that it would have the same spring rate
and stresses as the experimentally determined values for the bellows of interest. It was
determined that such an approach would permit a sufficient variation in the bending stiff-
ness -that the case in which the two plies were completely free to slide could be analyzed,
as well as the case in which the plies were completely locked together. Any interme-
diate bending stiffness could also be selected to correspond to partial sliding between the
plies. Because the amount of friction was expected to vary with configuration and in-
ternal pressure, it was recognized that design nomographs might have tc be developed
for typical conditions.

Mathematical Models

When the order was placed for tthe formed bellows, it was requested that the one-
and two-ply, 3- and I-inch bellows be -nade as similar as possible. An examination of
the cross-sectioned specimens showeL that the shapes of the two-ply bellows were es-
sentially the same as for the one-ply bellows, Also, checks of the thickness variations
at typical locations showed that the forming process had produced essentially the same
variations in the one- and two-ply bellows. The one significant difference noted was the
fact that the plies of the 3-inch two-ply bellows, as shown in Figures G-I and G-2, were
significantly separated over much of their length, while the plies of the 1-inch two-ply
bellows, as shown in Figures G-3 and G-4, were quite close together. This difference,
however, proved to be beneficial because it permitted an evaluation of the effect of ply
separation.

Following these examinations, it was decided that the geometries used for the one-
ply 3- and 1-inch bellows would be sufficiently accurate for the geometries of the two-
ply bellows. (Tables E-I and E-2 and Figures E-3 and E-4 of Appendix E describe the
geometric properties of the 3-inch one-ply bellows, while Tables F-I and F-2 and Fig-
ures F-3 through F-6 of Appendix F describe the geometric properties of the 1-inch
one-ply bellows.)
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Theoretically Predicted Bounds for Stresses
and Spring Rates

The multiple-ply shell was. assumed to have the same membrane rigidity and a
beiding rigidity of k time's the rigidity of a Single-ply shell of the same total thickness,
where k was some number less than 1. The value-ofk was expected to decrease as the
number of plies, increased and increase with increasing friction between the plies. For
two-ply bellows, k was expected to lie between 1/4 and 1. 1f~the plies were completely
free to slide, k would :be 1/4, while if the plies were completely locked, k would equal- 1.

To facilitate analysis of the experimental, results, calculations,were made ofthe
theoretical spring rates and typical theoretical meridional stresses for the 3- and linch
two-ply- bellows for k = 1/4j 5/8, and 1. The results are shown in Tables G-1 and G-2,

Determination of k-by Spring-Rate Measurement

An examination of Table G- 1 shows the effect on spring rate of a change in'k.,
When there is no interference between the plies (k = 1/4) the spring rate of the two-ply
bellows should be twice the spring rate of the corresponding 1-ply bellows. As k in-
creases with increasing interaction between the plies, the spring rate also increases.
Thus, a comparison of the measured spring rates -of the one, arid two-ply bellows was
expected to give an indication of the value of k. Further, a comparison of the spring

rates of each bellows at different deflections and at different pressures was expected to
give an indication of the effects of pressure or deflection- on the interaction between the
plies.

The experimental spring rates for the 3-inch one- and two-ply bellows are shown
in Table G-3. For the one-ply bellows, tests were conducted at 0 psi and at 25 psi.
The tests were conducted at two deflections (corresponding to those used for the fatigue
tests), with equal extension and compression. The two-ply 3-inch bellows was tested at
0, 8, 16, and 25 psi to provide data concerning the effect of pressure on ply interaction.
Table G-4 shows similar test results for the one- and two-ply 1-inch bellows. The
pressure values were selected sufficiently low to eliminate the problem of squirming
which was found at higher pressures (see Appendix J).

An examination of Tables G-3 and G-4 shows that there was no apparent effect of
pressure or deflection on the spring rate of either two-ply bellows. This indicated that
no increase in friction occurred for the pressures or deflections considered.

A comparison of the experimental spring rates for the 3-inch one- and two-ply bel-
lows (see Table G-3) shows a ratio of 2.06 and 2. 08 for the bellows in compression and
tension respectively. As shown in Table G-4, the ratios of the experimental spring
rates for the I-inch bellows were 1.75 for compression and 1.95 for tension. The lower
ratios, which were not possible theoretically if the one- and two-ply bellows cross sec-
tions were identical, were probably the result of slight differences in the cross section
geometries. For instance, a check of the thickness at all of the crowns of the 1-inch
one- and two-ply cross-sectioned bellows showed that the two-ply bellows were slightly
thinner than the one-ply bellows. This would at least partially account for the lower
spring-rate ratio.

It was concluded that the relative values of the spring rates indicated that there was

no interaction between the plies for axial dcflection of either the 3-inch or the 1-inch
two-ply bellows.
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Dete rminationofi"k byDeflection- Strain Measurement

As shown in Table G-Z, the stresses-due'to-deflection increase as k-increases,
Because- of the similarity of the one- and-two-ply bellows for leach size" , it was believed-
that another checkodn the value of-k could4 be obtained by a dire ct.comparison of- the mea-

sured-deflection strains for the onez- and two-ply'bellows.

Tables G-5 through-G'8 show-,the strains-due to-deflecti6n inthe 3- and l-inch two-
ply bellows as determined by tests conducted similarly to those described in Appen-
dixes E-and F. The locations -of the gages on the two-ply bellows were the same as the
locations of the gages on the one-ply bellows. Tables G-9 and G-10 summarize the
strains at the "zmiddle1 ' convolution for the 3- and 1-inch one- and two-ply bellows.
Gages L. and, 12 were circumferential gages and Gages 1-3, 15, and 17 were meridional
gages -on the crown of the same convolution for each bellows.

Table- G-9 shows that, the strains in the 3-inch one- and two-ply-bellows were es-
sentially the same for equal deflections. This indicated that the plies of the two-ply'bet-
lows moved independently during deflection and that k = 1/4'for the 3-inch two-ply
bellows.

Table G-10 shows that the strains in the 1-inch one- and two-ply bellows were
similar for the two circumferential gages and one meridional gage. For the two other
mer , dinai.gages, the strains in the two-ply bellows were significantly less than those
in the one-ply bellows. The reason for these differences is unexplained. The high
meridional strains for the onie-ply bellows were close to those predicted by the mathe-
matical model (see Appendix F) Further, all gages gave consistent readings for com-
pression-and extension, with and without pressure, indicating that no interaction between
the plies was apparent. Consequently, the reduced deflection strains were apparently
the -results of some other factor. However, since no significant increase in deflection
strain was noted in either two-ply bello-ws as compared with the one- ply bellows, the
experimentally determined deflection strains indicated that k 1/4 for the 3- and 1-inch
two-ply bellows.

Determination of k by Pressure-Strain Measurement

As shown in Table G-2, the calculated stresses due to pressure decrease with in-
creasing k. Again, because of the similarity of the one- and two-ply bellows for each
size, another check on k for each two-ply bellows was provided by a direct comparison
of the measured pressure strains for the one- and two-ply bellows.

Tables G- 11 through G- 14 show the strains due to pressure in the 3- and 1-inch
two-ply bellows as determined by tests conducted similarly to those described in Ap-
pendixes E and F. Tables G-15 and G-16 summarize the pressure strains at the middle
convolution for 10-psi increments of internal pressure in the 3-inch one- and two-ply
bellows, respectively. The results of three tests and the averages of the readings are
given. Gage No. 18 was a meridional gage on the inside surface of the root of the con-
volution on the crown of which the other gages were located. The strain increments of
the one-ply bellows were approximately the same for each increment of pressure, while
the strain increments of the two-ply bellows decreased somewhat as the pressure in-
creased. This indicated an interaction between the plies. Further, a comparison of
Tables 0-15 and G-16 shows that the pressure strains in the two-ply bellows were
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approximately 30percent of the pressure strains in the one-ply bellows. As, Shown in
Table G-Z, this reduction, iii pressure stresses implied'-that k ias- close to--l.

Tables G- 17 andG- 1-8 show the strains for 10-psi pressure increments in the
1-inch one- and-otoiy bellows, respectively- These readings were somewhatmore
difficult to evaluate than theresults for the 3-inch bellows, particularly-ince thes .tain-
gage readings for the -inch- ne-ply bellows were not -as consistent as the results.,for the
3-.inch bellows. However, the ratios between the recorded strains for the two-ply I-inch
bell'ows.and the strains for the one-ply bellows were apparbntly'nearer to 0, 5 than0. 3.
This indicated that there was less friction'between plies in the 0he-inch.bellows- undex
pressure than in. the 3-inch bellows. However, since the plies of the 3-inch bellows
were more widely separated thantlhe plies of the one-inch bellows, this appeared to be
a dire-ct contradiction of the friction model.

,Discussion of the Behavior of Two-Ply Bellows

After considerable study of the experimental data 1for -the one- and two- ply 3 inch
and I -inch bellows, and after a comparison of the results with the predictions of the
theoretical. models, it was concluded that there was no significant frictional interaction
between the plies of the two-ply bellows for any of the test conditions. A possible ex-
'plan ation of the absence of appreciable friction is the fact that a bellows shell dan* sup-
poirt only a srnall noirmal load, (For instafice, the pressure l6ads on. the bellows were
only 50 psior less. ) It was concluded that the principal interaction between the plics in
a two-ply bellows probably occurs because of restrictions to the normal' deflection of the
plies when they contact. This will be discussed in terms of deflection and pressure.

Behavior During Deflection. Ply interaction will not normally occur during axial
deflectun because both plies tend to act as individual bellows and to deform in the same
manner. As noted previously, the absence of ply interaction during deflection for the
3- and 1-inch two-ply bellows was indicated by the spring-rate measurements and by the
measured strains.

Behavior During Pressure Loading. The behavior of the two-ply bellows under
pressure loading can be explained by the assumption that interaction between the plies
tends to restrict deflections due to pressure. A comparison of Tables G-15 and G-16
shows that the measured meridional surface strains at the inside surface of the root and
the outside surface of the crown of the 3-inch two-ply bellows convolutions were signif-
icantly lower than for the one-ply bellows. An examination of the two-ply bellows cross
section in Figure G-2 shows there was a considerable gap between the plies near the
crown of the bellows but not at the root of the bellows. Thus, reduced load transference
between the inner and outer plies at the bellows crown would explain the low strains on
the crown of the outer ply with internal pressure, and the high strains on the crown of
the outer ply with external pressure. At the bellows root, the interference between the
plies might permit the outer ply to share the load and reduce the stress level at the
inner-ply root. Note that there was also a gap between the plies over the flat-plate por-
tion of the bellows. This could have permitted the interaction between the plies to be
localized at the root. This conclusion is supported by theoretical calculations which
showed that the normal deflection of the pressurized inner ply in the flat-plate area are
barely sufficient to close the gap between the plies, even if the inner ply were com-
pletely free to deform.
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ii contrast, Figure G-4 shoqs thatthe 1-inch two-ply bellows was in contact over
essentially the entire bellows cross section even in th6 unloaded6condition. Thereforb,
,under fnte rnal pressure the two plies would contact over theoentire crossi sectiom In,
this case both plies would share, the 1oad equally and-the surface stresses ever-ywhere, in
both plies would be about one-half the stresses in -the one-plybellows. This is supported
by the data in Tables G-17 andG-!18 which shoWthat the pressure strains in the two-ply
bellowvs *ere approximately one-half the pressure strains in-the sihgle-.ply'bellbws.,

Cbnclusions

The experimental data-obtained for the 3- and 1- nch-two-ply bellows indicate that
the interaction :between the piies is considerably more complex than -the assumptions
made for-the theoretical model. Thus, the model was not sufficiently general to explain
all' of the observed behavior. Eventually it may be ,possible to develop an exact theory of
a, two-ply bellows. Such a theory woi~ld probably involve-the iterative -solution of a very
nonlinear problem. The solution would have to be obtained by starting with an exact
model of the undeformed bellows- cross section as determined by sectioning. Then the
deformed staie of the bellows would have to be determinedby applying the load in small
increments with a determination of the new contact area between the plies at each step.
Even if the bellows was assumed to contact uniformly over a progressively larger area
with increasing deformation, this would be a formidable problem.

Foitunately, on the basis of similar experimental data for a two-ply bellows with
closely spaced plies and for a two-ply bellows with significantly separated plies, it is
believed that useful estimates cin be made of some of the critical performance charac-
teristics of two-ply bellows (at least in the intermediate pressure range).

It is recommended that the behavior-of a two-ply bellows be related to a corre-
sponding one-ply bellows with the same cross-sectional shape, and with a thickness equal
to the thickness of one ply, The stresses and spring rate of this single-ply bellows can
be found with the analysis procedure described in Appendix B. The Spring rate of the
two-ply bellows will be approximately twice the spring rate of the single-ply bellows.
The deflection stresses in the two-ply bellows can be conservatively estimated as being
equal to the stresses in the single-ply bellows. This is particularly true for estimating
fatigue life under axial deflection. The fatigue lives of the single- and two-ply test bel-
lows were essentially equal for equal deflection strains (see Appendix L).

For pressure loading, the stresses in the bellows will vary between 0. 5 and 1. 0
times the stresses in the single-ply bellows, depending on the amount of separation of
the plies. Unless the plies can be determined by sectioning to be as close together as
those for the 1-inch two-ply bellows, it is believed that the values of the pressure
stresses for the one-ply bellows should be used as the maximum stresses in the two-ply
bellows. Fortunately the fatigue tests have shown that a constant pressure does not af-
fect the fatigue life of a stainless steel bellows provided the bellows is not excessively
deformed.
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TABLE G-1. THEdIETICAL SPRING RATES FC 3-AND I-Iff TWO-PLY
STAINLESS STEEL FaMD BEitOWS 'P SELECTED VALES
OF k

Minimum, Intermediate,-randMaximum Values ofk
Bellows 0.25 0.625 ? 1.

3-inch, J77 324 ib/in 723 lb/in 1120 lb/in

1-inch, JDI18 173 lb/in 391 lb/in 6pt lb/in

TABLE G-2. THECPETCAL RI.DINAL STRESSES* iN 3- AhJ) !-iNCH TWO-PLY STAIN-
,LESS STEEL BELLOWS FCR SELECTED VALUES OF k

Minimum, Intermediate, bnd Maximum Values of k,
0.25. 0.625 1.0 /

-Bending Bending- Bending
Stress, 'Stress, Stress

Posi- Membrane Outer :Membrane Outer Membrane Outer,
tion Stress Surface Stress Surface, Stress,_ Surf&ce

W ! Root -4538.6 -518,4oo. -10, 1 0.0 ,757,84o -15,691.8 -;1,003,43,

i . Crown -4284.3 +415,358 -.9,553.9 +6'?6,600 -14,812.7 +920,74o

Root -11.146 -881.627 -11.274 -360.113 -11.306 -226.211

$ 4 Crown +11.573 -731.502 +11.452 -307.363 +11.422 -194.574

H Root -5323.3 -522,126 -12,039.8 -774,172 -18,712.2 -1,028,220

~ "Crown -4586.8- +353,159 -10j374.3 +621,514 ;-16,120.0 +864,192

Root -5483.1 -591,203 -12,401.. -872,054 -19,273.4 -2,155,540

a ) Root -9.646 -566.607 -9.793 -238.104 -9.836 -150.489
u Crown +10.313 -434.824 +10.186 -208.579 +10.148 -136.938

g Root -10.966 -736.877 -11.117 -317.778 -11.162 -202.815

* Plus values are tensile stresses, minus values are compressive stresses;
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TABLE G-3. St*AY -OF E RDIME AL 'SPRIG RATES FOR 3-jCH oNEL. AND TWO-
PLY STAVUSS STEkm F1MED BELJS Ov

Spring Rate Spring Rate Spring Rate Spring Rate Comb.
Deflection Stroke, at 0 psi, at 8 psi, at 16, psi, at 25 psi, Av.,

Mode .. in. b/in. lin ib/in. - b!4n. libsn.

Coc6mpression .205 145.9 152.9
.340 133-3 147.6
av. 139.6 150.3- 45.o

-Tension .205 170.5 188.8
.340 73.7 189.6

a172. 189.2 180.7

Pp0rssion i240 396.2 317.2 312.9 285.2
.385 273.4 30.2 298.3 .292.7

av. 289.8 310.7 365.6 289.0 298.8

q Tension .240 364.6 385.0 383.3 368-.3
.385 366.2 3884 389.9 364.7
av. 365.4 386.7 386.6 367.0 376.4

TABLE G-4. SMR OF EPERIMENTAL SPRING RATES FCR I-INCH ONE- AND TWO-
PLY SUAINLESS- STEEL FORMED'BELLOWS

Spring Rate Spring Rate Spring Rate Comb.
Deflection Stroke, at 0 psi, at 16 psi, at 50 psi, Av.,
Mode in lb/in lb/in lb/in lb/in

Compression .100 67.5 68.0
A .175 68.2 65.7

av. 67.9 66.9 67.4

Tension .100 76.3 73.0
H .175 79.4 76.9

av. 77.8 75.0 76.4

P Compression .090 122.9 119.7 120.0
0 F. .150 115.9 115.6 114.5

av. 119.4 117.7 117.3 118.1

P Tension .090 144.4 147.2 140.8
, .150 151.7 150.9 151.9

av. 148.1 149.1 146.4 148.9
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TAML G-5- MEPLTION STRAINS FORCEE~INA~EXESQ 3-INCHTWN-PLy
amIE &-Naz=__Nb-nRmAL prEtssURE(C)

'Micro nches .o±. Straira) Belows jnCupression Microinches 'o, Srain(b) Bellows in Extension,
Gae Test , Test -Te't Test Test Compression, Test - Test Test,' Test Test' Extension Combined-
'No. N . 1 No. 2 No. o. N 4 No. -5 Averagje T o I No. No. 3 N6. 4 No. 5 Ave.ag ... Averiie

. 16o 15T 180 1 12 180 '170 188 193, 185 185 183 187 '179

12 1t 3.72 3L82 185_ 190 18 195 -190 198 198 155 195 188

13 37? 380. 417 W7 422- 40 410 423 405 418 4o8 413 407

l4 360 362 375 380 392 374 375 393 380 480- 398 405 390'

15 372 377 402 4w0 420 394 38 390 -390 393 393 389 _-392

16 375 375 400 407 416 393 410 426 405 408 408 -410 402

:i '425- 422 - 77 460 447 446 445 455 455 453 463, 454 450

18 507 620 575 557 562 564 582 693 590 593 578 607 586,

19, 527 522 580 575 575 556 585 595 590 590 585 589 '573

(a) All measured strains in compression were-tensile--deflection was 0.060 inch.
(b)- All measured strains in extension were copresive--deflection was 0.060 inch.
(c) Cemprission and extension tests were alternated.

TABLE G-6. DEFLECTION STRANS FOR 3-INCH TWO-PLY FORMED BELLWS COMPRESSED AHI)
EXTENDD, AND PRESSURIZED IERNALLY AND EXTEMR1LLY TO 30 PSI

Gage Microinches of Strain, Bellows in Compression Microinches of Straln(b) Bellows in ExtensionCompression Extension Combined

No. 0 psi 10 psi 20 psi 30 psi Average O psi 10 psi 20 psi 30 psi Average Average

11 157 165 165 175 166 183 183 185 190 185 176

12 185 180 182 185 183 200 200 205 195 200 192

13 377 397 395 393 391 408 415 415 423 415 403

14 337 332 380 392 360 380 375 398 425 395 378

15 370 380 412 422 396 390 383 418 I.PO 403 400

16 395 400 397 4o2 399 410 395 413 418 409 4o4

S17 447 427 452 462 447 450 450 455 458 453 450

18 607 592 575 565 585 570 560 543 548 555 570

19 550 547 542 537 544 563 543 575 533 554 549

ll 207 200 200 208 204 200 200 198 193 198 20 .

I 1 13 455 450 435 430 443 423 435 425 413 424 434

(a) All measured strains In compression were tensile--deflection was 0.060 inch.
(b) All measured strains in extension were compressive--deflection was 0.060 inch.
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TABLE G-7. DMFECTION SAIhS FCR COOEESSION AND EXTENIN F-lC
TWO -PMY FP" I~-loERNAL PSSURE (C)

Microinches of Strain , Bellows in Compression 'licioinches of Strain(b),. Bellow_ in-Extensibn
Gage Test Test Test 'Test Test Compression Test'- Test Test Test Test Extension Combinid
Tfo. No. 1 No. 2 No. 3 No. 4 No. 5 Average No. 1- No. 2 - No. 3 io. _4 N; 5 Average_ Average

21 467 470 477 452 462 466 503 500 513 435 495 4689 78

12 447 460 452 435 462 451 495 460 503; 425, 483 473 462

13a 637 807 870 733 757 76l 678 610 723 595 688 659 716

24 795 890 87- 892 872 864 '14 663 695 643 725 694 779

15 588 632 625 58o 61o 607 545 490 573' 473 538 524 566

16 620 4 2 600 515 585 562 -608 523 6o5 458, 520 543 553

17 645 61o 655 -617 637 635 570 530 583 495 553 546 591,

18 126p 1285 1267 1242 1282 1268 1210 1115 i255 1o65 1208 1171 12 6

19 1535 1570 162o 164o 16^2 1593 1650 162o 1568 1425 1625 1578 1586

(a) All measured strains in compression were tensile--deflection was 0.060 inch.
(b) All measured strains in extension were compresSive-.deflection was 0.060 inch.
(c) Compression and extension tests were alternated.

TABLE G-8. DEFLECTION STRAIdS FOR 1-INCH TW0-PLY FORMED BELLOWS CO4FRESSD
AND EXTENDED, AND PRESSURIZED INTERNALLY AND F'TERNALLY TO 50 PSI

Microinches of Strain(a),Bellows in Compression Microinches of Strairtb) , Bellows in Extension
Gage 0 10 20 30 40 50 Compression 0 10 20 30 40 50 Extension Cobined-
No. psi psi psi psi psi psi Average psi psi psi psi -,psi psi Average Average

11 239 234 235 238 238 237 237 249 247 249 247 243 240 246 242

12 241 235 240 237 235 244 239 249 247 242 239 237 247 244 242

13 345 360 346 374 349 374 358 354 337 340 327 344 326 336 347

14 432 424 429 433 439 440 433 371 373 370 368 368 379 372 403

15 290 286 287 291 291 287 289 281 283 279 275 284 274 279 274

16 260 258 259 256 253 253 256 273 272 269 266 268 267 269 263

17 299 295 299 287 290 292 296 297 302 282 287 269 291 288 292

18 614 624 614 615 619 625 619 620 610 608 602 599 603 607 613

19 80 815 813 820 826 823 817 798 790 801 803 797 805 799 808

11 Il 246 242 250 246 258 244 248 261 251 244 243 238 245 2417 248

S13 349 334 330 341 325 335 337 320 307 309 302 311 305 309 323

(a All measured strains In compression uere tensile--deflection was 0.030 inch--average of two tests.
(b, All measured strains in extension were compressive--deflection was 0.030 inch--average of two tests.
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wuZ .9. m3FZcTics smai&S xt0 0.06o-ln C~cW2fZS Clr 3-ZMEN
OMN- --An T00-,LIY (cioWs cF ,OVO+o. 5)'

Mieroinches of'Teiisl Strain.I s.. - z

No. No. . No., No.3 N.4 . No.5 Average

n 1 j4 i , 180- lil i;8e -180

.12 180 175 180 182 160

S 13 375 39 392 395 35391-

S 410 425 39 -405 40248

6,

17 g 17 4co 405 407 405 7o

0>

~ 1 17 17 82.....901

*~13 372 38 41i 4o7 422 -40

-, Micioinches of-Tensile ,9train, oin, /In
+.,-+Me Test Test Test , Test Nste

_. No.. No,..I _+No, 2. -,N 0,3 N6.'4 o.- ~,5 +.AveragKe

', 13 85 77 6322 400 65 794

, 15 iv, 1122 =52 11?.5 1117 12123

19 17 1052 1047 "o47 io42 1030 1044

1 467 4,70 4,77 452 4-62 466

, . 1 47 460 452 435 
4 6 446

13 637 807 870 733 757 761
S 1 5883 632 625 580 6io 607

37 64 610 655 617 637 633

* All measured strains were tensile.
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TAMZ &21. -PiESSMU S93Ab1'IS P 3:XIS'* WO-nY PCME ZEMW
PR IYr'l;I~NQIL Afl Eh(tLAY.,.--?QO TX OI ,

icr6iches ofStrain , croinches of, Strain. 
.

Internal Pressure. 5 psi A erage Zteina Presi-ef_ 50 psi Ae-age"
eTeut Test Test~ ... per, Test test Test per

No. '16. 1 No. 2 Ro. 3 Averaszo 10Psi No. -1 No. a No. 3 Average 10 si

11 -085 -095 -9 -09 -:018.4 +3103 +315312 .02.4

12 -068 -060 -060 -063 -012.6 - - -

13 -400 -438 -33 -424 .084.8 43185 +11f! +1150 4233.4

14 -430 .44o. A.25 -432 4o8&4, - - -

15 -31+8 -365- -368 -360 -O-ix - - -

16 -280 -285 -290 O 8 -957.0 - - - -

17 -21+5 - 2s8 t 63 -255 -051. - - -

18 .+42 +4+47- .+45 115 t8. - - - -

19 +677 +690 +69t +685 +137.0 - - " ,

Plus valU, s indicate measured tensile strain; minus values Indicate messured cm-
piessive strain.

(a) ists were rum in l0-psi Increments ascending andadescending.-values shown tre
differenOestbetwe n readings at, 50 psi (maximum pressure). and average readings
,for iero pressurebefore 'rnd after test.,

TAtaO,-12. PRESSURE S'IMA1S Pa~t3-IEH 'lW0-PLY-0 MPC4E WC6RSD, iMEXTaE,
AMDPSESSURIZD !MDNALL AND I3(TXU1Y t0-30 PSI

Deflection--~O.0a~~ 4
-o train () for Pressure Lncr6ments

Deflection--O.__ ._0 nflecton- lecton--0.060 in. Average
Page 0-10 10-20 20-30 0-10 10-20 20-30 0-10 10-2O 20-30 Chanze per
No. -psi' psi -psi psi 'Psi' jsi- psi psi psi, 10 p.i

11 -028 -025 -035 -023 -023 -028 -020 -025 -025 ..026
12 -005 -018 -013 -003 -023 -010 ;010 -015 -010 -012
13 -075 -098 -218 -060 -103 -103 -055 .00 -115 -092
14 -68o -133 -078 -080 -103 -073 -075 -095 -065 -087
15 -070 -118 -075 -468 -100 -060 -060 -o85 -o6 .078
16 .035 -053 -065 -030 -058 -058 -030 -055 -060 704+9
17 -030 -095 -045 -038 -073 -043 -050 -070 -035 -453
18 +085 +113 +o5 +075 +098 +080 +070 05 +075 +085
19 .088 .155 .+140 .+078 +155 +135 .0 80 4150 +135 t124

13 +115 +26o +285 +120 +240 +270 +115 +245 +280 +214

11 -0 i .023 -030 -023 -x8 -o3o -. 25 .025 -035 -027
12 - , -020 -015 -003 -025 -008 -005 -005 -032

v 13 .0 -105 -118 -073 -098 -123 -075 -105 -125 -099
14 -C J5 -118 -068 o83 -125 -078 -080 -14o -095 .097
15 -073 -05 -073 -070 -123 -073 -065 -14o -075 -089
16 -035 -053 -065 -023 -063 -068 -020 -070 -070 -052
17 -030 -090 -033 -043 -080 -o4o -030 -095 -035 -053
18 +080 4103 +080 +085 +103 .078 +090 +120 +075 4090
19 +085 +148 f138 +100 +143 +138 +100 +165 .130 +127

1 + U 035 +078 +6 4033 +083 o6o +035 4080 406 +059

13 +113 +260 1-78 +103 +268 .280 +105 +270 +290 .219

-Plus values indicate tensile strains; minus values Indicate compressIve strains.
bh Average of two readings.
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Ew.GSms3z RUMwaw ANM tUWMuMr-.-

Ricioiiichea of Stirain a, m~croiches of. Stfa'),

Internal: Pressr.5-i Verage zzsbtpas~ - 5-~l Average
Gage Tet Tes ' jjv pe '
No. _o. 1 o.2- Ms. 3 A e 10 ,lOssi N o .2, ]Po.3 AveA.e 10-1s

U -150 -140 - A5 445 -02.0 +25. +257 .. 255 4(*1.0

32 '170 -16D -160 -162 .932)v . - -

-3 454; .415 -415 448 -089.6 +450 +452- 455 45 2 +090.1

14 -4 -.466 -478 -47t -o.4 - - - -

i5 46 4- '- -47 .0994.0' - - - - -

16 -508 -508, -518 -511 -102.2 - - -

17 -500 -500 -500 -500 -10.0

18 .455 .4s .460. +45T- 4091.14 - - -

19 +67o +660 +68 +671 +34.2 - - -

(a)lus mlues indicate. measured tensile strain; minus -value iIndicate measured
cccpressive strai.

Tests were run in 10-psa, increments ascending and descending--aues shown are
differences between readings at 50 psi '(maximau pressure) and aserage;readings
-for -zeo9-pressure-before andatter test; .

TONZ 0-124. PRE$=M SiTAXN PWAl 1WHU TN &ky id(S~MCDU.WS CG0IY AW 'D,
PXITNIE, -AND, PNUSSUNIM1 MMV ADFMMLLY O 50 Si

Microinches of Strain(s) ,c;r- 10osi P e -1 ro-lnrementi -
First Test . "-

°  
.4 "_:'SeCond TeGt.

Gge 0.10 10-20 20-30 30-10 10-50 0-10 0 20 20e-30-30-1.40"40-50 "- Combined

No'. p;i ssi Li' j~ %) i- ''f _vrg ~i.p i si psi -psi AverageAere

21 .035 -030 -035 -030 -045 -035 -030 ;.030' -050 -020 .040 .034 -035
22 !010 -050 .025 -01.0 -025 ;028- -015- -04- -02_5 -045 -;015 -029, -029

-13 -085 -120 -115 -085 110 -103 4,00' -090 -12 .-100 -110' -105 -104
124 .01o5 -110 -100 0-15 .o65 -08, -055 .115 -160 -095 -070 -08' -086

- 15 .060 105 -105 -105 -110 -097 -055 403 -105 -105 .105 -095 -096
0 16 -065 ;120 -115 -120 -115, -Uri -065 -315 -125 -115 -115 -107 -107

* a 17 -050 -110 -125 -115 -105 41o6 , -o4r -10o ' -130 -095 -098 -100

183 4055 +090 4080 +105 +100 4086 4055' 4M9 40 4095 +090 4008 +087
19 +o85 +150 +150 +16o +i45 + 070 -4 - 4150 +155 +150, .145 -- +134 -_+136-

ii 400 06 .~ .60 .o5 e 4 C o 4O o 5 +05so 4060 055 4052 +050+%0~ o6 o5 i6 O5 r4 +o o +

U 13 4090 4090 +090 4090 +1".0 +098 -055 i..103 t010 +120 +io0 +o89 +o94

11 -030 -025 -050 -015 -;0,5 4029 -030 -('25 -045 -0M0 -045 -033 -031
12 -010 .040 -025 .035 -030 -028 .05 -040 -025 -040 -030 -028 -o8

13 -1eo -080 .1C -100 -12 -106 c85 o5 -15i:5 -065 -115 -03 -104
14 -a5 -110 -100 .120 -05 -o88 .45 -120 -093 -110 -085 -091 .09o

-060 -00 -105 ;12 -oM .,96 -055 -105 405 -100 A100 -093 -095
16 -o6o -15 -115 -120 4115 -105 -055 -iW -11; -11o -120 -103 -104
17 -045 -110 -110 -09 -120 -09C -055 -05 -100 -1M0 -125 -099 -098
18 4060 +105 -W095 +105 +O75 4088 4055 +10r, +C93 +095 +095 4089 4089
19 +080 -413 145 +16 +3 5 +132 +08o _+15 +140 +140 +145 +132 -1132

2.1 4055 4060 4050 4055 +060 4o56 4040 +050 o055 +055 +050 +049 +053

13 +06D 4083 +W8 4090 +135 4091 .050 +100 4070 +110 +100 4086 4089

(a) Plus values indicate tensile strains; sinus values Indieate compressive strains--compressicn and extension

tents were alterrnted.
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MOMa 043- -OMM MWLN(s) 161 CiV n * 3k. 5 Of 3ZIX O-

Nleiroi or Straii ifw 100.i laroawu

le3t -2S5 -310 4W0 -no0 iiis
IS -260 -M5 -260 -190 440

3-1 17 -290 -230 -260 125 26

lat 13 -250 -280 -M5 -296 -200o
No- 1 245 -230 -235 -2211 -235

2 7 -270 420 -265, 420 -Mi

13 -255 -:455 -40 -20 -259.0
'Tepto  15 -250 -212l .240 -210 -230

17,3 AT ~ -21.% -260 -Vo -

Aerage 6' -250 -295 '-240 -254

Test -40 .60 .~~ 66

j01 12' -60 -30 -50 -30 -55

li.1 -55, -50 -50 ;50 -50
* 2! -56~ i3s 50 -33.0

- Ix A5s .50 -4 6 50
N-3 12 -50, -30O .50 .30 ;55

Average -50 -A2 49 43 -53

Tv. A 8 A 375- 980 .4k5 .355 +405

10. 1 .1. .3. 165 .35 365,

10 3 18- .355 4350 .355" +370 4370

-Aeig *357 *43kT' +3T51 .367 -380

streains. The St.sins for 5C-)slInte*rnal m4114,741 preaur SUC all6
awSe and with averaged zero pressaft readingi'am given to Table A-7.

TAMZ 016. -ppa FM&Vi qAxj (4) iOz Wcoa&UTOuruo6. 5 Or. 3-IMCO 3-

Miecroifiches of Sqgra ,*n 10 0-s ne rOeer t5

N3O- Pat .Dll 051t -081 111

13 .60 -125 -60 -50 -70
no 1 5 -60 -1(10 -0 -50 -55

17 -55 -30 .6. .25 ;65

13 -70 -105 -4 05 -50 -70
15:9 -85 -55 -50

10. -75 60 .30 -65

S 13 -65 .115 -100 -90 -65

Average .65- -86 - 7' -53 -6e

Tes .5 - 5 -15 .20 .5
NO 1 2 -25 -30 I15 -, .20

Taft 11, -10 -30 -25 -20 -10
NO1. 2 12 -20 0 -20 -10 -10

11 -1; -30 .20 -25 .5

NO 3 12 -20 -5 A15 -10 -10

Average -16 -18 18' .15 -10

Te at 18 +80 .110 .95 .85 0

'.* at 10 .85 .110 .100 -85 0

Test to .50 +110 .55 .85 0

Average +85 .110 .57 .8 #8D

(a) Plus values thilcate tensile strain$; ms values Indleate Coaesslve
straits. 100 strains for $0-ps Inlterrsi and external pressure for all
gafes ad with averaged zero preysur* reading*5 a.-e given In Table 0-11.
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TAiI.Z 6-17. 22Z02L~83 FMA13 FM ro0aj0r! NO. 1.'r l-DfS ca-'i
STAMLZ ME~ MM~m~az BELS M1 MMUsTaz

'Xicroloehea of Strin(4) forZo-,at laeeeta
0-10 'Io20 - 20-30 0-W ..

Tefl 3. 13 -150 -190 .120 -2 -155
1 15 -2m -205 215- .200 .215

17 -175, -115 2 130 Z.80

-3 t s. U -15 1,0 -135' 205 150
A! 2 1 -250 -190 -180 4220 -215,

. 17, -20 -. o -19? -15 -175

", 1 Testl &. 13 .120 .19) .20 .1 0 -110
3 15o -220 -215 -150 -215 -215

17 -205 .-3 -203 -130 .200

Awi+i -252 -64 *175 -- 12 7179,

Tsi tNo 2.1 -50 .70 -60 .80 -60

12 4.0 ;60 -30 -65 I5

.. . . . . . . .. 6 .6 -5.. ... -70 -6...

2 12 -55 -65 -20 -70 -20

Tet o. 4 -55 -65 -60 r.70 -60
3 12 .485 .65 _30 .65 .25

average- 51 -65 r .3 e - i .. 0

Tst No- 18 -235 .185 .1o0 42 00 .200

e. 2t 0 18 4215 -173 190 -15 .200
2

To . 18 4205 .20 2 -05 .200

3 7 -- , -05 -15 -1" _

Average 2-2 1 88 .16 .+20 .200

(a) Plus values' nditate tensile strans; minus values indicate cowpesslve
strains. The struins for 50-PAL In~ternal. and external Pressure for-all
gapo aM vit. averaged zeo pressure readings are given ai-mt0 7-7.

TAKS G-16. PmioJT~ ms roa coyrici No0. 8. or I-MR Two-PLY
82A11UESS Onn MLW1 JD17 PIRRE WDMXXL

!4ierclnehes it Strain (A) fu 4bva Incemaaots
GAge 111 lo 20 -3 04 40->2

a.. 'Pa

Teat 13 -25 -130 -100 -15 -25
NO3. 1 15 .0 Lgo -1us .105 .105

17 -70 .85 -135 .- 100 _120

Teat 13 -2.0 -170 -170 -138 -80
No.2 15 20 -60 -55 -105 -5

Tet 17 -.45 .55 -155 -5 .90
T 13 -50 -125 -W -105 -105
No-. 3 15 -55 -100 -105 .105 -105

17 -65 -105 -90 .110 .130

Average -8.+ -10 -121 -115 -97

Test 11 -50 .55 -35 .95 -2 -'

o.50 -35 -50 20 -35
Ts 1 .15 -55 -2 3-0 -2

No.2 12 .20 .29 -55 -20 -. 0

1 1 11 -10 -50 -25 -.0 2
No -3 12 .20 -30 A25 -30 -35

Average -e1 -.42 .38 .38. -31

Teat
NO. 1 18 +50 .80 .110 .95 .105

Test 18 4105 .60 .Iv5 .90 .V,

Average +72 .8 1 .103 .95 #100

(a) PleU values indicate teostle straius; o nus values Indicat. co pr-sslve
strains. Tm stralr. for 50-p$. Internal and exttrrl prescure lot sal
mes and vith averated zte- eresture rea4ir4a .4 given in Table 0-13.
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Ix As Polished 4A541

FIGURE G- 1. CROSS SECTION OF 3-INCH, 2-PLY FORMED BELLOWS
JD77 -TYPE 321 STAINLESS STEEL

________FIGURE G-2. ENLARGED VIEW OF
CONVOLUTIONS OF CROSS-
SECTIONED 3-INC-, 2-PLY FORMED
BELLOWS JD77 -- TYPE 321
STAINLESS STEEL

lox As Pd;ishcd 4A542
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Ax 'As Polished. 4A836

FIGURE G-3. CROSS-SECTION OF l-INGH, 2-PLY FORMED
BELLOWS JDI8 - TYPE 3Z1 STAINLESS
STEEL

lox As Polished 4A840

FIGURE G-4. ENLARGED VIEW OF CONVOLUTIONS OF CROSS-SECTIONED
1-INCH, 2-PLY FORMED BELLOWS JD18 - TYPE 321
STAINLESS STEEL
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STRESS ANALYSIS OF A 3-1/ 2-INCH WELDED BELLOWS -
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APPENDIX H-

STRESS ANALYSIS OF A 3-1i/z-INCH WELDED BELLOWS -
TYPE 347 S TAINLESSSTEEL

Theoretical Stre ss¢ Analysis -

Mathematical Model

Since the analysis of the 3-inch formed bellows-(see Appendix E) showed that the

wall thickness Variation is an important factor4n obtaining an accurate desciiption of
stress distribution,, detailed thickness measurements were made on the encapsulated and
crbss- sectioned beilws shown in Figure H-l. Measurements, -which-accurately deter-

,mined the diaphragm-,centerline ard thickness, were made on six diaphragms, three
upper and three lower. The points at whichthe measurements were taken are sho*n in

,Figure -H-Z. The welds on the right-hand side of Figure H-2 ai.,e those on the outside
diameter (crown), while the welds on the left-hand side are those on the inside diameter
(root). Reading I corresponds to the first indentation on the inside diameter of the up-
permost diaphragm. The measurements are shown-in Table H-I. Inorder :to simplify

the analysis, the results for the three upper diaphragms were averaged as were the re-
sults -for the three lower diaphragms.

The mathematical models of the upper and lower diaphragms Which Were obtained
from this averaging process are shown in Figures H-3 and H-4. The values of the vari-
ous parameters are listed in Table H-2. The mathematical model used in the computer
computations consisted of two convolutions, i..e., it contained two upper and two lower
diaphragms. This was done so that the influence of the boundary conditions on the stress
state Would be minimized in most parts of the bellows. The thicknesses measured at the

various points on the bellows are also tabulated in Table H-I. The values for the upper
and lower diaphragms were averaged. Plots of the thickness variations are given in Fig-
ures H-5 and 11-6. The circled points indicate the value from the average of three read-
ings, while the solid line indicates the variation used in the actual computations.

Theoretical Stresses

The meridional surface stresses for the upper and lower diaphragms are shown in
Figures H-7 through H-10, for an axial compression of 3/L = 0.3 and an internal pres-

sure of 10 psi. The length of the mathematical model was 0. 1062 inch. Figures H-II
through H-14 give the circumferential outer surface stresses for the upper and lower
diaphragms for the same loading conditions. In these figures, the stresses are super-
imposed on the shape of the diaphragm so that the diaphragm cross section corresponds
to a zero stress level. The dotted line gives the results for the linear calculations while

the solid line indicates the results from the nonlinear bending theory.

Modified Theoretical Stresses

Table H-3 shows typical theoretical stresses for the 3-1/2-inch Type 347 welded

bellows modified to reflect the thickness of the strain gages (as described in Appendix Q).
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In aic ordance with the location-of the gages, as described in the next section, the theo-
retical stresses selected for modification were those calculated'for alocation on the,
outer surface Of the lower diaphragm,, 0. 0455 inch from the edge of the weld bead. From
Figure H-5, a thickness f. 0. 0052 inch-Was selected for that location.

Expjerimental, Stress Analysis:

StrainGage Locations

Appendix Q gives a description of the type of stiain gages used, the techniques for
instrumentation, and the philosophy underlying the, location of the gages on the welded
bellows. As shown in Figure H-I15, two pairs of gages were placed on the-underside of
the "mniddle" or fourth convolution from~the flanged' end. Because the strain increased
to .a maximum at the weld bead, it was necessary to measure -the distance from the cen ;-
ter of the gages to the edge of the weld bead. This was. done With a calibrated micro-
scope with calculations to allow for the angle of obseiation., A third pair of gages was
placed on the underside of the 7th cb.olution. As shown in Figure H- 15, these gages
were placed 900 from the primary pairs of gages.

Strains Due to Axial Deflection

Two types of tests Were conducted with the 3-l/2-inch welded bellows in which the
strains due to axial deflection could be determined. In the first type of test, the bellows
was deflected alternately in increments of compression (0. 060 inch and.O. 120 inch) and
extension (0. 060 inch and,0. 120 inch), and strain-gage readings were taken at each de-
flection increment and at the intermediate zero deflection. In the second type of test, in
wh ich pressure was combined with deflection, the bellows was deflected alternately in
increments of compression (0. 060 inch and 0. 120 inch)..and extension (0. 060 inch and
0.120 inch) and, at each deflection increment, the internal (and subsequently the ex-
ternal) pressure of the bellows was increased in 10-psi increments to 20 psi. By sub-
tracting the readings obtained at each pressure level in the latter-type of test, the strains
due to deflection could be determined.

Table H-4 shows the results of the deflection tests with no pressure. (None of the
tabulated values are corrected for gage thickness.) Table H-5 shows the strains due to
deflection when the bellows was pressurized. An examination of the data led to the fol-
lowing observations: (1) the deflection strains were essentially the same with and without
pressure, (2) the strains were quite uniform despite the flexibility of the bellows, (3) the
magnitude of the meridional strains was related to the distance of the gages from the
edge of the weld bead, and (4) extension of the bellows caused a slight increase in the
circumferential strains.

Strains Due to Pressure

Two types of tests were conducted in which the strains due to pressure could be
determined. In the first type of tests, the bellows was pressurized at zero deflection:
(1) in 10-psi increments of internal pressure to 20 psi, and (2) in 10-psi increments of
external pressure to 20 psi. The second type of test, combining deflection and pressure,
was described above.
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Table H-6 shows the strains due to 20-psi. pressure at- ero deflection; Table H-7
shows the strains due to increments of 10 psi- at different deflection increments. These
data showed that-(l)the strains due to external pressure were generally higher, thanthe;
strains due to internal pressure, (2) the average strains' per 10 psi were similar for
similarly -mounted. gages in both tables.

Experimentally Determined Stresses .and Strains

The method of calculating stresses from experimentally determined strains is ex-
plained in AppendixQt. The strains as-given by the gages on~the "middle" convolution
Were used as representative strains in'the bellows, and the values'were selected from
tests which didnot combine deflection and pressurc. 'Because the theory for the formed
bellodws-did not predict a difference in strain magnitude for compression and tension,
the eperimental values for each -were averaged for all -frmed-bellows calculations.
Since the theory did predict a difference for the welded bellows, only the cdmpression
averages were used from Table H-4 to calculate representative stresses for the 3-l/Z-
inch stainless steel welded - be lws.

Table H-8 shows the representative deflection strains and the representative pres-
sure strains for the primary gages as given in Tables 14-4 and H-6. Also shown are the
stresses calculated-using these strains. Because the strains were averaged, the-dis-
-tances from the- strain gages, to-the edge' of'the Weld bead also were averaged. Thus, the
average distance of the meridional strain gage was-calculated to be 0. 0455 inch from the
edge of' the weld bead, and the average distance of the circumferential, strain gage was
calculated to be 0. 445 inch from the edge of the weld bead. Because the meridional
strain showed a much greater change in relation to location, 0. 0455 inch-was selected
as the average distance for all gages from the edge of the weld bead.

Comparison of Theoretically- and Experimentally Determined
Stresses and Strains for 3- 1/2-Inch Type 347 Welded Bellows

As shown in Table H-9, the experimentally determined deflection stresses and
strains showed excellent agreement with the deflection stresses and strains which were
calculated using the mathematical model. The experimentally determined pressure
stresses and strains showed good agreement wiht the theoretically determined pressure
stresses and strains.

H--3



UtU it-i. coii -X'' IE~ I I 3-1/2.W3 ma-

(Mmml tbiemas- O.Oo6Oim.; 1 mlt 0 0.001 I0J:

X 0 0, ^00527 20 365% 854 .00535 -

2 20 2 .00523 101 335 8' .0y ;M
3 40 3 .00535 10e 315 87.5 .o05z7
& 6D 3 mo056 103: or5 DD*523
5 -65 3.5 .Oot(ea 10 ~ 2 P s .09
6 70 5- .0oo66 I052 5 83 .0535
7 75 7.5 .00510 106 Mr 9a.5 w053X
8 85 11 .00503 .IDT 265 81.5$- .00518
9 95 13 .;00503 i08 255 83 IA53

-10 105 13 .0049 109 245 8 .099
11 115 41 .00510 110 235 91.5 .00"9
12 1i5 7 .00503 in1 25 9T .0 .o
13 135 3.5 .00 9, -.32 215 99.5 .00510'
14 145, '2 .0053 113. 205 100.5 .00507
15 155 2 .M27 . 195 99 .0050
16 165 3 200515 115 185 97 .0051A
17 175 :5.5 -.099 116 .175 93 .00494
18- 15 1.5 .00515 117 165 90 .00514
19 5195 17T M023- US 355 895 .00511.
20 205 22 .00523 119 345 90 .00527

'21 215 22.5 .00507 120 135 91.5 .0M27
22 225 22.5 .00510 321 125 95.5 .00523:
"23 235 21- .00503 2 2 115, 100.3 .50518
24 -2k5 -17 .00*9* 123 105 105 .MID1
25 255 13.5 .00491. 124 95 107.5 .0C51h
26 26 12.5 .00503 325 85 107.5 .o518
27 275 12.5 .00.9 26 75 106 5 .oo535
28 285 1.;5 .0049o 32T 70 105 .00535
29 295 17.5 .00503 128 65 103.5 .00518
30 305 21 .00503 32 60 102.5 .005 0
31 315 23 M .053 130 10 102 .00527
32 335 235 .00510 131 220 102 .0510
33 365 24 .00523 132 0 103 .0M527
34 365 29 .00518 133 0 108.5 - .0053
35 335 31 .00503 131 20 109,5 .00518
36 315 32 .00527 135 .0 111.5 ,00539
37 305 .-00523 136 6o 112.5 .005±1
38 295 28.5 .00518 137 65 313 .,046P
39 285 26 .50 4138- 70 -115.5 .608
1.0 275 25 .00503 139 75 11T.5 .00518
1.1 265 26- .00507 11.0 85 -121.5 .0511.
12 255 29 .003 111 95 123 .0051
43, 245 34.5 .005o0 11.2 o105 12..5 .00518
14 235 10 .00503 143 115 120 .00523
15 5 13 . 3 1M3A 125 116 .o51.
16 215 ,- .00499 115 133 113 .00518
,7 205 15 . OT 1.6 15 111.5 .oo518
18 195 12.5 .00503 1T 155 1.5 .0052,
19 185 39 .009 18 165 113 .00507
50 175 35.5- .00490 119 175 n6.5 .00503
51 165 31 .00511 150 185 123.5 .00507
52 155 31. .0018 151 195 128.5 .00507
53 3.5 35 .00510 152 205 .31.5 .00503
51 135 38.5 .00o07 153 215 133 .00503
55 125 1.5 .00507 154 225 132.5 .00503
56 15 49.5 .00199 155 235 130.5 .00511
57 105 52 .00190 -156 215 126.5 .0494
58 95 53 .00486 157 255 24 .00507
59 85 52.5 .0oko 158 -265 123 .00507
60 75 50.5 .00195 159 275 323.5 .OD510
61 70 49 .00171. 160 285 125.5 .00199
62 65 1.8 .0040 i4 6 2 1 .00518
63 60 18 .00 3 132 .oosn

40 8 .0I1 163 315 133.5 .00523
65 20 48.5 .00507 14 335 133.5 .0051
66 -7 50 .00518 165 365 13.5 .00511
67 -7 55 .0,47 166 365 110 .00535
68 20 5T.5 .00531 167 335 10.5 .00527
69 1.o 58.5 .05o3 168 335 141 .00527
70 60 58.5 .o50 1 305 11 .00535
71 65 59 .00474 170 295 138.5 .00551
72 7o 6o.5 .00178 171 285 136.5 .00539
73 75 62.5 .009.50 172 275 135 .00513
71 85 66.5 .00499 173 265 135 .0053175 9 68.5 . 59 171 255 137 .00523
76 105 68.5 .00503 175 215 w .5 .0051
77 115 66.5 .003 176 2 5 11.6.5 .0527
78 125 63 .00510 177 225 150.5 .00510
79 15 59 .00507 178 215 153 .00510
60 1.5 57 .00486 179 205 154 .00511
81 155 57 .00511. 165 195, 153 .00510
82 165 58 .Oo,) 181 185 150.5 .00507
83 175 61 .00503 182 175 A6.5 .00503
84 185 67 .00503 183 165 143.5 .00323
85 195 72 "0907 184 155 11.2.5 .00527
86 2o5 76 .00510 185 1).5 113 .00535
87 215 78 .00150 i86 135 115 .00523
88 225 78.5 .00499 S 125 119 .00511
89 235 76.5 .00499 i88 115 154.5 .00518
90 245 73 .00490 189 10 158 .00527
91 55 7O .00486 150 95 16o5 .00523
92 265 69 .0049 191 85 16 .00523
93 275 69 .00491 19 75 159.5 .0523
91 285 7O .00490 143 70 i58 .M527
95 295 $.01, 14 65 157 .00510
96 30 T7 . 99 9' 60 156 .00511.

97 315 79.5 .00507 16 10 155 .oos6
98 335 75.) MID51 1.9? 20 154.; .00523

92 3 .005 14 198 .2 15. .00527
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TABLE H-2. DIMENSIONS 6F MATHATICAL M tP. OF 3-!/2-INH'
SINGLE-PLY STAIIU~SST3EM -WELVD -,3LL0S JD136

a, b, Coordinates, Degree
Part Shell Type in. in. Initial Final

I Conical(a) 1.7973 0.0609 i8o.0
2 Toroidal 14364 O.0o458 180.0 199.75
3 Toroidal 1.7004 O0 620 (b) 199.75 11-.5
4 Toroidal 1.6339 f .0653 148.5 204.5
5 Toroidal 1.5814 -0.0610 2045 147.5
6 Toroidal 1.5159 0.0610 147.5 197.25
7 Toroidal 1.4849 -0.9435 197.25 181.75
8 Con4c al 1.4864 -8070 -
9 Conical 1.4664 0.02- 180.0

10 Conical 1.4464 0.0277 177.75
11 Conical 1.4193 0.0472 4.0
12 Conical 1.4664 0.02 1.0
13 Toroidal 3.4861 0.0243 1.0 27.0
14 Toroidal 1.525h -0.0627 27.0 -25.0
i5 Toroidal 1.5774 0.06o5 -25.0 34.5
16 Toroidal 1.6464 -0.0605 34.5 -23.5
17 Toroidal 1.6954 0.0617 -23.5 25.0
18 Toroidal 1.7474 -0.0617 25.0 1.0
19 Conical 1.7464 0.0502 1.0

(a) a is the radial distance from the center of the bellows to the outer edge
for Shells li8, 9, -and 10, and to the inner-edge for -Shells 11, 12, and 19.
b is the slant length of the conical shell. The initial cordinate is the
cone angle.

(b) A negative radius indicates that the normal to the shell midsurface is
pointing toward the center'of curvature.

TABLE H-3. MODIFIED THEOETICAL DEFLECTION AND PRESSURE STRESSES AND
STRAINS FOR 3-1/2-INCH TYPE 347 STAINLESS STEEL WELDED
BELLOWS JD136

Strain, gin/in,
Stress, psi, Cal- Calculation for

Bending Modified culation for 0.120- 0.120-in. com-
Stress, Bending in. Compression, pression or 10-

Membrane Outer Stress,* or 10-psi psi Internal
Stress Surface Outer Surface Internal Pres. Pressure

00 k gridional -66.2 +18,503 +28,107 +28,040 +830

!ircumferential +2987 +4,881 +7,415 +10,402 +167

ga1 eridional -24.7 -9,520 -14,461 -!4,4'86 -h41

t ircumferential -496.6 -2,4o4 -3,652 -4,1 49 +007

* Bending stresses at outer serface multiplied by 1.519.
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TANJ -6. AtSU1R SMIHS',*6-3-l/2-iWH TJ 3147* STAIiUfxsS.ft wumL-WS
. .. UURIM ZBf l -A1D MffmA ZY--N 6O Zu D.C...

Nicroin. of train("), icroin. of Strain (a)
aInter nal Pressure, 20 psi Average te,.rnial Pressure. -20%psi Averag

Gage Test Test. Test pret' Test Test per
No. ]to. I. No.'2 No.' 3 Average, 10 psi- No.1l No. 2 No. 3 Average 10,poi

1 -5 -2?0 -18 .714 -7 -*1. +70 +35 +4.8, +4

2 -13 -18 -20 -iT -8.5 - - - -

3 -33 -25 -25 -28 -14 - --

4 ,875 -855 -870 -876 -4-33-5 +1045 +1082; +1067 +1065 +532.5'
5 -5 - 8 -95 -58 -293.-5 - .- -

6 -865 -750 -763 -771 -36.5 - - - -

T -993 -1613 -1o3o -1012 -566- ... -

Plus valuesindicate measured tensile strain; minus values indicate measured compressive strain.

(a) -Tests were run Ln 10-psi increients ascending and deicendifg--v.lues shown are differences betweenreadings at 20 psi (maximum pressure) and avere read s for zeropressure before and after tests.

TABLE H-7; PRESS=RE SMAINS FM 3-1/2-I3VH TYPE 347 STAN SS STEM WELDED
BELWS C(PPESSED, EXTi WAD RESM]RIZED INTERNALLY AND
EXMNALLY TO 20, PSI

Microin. of Strain(a) for Pressure Iurements
Gage Deflection, 0.0 inchtb) Deflection, 0.060 inchA Deflection, 0.120 inch Average Change
o_ 0-10 psi i0-20 psi 0-10 psi 10-20 psi 0-10,psi 10-20 psi per 10 psi

-, -15 -8 -10 -10 0 -8
J 2 -5 -15 -8 -8 0 -5 -7

3 -10 -30 -18 -15 0 -25 -16
4 4 -363 -525 -358 -563 -375 -575 -460

0 5 -248 -363 -255 -353 -260 -41o -315
t 6 -330 -485 -320 -505 -320 -535 -416
7 -413 -598 -425 -570 -415 -675 -516

+20 +23 +8 430 -20 +70 +22
4i +4o5 +658 +46 +708 +460 +830 +587

1 410 -15 -8 -18 -15 -25 -15
2 -10 -15 -13 -15 -15 -15 -14
3 -15 -25 -20 -23 -10 -30 -20
4 -355 -530 -370 -533 -335 -630 -459

• 5 -243 -360 -248 -355 -240 -330 -296
6, -323 -488 -335 -478 -310 -465 -400
7 -405 -595 -420 -605 -460 -650 -523

1 -10 +28 -23 +25 -15 0 +1

4 +425 +640 +438 +598 +415 +575 +515

(a) Plus values indicate tensile strains; minus values indicate compressive strains.
(b) Average of two readings.
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TABLE H-8. EEart 14ENIPLLY D7EMINED EXMSENTHATIVE U~iNS AAD ST-ESSES
IN 3-1/2-ICH TYPE 347 STAINLESS' ST.LWELDED- BELLOWJS

AVerage AV6e 66- o

Gage Gage Gage Gage '~r ,deeftative Re63edefitdtive
No6. 1 Noi 2 No., 4 No.. 5- Strains, h/ninSrss,

k r Meridional - +917 +678 +798 +28,166

SMeridiond~l -434- - 9 -3 -207

Circumferential.+6 +4 -7 -9 +15 +l3,l33

P ,4, a)E-

'TABtE H-9. CaO4ARISON -OF THECRE7iICALLY DETERMINED AND EXPERIMENTALLY
DETEMINaED STRESSES AftD STRAINS FOR 3-1/2-INCH MPE 347
STAiNLEsS STEEL WELDEDBELLOWS

Comparison of Strains Comparison of Stresses
Experimental Theoretical Experimental 'Theoretical

610 op.Meridional +798' +830 +28:166 +28,040

r141Circumferential +155 +167 +13,133 +10,402

10 psi

toMeridional -364 -441 -12,067 -14,486

0 co rd ,

Circumferential -8 +7 -3,858 -4,149
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1kAs:Polished" 9A614

FIG;URE i- 1'. GAOS 'S -S.EdTON; OF 3- 2 NHTYPE 347 S8TAINLESS8
STEEL WEL DED-..BELLOWS JD13A

15X As Polished 9A886

FIGURE H-2. ENLARGED VIEW OF CONVOLUTIONS OF CROSS-SECTIONED
3-1/2 INC14 TYPE 347 STAINLESS STEEL WELDED-
BELLOWS JD136
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V- tttff I

.41

.00360

thicknes 9 0., 00Tch
Cirle Tpit iniaeaeTeo he maue hcnse
and~~ soi lin!e istikes aitinue frprs-0i

mahmaialmde hwni FgreH3

00460I U ~ ~~i

0 0.04 0.08 0.2 01 0.20 0. 0.28 0.32 0.36

RotR;''. istsoce Feo oot to Crown, inches Crc'm

FIGURE -. THICKNESS VARIATION FOR PARTS- 1-19 FOR 3-1 /2-INCH SINGLE-
PLY STAINLESS STEEL WE BELLOWS JD13 (nominalns
thcs _0. 005 inch)

Circled-points indicate average of three -measured thicknessesan
asolid-line is thickness variation used for parts 1-1 in teaia
mahtclmodel shown in Figure H- 3.
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FIGURE 11-7. MERIDIONAL INNER SURFACE STRESS FOR UPPER LEAF OF 3-1/2-INCH SINGLE-PLY- STAINLESS STEEL
WELDED BELLOWS JD136 DUE TO AN AXIAL DEFLECTION OF 8/L 0. 3

FIGURE H-8. MERIDIONAL INNER SURFACE STRESS FOR LOWER LEAF OF 3-1/2-INCH SINGLE-PLY STAINLESS STEEL
WELDED BELLOWS JD136 DUE TO AN AXIAL DEFLECTION OF 8/1, - 0. 3

FIGURE H-9. MERIDIONAL INNER SURFACE STRESS FOR UPPER LEAF OF 3-1/2-INCH SINGLE-PLY STAINLESS STEEL
WELDED BELLOWS JD136 DUE TO AN INTERNAL PRESSURE OF 10 PSI

.................... ... t ....nI S.I.

Ct .. .. .

1.,JPE 1-10. MERIDIONAL INNER SURFACE STRESS FOR LOWER LEAF OF 3-1/2-INCH SINGLE-PLY STAINLESS STEML
WELDED BELLOW S ID136 DUE TO AN INTERNAL PRESSURE OF 10 PSI

H - 1 21



FIGUREH-11. CIRUMFERENTIAL OUTER SURFACE STRESS FOR LOWER EAF Of 3-1/2-1CH SINGLE-PLY STAINLESS

STEEL WELDED BELLOW JD136 DUETO AXIAL DEFLECTION OF /4 0.3

FIGURE H-12. CIRCUMFERENTIAL 
OUTER SURFACE STRESS FOR UPPER LEAF OF 3-1/2-INCH SINGLE-PLY STAINLESS

STEEL WELDED BELLOWS JD136 DUE TO AXIAL DEFLECTION OF 83/L z 0.3

FIGURE H-13. CIRCUMFERENTIAL 
OUTER SURFACE STRESS FOR LOWER LEAF OF 3-1/2-INCH SINGLE-PLY STAINLESS

STEEL WELDED BELLOWS JD136 DUE TO INTERNAL PRESSURE OF 10 PSI

(Linear and nonlinear reit were the same for thi loading.)

FIGURE H-14. CIPCUMFERENTIAL 
OUTER SURFACE STRESS FOR UPPER LEAF OF 3-1/2-INCH SINGLE-PLY STAINLESS

STEEL WELDED ELLOWS JD136 DUE TO INTERNAL PRESSURE OF 10 PSI

(Linear and nonlinear results are Idesntcal for this loading.)
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Gage NO. 6 Gage No. 3

Gage~~Gag No 7aeo

G1ge Noso1&.- Gae No.25

~~~~Gage No. Tye. 7..X

4t CnoltonfruFlne n Cicmfrhta ~onvlto rFag n

2 Circumferential 0.0149
3 Circumferential 0.045
4 Meridional 0.042
5 Meridional 0.049
6 Meridional 0.46'
7 Meridional 0.031

*X-Distance frcm the edge of the weld bead to the center of the gage, in.

FIGURE H-15. LOCATION OF STRAIN GAGES ON 3-1/2-INCH 'lYPE 347
STAINLESS STEEL WELDED BELLOWS
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APPENDIX I

STRESS ANALYSIS OF 4-INCH
STAINLESS STEEL DIAPHRAGMS



ABBREVIATIONS AND SYMBOLS-

e Angle imneasured, in the circunferential direction, deg

6 Total- axial deflection of the diaphragm hub, in.

-k AXial spring rate, lb/in.

SAxial force imposed on the diaphragm. hub, lb

co Meridional strain at-gage position, in.in.

Ee Circumferential strain at gage position, in. /in.

p Internal pressure, psi,

My Bending moment in diaphragm when material yields, in-lbiin.

Oy Yield stress of diaphragm material, psi

h Diaphragm wall- thickness, in.

MO, Bending moment resultant in meridional direction, in-lb/in.

PC 'Critical axial force causing plastic collapse of the diaphragm, lb

PC Critical internal pressure causing plastic collapse of the diaphragm, psi

b Beam width (Figure 1-29), in.



APPENDIX I

'STRESS ANALYSIS OF 4-INCH STAINLESS STEEL DIAPHRAGMS

Theoretical and experimental stress analyses of 4-inch stainless -steel convoluted -
diaphragms were conducted for the following loadiigs: upward deflection, downward
deflection, and upward (internal) pressure. IM this Appendix, these elastic analyses

are described, and the theoretical and experimental results are compared. In addition,
overload-deflection experiments, overpressure experiments and related plastic-collapse
analyses are described.

Theoretical Stress Analysis

Mathematical Model

To obtain an accurate mathematical model for best description of the stress dis-
tribution, detailed-dimensional measurements were-made on an encapsulated andcross -

sectioned diaphragm, shown in Figure I-1. Measurements were made on the left-side
cross section of the diaphragm to accurateiy locate the diaphragm centerline as well as
to determine its thickness. The points at which the measurements were made are
shown in Figure 1-2. The values of the measurements are shown in Table I-1. Read-
ing 1 in Table I-1 corresponds to the first indentation on the outside diameter of the
diaphragm. In order to simplify the analysis, the measured x coordinates were trans-
lated to make the first indentation on the outside diameter the origin for the x
coordinates.

The 13 -part mathematical model of the diaphragm obtained from the dimensional
measurements is shown in Figure 1-3. The values of the various parameters are listed
in Table 1-2. The thicknesses measured at the various points on the diaphragm are
also tabulated in Table I-1. Plots of the thickness variations are given in Figure 1-4.
The circled points indicate the actual readings while the solid line indicates the varia-
tion assumed in the mathematical model used in the actual computations.

The 13-part mathematical model described above extends from the outside weld
to the insi' e weld shown in Figure 1-2. Shell Part 1 (of Table 1-2 and Figure 1-3) ex-
tends over the rim and Shell Parts 12 and 13 extend under the hub. For upward deflec-
tion loading, the diaphragm will move away from the rim and the hub. Therefore, the
13-part mathematical model was used for this loading. However, for downward deflec-
tion loading, the diaphragm will impinge on the rim as well as on the hub and the effec-
tive length of the diaphragm will be reduced. Therefore, for downward deflection
loading, a 10-part mathematical model was used which was assumed to be clamped
at the edges of the hub and rim. Dimensions for this model are given in Table 1-3.
This 10-part model is the same as the 13-part model, Table 1-2, except that Shell
Parts 1, 12 and 13 have been eliminated and Shell Part 11 , Table 1-2, has been reduced
in length (i.e., Of changed from 178 to 194 degrees).

For upward pressure loading, the diaphragm will receive support at the hub, but
not at the rim. Therefore, an 11-part mathematical model was used for this loading -
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it was the same as the- 10 -part-model except that. Part I of the 13-part model, Table 1-2,
again was included, in order that the -outer flat portion oi the diaphragm could be
allowed tolift off the rim. Dimensions of the 11-part model are given ii Table I-4 .

Theoretical Results

The computer program -NONLIN-was used for the theoretical calculations, The
meridional upper-surface stresses predicted by both the linear and nonlinear theory for
the deflection loadings are shown in Figures I-5 aid 1-6. For these' loadibgs, the dia-
phragm was assumed clamped (zero slope and zero horizontal-deflection)-at the hub .aid
rim, and the hub'was moved-upward (0. 0150 inch) and downward (0. 020 inch) With
respect to the rim. Appreciable differences between the linear and nonlinear 'theory
were found even at fairly small deflections corresponding to maximum-bending stresses
of only -Z0, 000 psi to E30, 000 psi as shown in Figures 1-5 and- 1-6. (On these figures,
the stresses are superimposed on the shape of the diaphragm so that the diaphragm
cross section corresponds to a zero stress level). Although the stresses are small,
the hub deflections of 0.0150 inch and 0.0200 inch are three to four times the thickness,.
and this amount of geometry change in shell theory is considered a geometrical non-
linearity. A 0. 0200-inch downward deflection gives about twice the. magnitude of stress
as -does a 0.0150-inch upward deflection -Z9, 691 psi-and +15, 750-psi, respectively,
near the inside edge as shown in. Figures 1-5 and 1-6.

Figure 1-7 shows the upper-surface meridional stresses due to an upward pres-
sure of 2.45 psi (5 inches Hg). (The value 5 inches of Hg was used in order to later
directly compare the experimental results; ) The plot shown in Figure 1-7 represents
the stresses from both the linear and nonlinear theory (i. e., there Was little difference
in results at this pressure). For example, the stresses at the inside and outside edges
were -32, 359 psi and -19, 915 psi, respectively, from the nonlinear theory, and
-31, 399 psi and -19, 303 psi for the linear theory. These results reflect a lack of
geometrical nonlinearity in this case. The diaphragm was clamped at both the inside
and outside edges. The maximum deflection at 2.45 psi was only 0. 0049 inch (in Shell
Part 6, Table I.-4), which is about one -third the deflection imposed in the deflection
experiments. (Of course, geometrical nonlinearity would be expected to have a greater
effect at higher pressures.)

Experimental Stress Analysis

Strain-Gage Instrumentation of Diaphragm JD190

Linear theoretical calculations on Diaphragm JD181 indicated that maximum
surface strains occur at the tops and bottoms of some of the convolutions and also on
the flat near the rim. Accordingly, on Diaphragm JD190, 13 such locations on 3 radial
lines were chosen for installation of a total of 22 strain gages as shown in Figures 1-8
and 1-9. One radial line (the e = 00 meridion in Figure 1-8) was selected for installation
of 9 pairs of radial and circumferential gages on each root and crown of the convolu-
tions, as shown in a close-up view in Figure I-10. To check later on the uniformity of
response around the circumference, two radial gages were installed on two crowns on
two other radial lines, the e = 120-degree and e = 240-degree meridions as noted in
Figure 1-8.
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The strain gages sle cted for the instrumentation were i/64-inchogage-length
gages, Types, EA-09-Ol5EH-120 andrEA-09-015DJ-120,. obtained from Micro-
Measurements, Inc. The EH-type gages were used to measure circumferential strains-

and the DJ-type to measure radial strains. The two types can'be seen in Figure 1-10.

-Deflection Experiments

-Deflectionexperiments were conducted on an Instron machine. The rim of the
diaphragm (Figure I-8) was clamped to-the base of the machine and the hub was clamped
to the movable crosshead of the machine. It Was observed that the hub of Diaphragm
JD190 was initially tilted with respect to the rim in the unclamPed position. Clamping
straightened the diaphragm out so that the hub was parallel to the rim, but this produced-

some initial strains which varied around the circumference as shown in Table 1-5. The

diaphragm was clamped at zero net upward load. In all the further experiments, the
strain gages were zeroed at the clamped position-under zero load in order to have
Diaphragm JD190 correspond as closely as possible to a perfect unloaded diaphragm with
an ,initially parallel hub and rim.

Initial experiments were run to maximum measured strains of 800 pin. /in. in
order to avoid damaging the diaphragm by (unknown)- overstrain at the more critical
weld locations where no strain gages could be applied. For upward deflection runs,

800 gin. /in. maximum corresponded to an upward deflection 6 = 0. 020 in., which is
nearly 4 times the diaphragm thickness and is considered a nonlinear deformation.

Although the deflection was relatively large compared to the thickness, the strain-

versus-deflection curves, shown in Figure I-11, were found to be only slightly non-
linear. The load-deflection curve in Figure 1-12 was found to be approximately linear
up to 6 = 0. 020 in., and corresponded to a spring constant for upward deflection of

p
k -E= 212 lb/in. (I-1)

Downward deflection experiments were also conducted to a deflection of - 6 = 0. 020 in,

maximum. Measured strains are shown in Figure 1-13. The diaphragm has a different
shape when observed from below than when observed from the top, i.e., Location 9 in

Figure 1-8 appears convex from above, but concave from below. Consequently, non-
linear response of the diaphragm to downward deflections can be expected to be different
from its response to upward deflections. Comparison of Figures 1-13 and 1-14 shows

that lower magnitudes of maximum strain occurred under downward deflection, i.e.,
at Location 8, co = 820 pin. /in. for 6 = 0. 020 and Go = -650 in. /in. for 6 = -0. 020.
The lower strain results for downward deflection are believed to be also partially due
to some support of the diaphragm by the rim and hub (Figure 1-8). An increased stiff-
ness under downward deflection is also noted in the load-deflection plot in Figure 1-14

where the spring constant was determined to be

k - = 234 lb/in, for downward deflection. (I-2)
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Pressure Experiments

For the pressure expe-riments, the diaphragm was initiallyclamped in the Instron
machine at zero net-upward deflection and load. Of course, the load changed when
-pres, sure was applied, but the hub Was kept fixed with respect to the rim-.

Standard pressure gages did hot have a small enough scale in-(psi) for the very
sensitive diaphragm. Therefore, a mercury manometer was used to control-the pres-
sure in increments of inches of Hg (mercury). The-pressurizing medium was helium.

Figure 1-15 shows the strain results-for upward pressures up'to 5. 0 inches Hg.
Whereas maximum strains were measured at Location 8 in the deflection experiments,
maximum strains were measured at Location 1 in the pressure experiments. The

strain-versus -pressure curves in Figure 1-15 are more linear than are the strain-
deflection curves, Figures I-1 and 1-13. This is related to the deflections and -the
corresponding changes in geometry: in the pressure experiments, the hub was kept
fixed relative to the rim, but in the deflection experiments, the hub was moved 0. 020
in. relative to the rim. In the pressure experiments, p = 5.0 in. Hg resulted only in
a upward deflection of about 0. 007 in. at Location 5 (Figure 1-8) midway-between the
rim and the hub. Consequently, there was less geometry change and less nonlinearity
in the response -observed in the pressure experirients than in the deflection experi-
ments. (This result agrees with the results of the theoretical analysis).

Circumferential Variation of Strains

It was noted earlier that strain gages at Locations 10 through 13, Figure 1-8,
were installed to check the symmetry response of the diaphragm. Results for these

locations and Locations 3 and 7 are shown in Table 1-6. It was found that the circum-
ferential variation of response was small. The largest variation was measured for

the downward deflection response, but in this case the magnitudes of measured strains
were small. Thus, a fairly uniform response was achieved as desired.

Combined Pressure and Deflection Loadings

Since some geometrical nonlinearity was evidenced in the deflection experiments,

it was questionable whether or not individual deflection results and pressure results

could be superimposed to give the correct result for combined pressure and deflection
loadings. Therefore, combined loading experiments were run. Figure 1-16 shows the

measured strain P at Location 8 for two experiments: one with upward deflection first
followed by upward pressure, and the other with upward pressure first followed by

upward deflection. The same final strain value was reached for each loading path, in

this case, E = 380 yin. /in. Also, the results for the individual loadings can be super-
imposed in tlis case to give approximately the same net result: from Figure 1-16,
co = 820-410 = 410 pin. !in. The difference 410-380 = 30 /.in. /in. is small compared
with the accuracy of reading of the gages - about -20 pin. /in.

(The experimental data in Figures 1-16 and 1-17 are the average data for three
runs.)
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Figure 1-17 shows another combined loading experiment, but with downward
deflection instead of upward deflection. In this: case, the final result again was indepen-
dent of loading path; the difference in final strains was negligible, 765-750 = 15pii. /in.

However, the more significant resuit in this case was that the individual loadings could
not be superimposed to give the correct combined value of net strain; i.e., Co
520 + 300 =,820 pin./in., which-was appreciably different from the values -of 765 or

750 gin. /in. for each path for- the combined loadings. This result is attributed to larger
net strains in this case and consequently to greater nonlinear effects. The strains from
downward deflection add to the strains from upward pressure to give a -larger magnitude

of net strains, but the strains from-upward deflection in the previous case, Figure 1-16,
subtracted from the-pressure strains to-give lower net strains.

The greater nonlinearity in the combined downward deflection and upward pressure
loadings was also partially attributed to hub support of the diaphragm. Both of-.these

loadings force the hub and diaphragm together over a short radial length near the inside
edge, as can be noted in Figure 1-8. This contact Was believed to have increased with
increasing load and thus contributed to the nonlinear response.

Comparison of Theoretical and
Exieriiental Results

The theoretical and experimental results for the spring constant (k) for the deflec-
tion loadings were first compared. As shown in Table 1-7, the theor.etical values for
Diaphragm JD181 are somewhat higher than the experimental values for Diaphragm
JD 190.

The experimental spring constant was found to be higher for downward deflection
(k = 234 lb/in. ) than for upward deflection (k = 212 lb/in, ), as noted earlier in
Figures 1-12 and 1-14. However, the theoretical spring constants, using the 13-part
mathematical model of Table 1-2, were found to be essentially the same for both upward

and downward deflections. The difference noted in the experiments was believed due to

hub and rim support of the diaphragm over small regions near the inside and outside

edges, respectively, for downward deflections. (This is apparent in Figure 1-8. )
However, the 10-part mathematical model, Table 1-3, theoretically accounts for these
supporting effects for downward deflections. The theoretical results for the spring

constant (k) for the 10-part mathematical model are also shown hi Table 1-7. An

increase in k by a factor of 3 = 1. 22 was found theoretically for downward deflections
256 234

over upward deflections. The experimental factor is = 1.10. Thus, the 10-part

mathematical model accounted for increased stiffness for downward deflections due to

hub and rim support, but it seemed to somewhat overaccount for the increase. This

may have been due to differences in geometry of the Diaphragms JD181 and JD190, or

it may have been due to incomplete support at the hub as evidenced by a small gap

between the diaphragm and the hub in Figure 1-2.

Theoretical and experimental strains were also compared, but the bending part

of the experimentally measured strains had to be first corrected for the effect of gage
and cement thickness. In Appendix Q, this thickness measurement was reported for

the same type of gages used here in the diaphragm. The midsurface of the strain gages
was found to be 0.00 135 in. above the diaphragm surface. Assuming a linear strain

gradient through the diaphragm thickness and taking an average diaphragm thickness
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of 0. 0055 in., the measured bending strains were reduced by the factor (6.0055/,Z)!
(0. 00135 + 0. 0055/2) ='0.671, i.e.,

(ebending) corrected "  (ening measured(

The measured strains, however, were total strains and-not bending strains In
order to calculate the experimental bending strain from the experimiientai total s train,
the theoretical ratio of membrane strain to bending strain was usedi i.-e.,

'%-endingj experi-mentail = Ctotal /tertcl \ a experimenal,.- totaln] theoretical x

where, in general

etotal =  membrane + Cbending

Thus, the total corrected experimental strains were found from the formula

'total = 0. 67-1 Ebending + 6membrane

A comparison of theoretical and experimental strains was made for the merid-
ional strain (E:) at Location 8 and for the circumfereitial stiain (Ee) at Location 7.
The locations are shown in Figure 1-8. The theoretical and experimental strains are
shown in Tables 1-8 and I-9, For a downward-deflection of 6 = -0. 020 inch, a larger
magnitude of total meridional strain at Location 8, Table 1-8, was found for the 10-part
mathematical model than for the 13-part mathematical model. (The theoretical cir-
cumferential strains, Table 1-8, were about the same for each model). The results of
these two models bracket the experimental results. Therefore, it is concluded that
the 10-part model accounts for hub and rim support of the diaphragm which was evi-
dently present in the downward deflection experiments.

Comparison of the total theoretical and total corrected experimental meridional
strains in Table 1-8 for the pressure loading p = 2.45 psi shows that the theoretical.
strain predicted for the 11 -part mathematical model is almost exactly the same as the
experimental strain, viz., -358 yin. /n. as compared with -360 pin. /in, Evidently,
the hub again supported the diaphragm during the upward pressure experiments as it
did in the downward deflection experiments and the 11-part mathematical model cor-
rectly accounts for this hub support for upward pressure loading. The rim does not
offer support when the diaphragm is subjected to upward pressure as can be observed
in Figure 1-8. This result again confirms the presence of hub support when the dia-
phragm and hub are forced together. For comparison, the results obtained using a
13 -part mathematical model are included in Table 1-8 for p = 2.45 psi. As evident,
the 13-part model, which does not account for hub support, shows a much lower
theoretical strain (-248 gin. /in. ).

Further comparisons of theory and experiment are made in Figures 1-18, 1-19,
and 1-20, where upper-surface meridional stresses calculated from corrected strain-
gage data are shown superimposed on the theoretical curves (shown previously in
Figures 1-5, 1-6, and 1-7). As can be observed, the experimental points are close to
the theoretical predictions.
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The above comparisons of theoretical and-experimental, results show that the
computer program NONLIN enables an-Accurate predictio'mof strains and stresses when
the diaphragm is correctly modeled for specific loadings.

Overload Exporiments and Pla stic Collapse Analysis

Overload Deflection Experiments

Instrumented Diaphragm D190 was also-subjected-to upward deflections to cause.
strains in'the plastic range. Upward deflections were chosen- rather than downward
deflections becauseof the complication of hub and rim suppoft to the diaphragm in- the
latter case. Also, the response to upwarddeflections was considered to be of more
importance to the fatigue -behavior than response to upward pressure. Therefore, the
upward-deflection experiments were carried into the plastic range -on Diaphragm JD1-90
which -had beei-kept.,free of plastic deformation up to this time. Once these experi-
ments were carried out, the diaphragm became permanently deformed and was not used
further f6r any other type of experiments.

Figures .1-21, 1-22, and -1-23 show load-versus-deflection curves for 9 overload
runs. The first three runs- were made to a deflection of 6 = 0. 050 inch and then un-
loaded to zero deflection as shown in Figure 1-21. The first load reached was 13.7 lb.
Shakedown': occurred after three runs; i.e., repetitive data were measured for a shake-
down load varying between +13. Z lb and -0.90 lb. Figures I-2Z and 1-23 show subse-
quent runs to higher deflections of 6 = 0. 070 in. and 6 = 0. 08 in. Again, shakedown
was achieved after three runs to the maximum deflection. The shakedown loads were
(+19.0 lb, -1.40 lb), and (+25.3 lb, -2.05 lb), respectively.

Figure 1-24 shows the experimentally measured strains at Locations 1 and 8 for
the three overload deflection experiments. Results for Runs 1, 4, and 7 are shown.
Strain results for the subsequent two runs were essentially the same in each of the
three cases, i.e., there were only small changes for subsequent runs. For example,
the maximum strains measured at Location 8 were 4560, 4535, and 4510 pin. /in. for
Runs 7, 8, and 9 respectively. These results indicate that the diaphragm can be cycled
into the plastic range, with shakedown occurring after very few cycles.

Overpressure Experiments

Two diaphragms JD188 and JD189 were subjected to overpressures up to 60 psi
and 300 psi, respectively. In these experiments, dial indicators were used to measure
upward deflections of the crowns of convolutions at the Locations 3, 5, 7, and 9 shown
in Figure 1-8. Deflection-versus-pressure results are shown in Figures 1-25 and 1-26.

The deflections reached were almost entirely retained as a permanent set upon unload-
ing as shown. For Location 9, Figure 1-25 shows a maximum deflection of 0. 040 in.
at 60 psi and a permanent set of 0.027 in. The difference 0.040 - 0.027 = 0.013 in.
repre 'nts a recoverable elastic deflection. On the loading curve, 0.013 in. corre-
sponds to p = 12 psi. This pressure can be used as an estimate of the "initially plastic

Shakedown is defined as that condition of elastic loading and unloading subsequent to a loading causing plastic flow to occur.

Shakcdown loads are not unique; they depend upon the loading program.
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c6llapse" pressure. Howeveri because elastic behavior is nonlinear and elastic loading,
and elastic unloading behavior mayodiffer,, this estimate is approximate. 'Different
estimates would be obtained- for locations other than Location 9, but for Location 9, the
unloading curve is most nearly parallel to the elastic part of the loading, curve, and
consequently the estimate ofp = 12 -psi is considered best.

Diaphragm JD189 was pressurized to 100.psi first, then unpressurized, andthen-
pressurized to 300 psi as indicated in Figure 1-26. The second loading curves, follow
closely the first unloading curves. From the first loading-and unloading curves for
Location 9 in Figure 1-26, the recoverable elastic deflection from unloading i6 0..039 -

0.026 = 0. 013 in., which corresponds to an initial plastic collapse pressure oi p = 17
psi on the first loading curve.

The second loading of Diaphragm JDL89, Figure 1-26, is really the loading of-a
new shape of diaphragm which may have been further strain hardefied in, addition to its
initial forming operation. However, the second loading curves appear to become
tangent to the initial loading curves.

Although the initial plastic collapse pressares are relatively small, the diaphragm
can withstand much higher pressure without-burst (up to 300 psi), but it does so witha
great change in shape. This can be observed in Figures 1-27 and 1-28, which show
photographs of cross-sectioned and encapsulated Diaphragms JD188 and JD189 after
deformation.

Plastic Collapse Analysis

First the method of using the linear elastic solution for predicting plastic collapse
is considered. As observed from the theoretical analysis described above, the maxi-
mum stresses are predominantly bending stresses which occur at the inside and outside
edges. Consequently, the maximum bending moment predicted by the elastic theory
can be scaled up to the yield moment value in order to give a lower bound to the collapse
load. The yield moment My in a shell is

y h

where

Gy = yield tensile stress, psi

h = thickness, in.

From the linear computer calculations the maximum bending moments for upward
deflection (P) and upward pressure (p) loadings for 13-part and 1 1-part mathematical
models are, respectively,

{M {= 0.0222 P,
(I-7a, b)

MO 0. 0553 p
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Equating Equations (I-7a, b)-and' (1-6)for cv " 40,000-psi andh 0.0055 in. average
gives the following values for the lower b0iids P- and-p- to the collapse load- PC and

.€ollaDse pressure, Pc:

P " = ' 13.6 lb,

(I-B, b),
Pc p 548 psi

The value P- = 13.6 lb is very Close to the value P = 13.7 lb, in Figure 1-21, at which
plastic deformation was first recorded,, but the value p = 5.48 psi is appreciably dif-
ferent from the initial collapse values p = 12 psi and p = 17psi estimated from experi-
mental results on Diaphragms JD188 and JD189. However, the lwer bound estimate
(Equation I-8b) is certainly a lower bound relative to the experimental estimates. The
yield-strength value Cy = 40,1000 psi, is for annealed sheet material. hi the Cold-
'drawn condition, Cy = 65, 000 psi. The exact amount of cold work in forming the dia-
phragms is unknown. Using ay = 65, 000 psi gives higher values for the lower bounds:
P =-22. 1 lb and-p = 8.9 psi.

Battelle has recently developed two computer codes, for the plastic collapse of
thin shells of revolution: one based upon the Tresca yield condition, the 6thei" on the,
von Mises yield condition. The codes embody a rigid perfectly plastic analysis, so
they do not account for progressive strain hardening of the shell material. However,
the codes do serve to predict initial plastic collapse of shells of strain-hardening
materials such as Type 347 stainless steel if the correct value of the yield strength
is used. At present the codes employ small deformation theory. The Computer pro-
gram based upon the von Mises yield condition was used to calculate collapse loads for
upward deflection and upward pressure on the mathematical models of Diaphragm
JD181. For upward deflection, the 13-part mathematical model (Table 1-2) was used,
and for upward pressure, the 11-part mathematical model (parts 12 and 13 eliminated)
was used. Clamped boundary conditions were imposedA at both the inside and outside
edges, A yield strength of 40, 000 psi in tension was assumed for the Type 347 stain-
less steel. An average thickness of 0. 0055 in. was ssumed. An upper bound, P+, to
the collapse load, Pc, for upward deflection was calculated:

<P + = z 1.0 n
C- c

This is somewhat higher than the load P = 13.7 lb, rigure 1-21, at which plastic de-
formation became significant in Diaphragm JDl90, bi.it it is in between the load values
in Figures I-2Z and 1-23.

An upper bound, PC, to the collapse pressure, Pc, was also calculated:

PC-P + = 16 psi

From the experimental results on Diaphragms JD188 and JD189, initial plastic collapse
pressures of 12,0 psi and 17 psi, respectively, were estimated. Thus, the theoretical
value of 16 psi is in close agreement with the experimental results.

More accurate calculations are possible using the Battelle plastic collapse corn
puter programs. Actually, "exact" values of initial collapse luads are possible (satib
ying both the lower bound and upper bound conditions) for shells with thickness arad

strength varying along the meridion. Thus, the effect of increased strength fron,
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strain hardening at r oots-and crowns of convolutions can be included. The detailed

analysis is complicated, 'however, and was ,beyond the scope of -the present-program.
However, such futtire detailed-efforts are recommended'.

Although the initial plastic collapse pressure is relatively small, pc = 16 psi, the

diaphragms can withstand much higher pressures without burst, as noted previously..

This behavior is attributed to the, favorable geometry change during deformatiofi. As

noted in Figures 1-27 and 1-28, 'the diaphragms deform' from the corrugated shape

toward a semitoroidal shape with flattening of the corrugations. Thus, 'large deforma-

tions are possible without appreciable stretching, but with appreciable bending at 'the

tops and bottoms of the' convolutions; i.e., material is available 6in.the corrugations to
permit a grossly deformed shape without reducing the thickness. This type of behavior

is illustrated by the hinged beam model in Figure 1-29, where the collapse load curve

is shown for two rigid beams joined by a yield hinge at the center' and pulled apart at

the ends. As shown, the initial collapse load (for rectangular cross-sectioned beams)
for predominantly bending collapne is only 1/28.3 = 0. 0353 times the final collapse load

.for pure tension collapse when the hinged beam model straightens out. It is noted that
this curve, Figure 1-29 for the hingedbeam, is concave upward similar to the, pressure

loading curves, Figures 1-25 and 1-26 (up to 100 psi), and also the upward deflection

curves, Figures 1-21, 1-22, and 1-23;

The overload experiments and the above simplified beam analysis indicate that

corrugated diaphragms can withstand loads much beyond their initial plastic .collapse
loads. Accurate prediction of this kind of behavior will require an elastic -plastic

theoretical analysis. Battelle is currently developing an elastic-plastic computer code
for shells. It is recommended that this code be applied in future analysis of
diaphragms.
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TABLE i-1. C00bnwuA AwiD ms ni TUCUSE 4.iNCH
COOUMWIDDIAPIRAL3 Jbl81-'

'(11 limit,0001 inc,)

Coordinates Triaslted
Reading y x" Coordinate.- x Thicnes

1 33 -316 0 586"
2 33 -296 .20 590
3 33 -276.5 '39.5 566

09 2- -2624 52, 578
5 22.5 -20 66 '578
6 17'5 -235 8i 574
8 15 -217 99 578
7 i7.5 -191.5 121.5 '582
9 22.5 -179.5 i36.5 574

10 29.5 -165.5 '150.5 582
i 36 -151 165 574
12 40.5 -135.5 18o.5 570
13' 42 -118 198 562
114 40.5 -1o 216 562
15 36 -,84 232 558
16 29.5 -70.5, 245.5 570
17 21 -57 259 578
18 12.5 43.5 272.5, 57Q
19 6 -3o - 286 566
20, 1.5 .14.5 301.5 562
21 0 0 316, 570
22 1.5, 15 331 570
23 5,.5 30' 346, 574
214 125 -15 361 574
25 19;5 606 376 566
26 25.5 75 391 550
27 29.5 90 406' 550
28 3i 105 421 55
29 29.5 120 436 550
30 25.5' 136 452 566
31 19.5 150 G66 562
32 12.5 162 478 546
33 5.5 175.5 491.5 550,
314 0 190 506- 554

35 -2.5 209 525 558,
36 0 230 546 554
37 5.'5 246.5, 562.5 550
38 12.5 258.5 5714.5 550
39 20.5 270 586 542
40 29 283 599 538
41 36 299 615 538-
42 40 326.5 642.5 538
43 36 352.5 668.5 546
44 29 369 685 554
45 21.5 381.5 697.5 554
46 15 396 712 554
47 10 11.5 727.5 538
48 8.5 426.5 742.5 534
49 1u 441 757 538
50 15 458 774 538
51 21.5 470 786 538
52 29.5 480.5 796.5 542
53 36 490 806 546
54 43 501.5 817.5 546
55 49 515.5 831.5 546
56 52 538.5 854.5 542
57 49 561 87T 534
58 43 577 893 546
59 37 591.5 907.5 514
60 36 608.5 9214.5 551
61 37.5 -628.5 944.5 550
62 37.5 648.5 964.5 566
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TABLE 1-2. DINSIONS OF 13-PART MkTNAQtA MODEL OF ~1-iNCR
CONVOTE DIAPRAUf JD181 FOE UPWAR DDLUCTION LOADING'

Part. Shell Type inches, inches Initil at
1 'Conical 1.982 0.'00 180.0
2- -Toroidal 1.940 d~Oft3 -18D.- 210.0
3 Toroidal i,.88o -0.o8goo 4210.0 1l49.

-14 Toroidlal 1 7835 0.10100 14M~ .219.o
SToroidal 1-.6655 -0.68720 219.0 1146'.i

6 Toroidal 1.5615 0.09950 14~6.3 215.5
t7 Toioidil 1.14555 -. 083A1 i15. 5 139.3
.8 Toroidal 1.314i 0.0918 139.3 '2114.5
9 Toroidal 1.21405 -.0086360 2114.5 1390

10 Toroidal i146, o.0860 139,.0 208.5
31 -Tor~idii i.063 -0.014210 208.5 1T8.0
12 Conical' 1.061t 0.02490, 178.0 -

13 Conical, 1.065 0.062000 180.01

TAbLE 1I-3. DINfENSIONS OF 10-.PART Xk4ATICAL MODEL 0FP,1.-IICH CON.-
VOLUTED DIAP~Radk h18i FOR DONADim ,DDLECToN WADING

Meridional Coor-
ab, dinatesib V., i~iies

-Part. Shell Tye inches 'inches- Initial Final

1 Toroidal 1.9149 0.0486X 180.0 210 .0
'2 Toroidal 1.8805 -0.0890 -210.0' 1149,.6
3 Toroidal 1.7835 0.10100 1149.6 219.0,
14 Toroidal 1.6655 -0.08720 219.0 '146.3
5 Toroidal, 1.5615 -0.09950 146.3 215. 5

Tooia 1.14555 ;-0 .08304 215.-5 13.
Toroidi.1 1.3141 009180 -139.3 214.5

8Toroidal 1.21405 -0.08630 -414.5 139 X
9 Toroidal 1.12 0.08866 139.p 208.5

10 Toroidal 1.063 , 0.014010 208.5 1914.0

TABLE 1-14. DIMENSIONS OF 11:-PART MAT1M=TICAL M0bODE 04-INCH
CONVOLUTED" DIAPHRAM jD181 POR. UPWARD PRESURLADING

Meiridional CoorT
a, b, inates,0. d4gree

Part Shell Typ~e inches inches Initial Final

1 Conical 1.982 0.0330 180.0 -

2 Toroidal 1.9149 0.04830 180.0- 210.0
3 Toroidal 1.88o5 -0.08900 210.0 104.6,
14 Toroidal 1.4835 0.10100 1149.6 219.0
5 Toroidal 1.6655 -0.08720 219.0 146.3
6 Toroidal 1.5615 0.09950 146.3 215.5
7 Toroidal 1.14555 _0.083o4 215.5 139 .3
8 Toroidal 1.3141 0.09180 139.3 214.5'
9 Toroidal 1.21405 .-0.063o 2114.5 139.0
10 Toroidal 1.126 0.0886 139.0 208.5
11 Toroidal 1.063 -0.04210 208.5 1914.0



TABLE I-5. CHANGE IN WNUIMETUAL StAINSAT.DIFFNWITd iEC -
FMEIiAL LOCATI0&S AFJ LAPING"0F DIAPHRiA JD190

Meridional Strain(a) pin./in.sat Location ,Hwjer(b)
3 11' 13 7 .10 12-

(e oP).. (0 = i2o) (8--2 0) e=0o), (8=-1200) -( 240)

60 105 --100 65 35, -30
30 120 -100 55 -15 -30

25 15 -75 60, 30' -30

Average 38 113 - 92 60 17 -30

(a) Change from the unclamped position. At the unclamped position the hub was observed
to be tilted with respect to the rim. The hub was c61* d0to be parallel to the rim.

(b) Locations shown in Figue I-8'.

TAkLE 1-6., EXPMERbETAt STRAINS MEASURED-AT DIFFERENT
ciECuFERENTIAL LocATIONS ON.DIAPIm M J9O

Meridional Strain, in./in., at Location Number
3 1 13 7 10' 12

Loading -( =0) (a -1200 ) (8,,-,2400) (8=00) (8 1200) (8= 200)

Upward: -250 -210 -270 -215 -235 -215
Deflection, (-250 -210 -290 -215 -215 -215
6-= 0.020 in.) -250 -215 -210 -210 -220,

Average -253 -212 -272 -213 -220, -217

,Downward ) 15 75 45 1,0 (a), 55
Deflectin, ,15 80 70' 30 " 55
6-- -0.020 in.y 80 --30 6o
Average 15 -3 30 57

Internal - 130, 155 i40 500 51.5 535
Pressure 115 155 115 75 515 525
P -5 i1n. Xg) 115 160 4 520 4

Average 120 15T- 13 Q3 527 533

'(a) The gage at Location 10 showed an opencircuit at this time in the experiments.

TABLE I-7. COMPARISON OF THEORETICAL AND EXPERIMENTAL SPRING CONSTANTS

Spring Constant, k. lb/in.
Direction Mathematical Theoretical 'JD6l1)
of Loading Model Linear Nonlinear Experimental (JDI9O)

Upward 13-part 251. 256 212

Downward 13-part 258 254 234
1O-part(a) 305 312

(a The- 10-part model accounted for both hub support and rim support at the
inside and outside edges, respectively, of the diaphragm.
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TABLE 1-8. COPAISON OF T1IHRICAL, AND '5' HNTALNMIDIONALSTRAINS ON
UPPER -SURFACE AT LOCATION, 8

Theoretical Strain Total 'Experimental Strain,
Mathematical (&DI81) ,t cbidn -12-122)A a m-icroin/in'. -

Loading, odl Mmrane Lding Total. Measured Corctedt'!

8,;. Q .015 in. 13 TO; 3 13 391 02390

8=-0.020 ,in. 1()-12 148 -50 -600 9
8=m -4;020 in. 13 -120 -333- -4153' -509

'P = ~5psi 11(095 -263 -358 -360
p 2.145 psi 13 -106 a142 -2148 -8

~(a)' The, beniding part of the, measured, experimental strains was corrected for the effect
of gage a~nd cement thickness according to *quaioi (1-5) in the text. The mew.-
sured strains' are the -average values for 3'epriit.

(b)" The '10-part model accounted for, both hub support and rim support for downward-
deflection- loading.

(c) 'The 11-part model accounted for hub-support at the inside edge for upwards-
pressure loading.

TABLE 1-9. COMPARISON OF THEORETICAL AlD EXPERIMONTAL CI:RvtWERzETIAL STRAINS
ON UPPER-SURFACE AT LOCATION 7

Theoretical Strain', Total Efperimebtal Strain,
Mathematical (JD181 )i 6% microin. un.- (J9l) , miarbin./in.

Loading -Model' Membrane .Bending Total Measured ' Correctedt~

8 = 0.015 in. 13 230 70 2 8 8 27T4,

8=x -0.020 in. 10 (b) -363, -64 -1427T .1 -390
,8= -0.020 in. 13 - 33 -59 -392 -4o-3900

p :2.1 4 5,psi 1 1 (c) -178 -32 -2109 2o -197
p - 2.145 psi 13 -162 -30 -192 -27-197

(a) The bending part of the measured experimental strains was corrected for the
effect of gage and cement thickness according to Equation (1-5) in the text.
The measured strains are the average values for 3 experiments.

(b) The 10-part model accounted for both hub-support and rim support for downward-
deflection loading.

(c) The 11-part model accounted for hub support at the inside edge for upward-
pressure loading.
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Radial Direction ,,r,

(o) Locations along OZOP meridian,

(b) Locations along 9P=1206 and 9z2404 meridians

FIGURE 1-8. STRAIN- GAGE LOCATIONS ON DIAPHRAGM 3D190
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Upward Pressure. p, in.Hg--
Downward Deflectlon,8in. 0- I 2 30 .005 .01o .01. ....

800-

'76&
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700- #
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- 5
S50

40 0o

0- 1 2 3
Upward Pressure,p, In. Hg -- 0 .005 ,010 .015

Downward Deflection $J, n.

FIGURE 1- 17. EXPERIMENTAL STRAIN MEASURED AT LOCATION 8 ON
DIAPHRAGM 3D190 FOR COMBINED UPWARD PRESSURE

AND DOWNWARD DEFLECTION
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(a) Diaphragm JD188 After Over-Pressure to 60 psi

1x 2C493

(b) Diaphragm JD189 After Over-Pressure to 300 psi

FIGURE 1-27. DISTORTED SHAPES OF DIAPHRAGMS JD188 AND JD189
AFTER OVER-PRESSURE EXPERIMENTS
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ABBREVIATIONS AND SYMBOLS

D Lateral bending stiffness of be'iows, ib-in.

I Moment of inertia of bellow:, area, in. 4

E Modulus of elasticity, pFL

49 Angle of rotation of fr,.e end of cantilevered bellows loaded laterally, deg

W Weight applied to frce end of cantilevered bellows in bending test, in-lb/in.

Le Total Uive lengtn of bellows, in.

L Total length of bellows assembly, in.

M Lateral bending moment applied to bellows, in-lb

S Slope of load rotation curves in bending tests (S = W/0)

o Angle between normal to bellows surface and its axis of revolution, deg

Q Effective shear resultant force in direction normal to the shell, lb/in.

u r Displacement in the meridional direction, in.

Angle of rotation of bellows normal in meridional direction, deg

u0q Displacement in the circumferential direction, in.

7Small rotation imposed on free end of mathematical model of bellows, deg

Me, Me Bending moment resultants in meridional and circumferential directions,
respectively, in-lb/in.

Qo, Qq Effective shear resultant forces in direction normal to shell and measured along
midsurface arcs normal to the meridional and circumferential directions,
respectively, lb/in.

No, Ne Membrane resultant forces in meridional and circumferential directions, lb/in.

Noo Membrane resultant shearing force, lb/in.

M&O Resultant twisting moment, in-lb/in.

R Radius of a cylinder or radius to edge of bellows, in.

V Transverse shear force applied to bellows, lb

NI Maximum value of N on edge of bent bellows (No= N1 cos 6), lb/in.

MI Maximum value of Mo on edge of bent bellows (Mo = M1 cos 6), in-lb/in.

N Effective shear resultant force in the circumferential direction, lb/in.

NZ Maximum value of circumferential shear resultant force N due to transverse shear
force on bent bellows (N = N? sin 6), in-lb/in.

a Reduction factor relating Seide's Formula to bellows bending analysis

A Axial compressive deflection imposed on bellows in buckling experiments, in.

Acr Critical deflection at which bellows buckles, in.

p Internal pressure in bellows, psi

Per Critical Euler load (compressive) for coltumn buckling of beam, lb

Per Critical internal pressure for bellows 'Puckling, psi

A Mean cross-sectional area of bellows, in. 2

k Axial spring rate of bellows, lb/in.

kpPcr Compressive load buildup at end of clamped bellows resulting from internal
pressure acting on convolutions, lb

(a), (e), (s) Measures of the deviation of actual bellows from a perfectly straight ideal bellows:
(a) is the central deviation, (e) is the eccentricity, and (s) is the slant offset, in.

6 Allowable sidewise deflection of bellows in buckling experiment, in.0

6s Sidewise deflection of axially compressed bellows clue to eccentricity (e), in.

6C  Uniform radial expansion of bellows crown due to axial compression A, in.

6p Uniform expansion of bellows crown due to internal pressure, in.

0o Meridional surface stress, )psi

1o Material yield stress in tdns-on, psi

h Shell thickness, in.

. '



APPENDIX J

ELASTIC BUCKLING AND PLASTIC COLLAPSE OF BELLOWS

Theoretical and experimental studies of both elastic buckling and plastic collapse
of bellows were included in the research program. The results of these studies are
described in this appendix.

A potential failure mode of most bellows is sidewise beam-column buckling
(squirm) at relatively low internal pressures and small axial deflections. This overall
lateral buckling of the bellows is to be distinguished from higher order modes of shell
buckling which involve local buckling of the wall of the convolutions. The former is
easily analyzed using beam-bending theory of shells. The latter is very complicated
and necessitates the use of shell theory not fully developed as yet for shells of such
variable geometry as a bellows. Although the use of shell theory for the higher modes
of buckling was beyond the scope of the present program, local shell buckling appears
to be less critical than the beam buckling of bellows.

Analysis of Beam-Column Buckling of Bellows

This type of analysis is concerned with the elastic instability of the bellows as a
beam column. The buckling strength of a beam column is proportional to its lateral
bending stiffness, D. For conventional beams, D = El lb-in. 2 where E = modulus of
elasticity, psi, and I = moment of inertia of area, in. 4. Generally, the stiffness is
sufficiently large that short columns do not buckle. However, bellows are quite flexible
and short bellows can buckle. Furthermore, D is not easily determined for bellows.
Accordingly, experimental and theoretical analyses were conducted with the test speci-
mens in order to find typical values for D for bellows. These analyses, and experi-
mental and theoretical analyses of buckling of the test specimens are described.

Experimental Determination of
Lateral Bending Stiffness D

The experimental method for determining the lateral bending stiffness of bellows
is shown in Figure J-1. The bellows was oriented horizontally, clamped at its base,
and loaded at the other end with weights, as shown. The change in angle e was mea-
sured for each change in weight, W. Loadings were kept sufficiently small that no
significant permanent deformation due to plastic strain occurred.

Experiments were conducted on specimens of the 5-, 3-, and 1-inch single-ply
stainless steel formed bellows, on specimens of the 3- and 1 -inch single -ply Inconel
formed bellows, on specimens of the 3-inch double-ply stainless steel formed bellows,
on one specimen each of the 3-1/2- and 1-I/Z-inch stainless steel welded bellows, and
on one specimen each of the 3- and 1-I/Z-inch AM350 welded bellows (see Appendix P
for descriptions of the test bellows). The formed bellows had a longitudinal welded
seam. The effect of orientation of the specimens with respect to the seam was in-
vestigated by rotating the 5-inch bellows JD90 between experiments. The results are
shown in Figure J-2, where little effect of seam orientation was found. Additional
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results on other specimens confirmed this, although an occasional specimen exhibited
some seam effect. Thereafter, the effect of seam orientation was neglected and tests
were performed with the specimen oriented with the seam to the right, i.e., with the
seam in the horizontal plane containing the neutral axis.

As shown in Figure J-1, the bellows was mounted as a cantilever beam with a
load W and a moment M = WL at the free end. It was assumed that bending occurred
only over the total convolution length Lc, i. e. , the cylindrical parts of the specimens
were assumed to be relatively rigid. From beam formulas, then, the bending stiffness
D was calculated as follows:

M Lc W Lc 2  W Lc Lc Lc

D z - (L+T) = 5 7 .29 6 SLc (L+--L-) (J-l)

where S is the slope, lb/deg of the experimental curves as shown in Figure J-Z, and the
factor 57.296 accounts for the change from degrees to - "dians.

The measurements of S, Lc, and D for the formed bellows are shown in Tables
J-1 to J-6. The average bending stiffness, D = 15.4 lb-in. Z , for the i-inch Inconel
bellows (Table J-4) was higher than it was for the 1-inch sta- less steel bellows, D
12.2 lb-in. 2 (Table J-3). But for the 3-inch single-ply bellows the reverse was true.
The average bending stiffness, D = 413.4 lb-in. 2 for the 3-inch Inconel bellows (Table
J-5) was lower than the value D = 586.3 lb-in.2 for the 3-inch stainless steel bellows

(Table J-2). These results are attributed to the different number of convolutions per
unit length, to different thicknesses, and to other differences in geometry. For exam-
ple, the convolutions and thicknesses were as follows:

Number of Nominal Thickness,
Single-Ply Bellows Convolutions inch

1-inch Inconel 16 0.004
1-inch stainless steel 8 0.005
3-inch Inconel 14 0.006
3-inch stainless steel 10 0,008

It was also fou..d that the bending stiffness D of the two-ply bellows was approxi-
mately twice that of the single-ply bellows. This is indicated in Table J-6. These data,
average D = 1007 lb-in. , are about twice the average, D = 586 lb-in. , found previously
for the 3-inch single-ply stainless steel bellows (Table J-2). Thus, D, as well as the

spring constant k, can be estimated for double-ply bellows by taking twice the respective
values of single -ply bellows.

Theoretical Determination of Lateral
Bending Stiffness D

The lateral bending stiffnesses of the test bellows were also determined theoreti-
cally using the shell computer codes MOLSA and NONLIN (see Appendixes A., B, and C).
MOLSA was used initially, but when NONLIN was extended to include nonsymmetric
loadings it was used for these calculations.
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In order to find D theoretically, the length L of the mathematical model of the

bellows was given a (small) pure rotation 1, as shown in Figure J-3. Analogous to
beam theory, it was assumed that plane sections remained plane, and that there was
no extension of the axial centerline of the bellows. Also, it was assumed that the

transverse shear force Q = 0 at the boundaries. This is analogous to the resultant
transverse shear stress over the cross section going to zero at the top and bottom of a
beam. Thus, relative to Figure J-3, the following boundary conditions were derived
for a (small) pure rotation of a bellows (or other axisymmetric shell):

at b=0, Q=0, u¢=0, 13 =0, lie=0; (J-2)

at b= 1, Q = 0, u -_u cos0, P6= cos 9 , ue =sin , (5-2)

where (1-cos j), u= R sin3 (J-3)

In the calculations, the value of the rotation was taken as 1 = 0.01 radian.

The computer input data for program NONLIN corresponding to these boundary
conditions are shown in Table J-7 for bellows JD68, as an example. Input data for this
bellows have been described in Appendix B. The same data can be used here except for
the boundary data. For this nonsymmetric problem, boundary data in Table J-7 for
Cards 2 and 3 in Columns 61 -80 for the displacement ue are needed in addition to the
data previously described in Appendix B for symmetric problems. (A symmetric prob-
lem requires three boundary conditions at each edge, but the nonsymmetric beam-
bending problem requires four boundary conditions. ) Also Data Card 5 is changed to

have a 1 in Column 64 to signify Fourier harmonic mode No. 1 for a beam-bending type
solution.

This method of computer calculation of beam-bending stiffness of a shell was first

checked out for the cylindrical shell for which closed-form analytical solutions are
known(l, 2, 3). For small rotations of a cylinder, the membrane solution is applicable.
This is:

Me = Qt =Qe = No = M0 = Ne( = 0, Nt = N 1 cos 9, (J-4)

and corresponds to a lateral beam-bending moment

7T/2

M = 4S R cos N rd =7rR2 Nl (J-5)

where R = radius of cylinder. Application of the boundary conditions (J-2), enables
determination of the relation between M and the rotation t. Defining the stiffness D by
the curvature relation,

L
D-=M - ,L (J-6)

'References for Appendix J are listd on page J-16
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the membrane solution for a cylinder gives

Nl = ERh • /L,

and consequently, D = EirR3 h (J-7)

where h = thickness of shell and E = Young's modulus.

The same result (J-7) for cylindrical shells was also found from the computer
calculation using boundary conditions (J-2). Therefore, these boundary conditions were
taken to be appropriate for the computer calculation of the beam bending stiffnesses of
the bellows as well. However, it was found that the bending of a bellows is not as simple
as that of a cylinder. Nonzero values of Mrb, Me, Ne, M,9, and Net result as con-
trasted to the zero values of the cylinder equations (J-4). Therefore, for a bellows the
equation for the beam-bending moment M is different from Equation (J-5) and includes
contribution of the shell-wall moment Mo. For the bellows:

M = 4 [cos O Mt +Rcos eN(t] RdO
0

M = 7rR (M1 + RN 1 ) (J-8)

where Meb = M 1 cosO and where now R is the radius to a root or crown of a convolution
depending on which occurs at a boundary. In addition, in a bellows it is found that a
transverse shear force V, lb., does bccur even though Q = 0 [boundary conditions
(J-2)]. V results from nonzero Ne b and Meq; i.e., from N where

N = Nes + ine

N = NeN +Me 2N sine , (J-9)

and
,/Z

V= 4 (N sine) Rde = 7rNR (-10)
0

Thus, the rotation A of a bellows is caused partly by a shear force V in addition to the
moment M as shown in Figure J-4. Therefore, in this case (analogous to bending of a
beam),

LZ
D=M +V-2= (J- 11)

[Note correspondence with Equation (J-1) used for the experiments on bellows.]

The following example calculation is now given for 3-inch bellows JD68 to illus-
trate the method of theoretical determination of D. Boundary data have been given in
Table J-7. The following results were found from a computer calculation:

N1 = 5. 61732, M1 = -0.492724, N2 = -26.7542. (J-lZ)
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From Equation (J-8)

M = -i (. 8208) [ -0.492724 + 1. 8Z08 (5. 61732)] = 55. 67887,

and from Equation (J-10)

V = 7T (-26. 7542) 1. 8208 -153.039564.

Substitution of these values of M and V into (J-1l) gives:

(0. 10 (0. 01) TD = 55. 687886 (0. 10) -153.039564 (0.01)= 480.:35908 (T-13)0.01 2(0.01)

where L = 0.100 and 3= 0.01. This value of D is listed in Table J-2 along with the

experimental data. Although the theoretical value for JD68, D = 480.4, is relatively

low compared to the experimental average, D = 586. 3, it is close to the experimental
value for JD63 (D = 470. 5). This is an indication of fairly good accuracy of the com-

puter calculations for the bending stiffness D.

Computer values for D for the other formed stainless steel bellows are also listed
in Tables J-1, J-3, 5-6, and J-9. These values also agree fairly well with the

experimental data.

Computer calculations were made for the bending stiffnesses of the following
welded bellows: 3-1/2-inch stainless steel bellows JN136, 1-1/2-inch stainless steel

bellows JNl50, 3-inch AM350 bellows JN158, and 1-l/z inch AM350 bellows JNl71.
The computer results are shown in Table J-8, together with experimentally determined
values.

Relation Between Bending Stiffness D
and Axial Spring Constant k

The experimental results were compared with the prediction of the Seide
formula(4 ) . This formula relates the bending stiffness D to the axial spring constant k

as follows:

D = akR2 Lc (J-14)

Ro + Ri
where R is the average bellows radius, 2 , and the factor (X = 0. 500. This formula

can be shown to be exact for a cylindrical shell if the rotation e is sufficiently small,
i. e., when linear membrane theory is accurate, but its application was questionable for

complicated shells such as bellows.

D
Tables J-9 through J-14 show the results for the factor X = D for the formed

kAZLc
bellows for which k and D have both been determined experimentally. Instead of the

factor x = 0. 500 as predicted in Reference (4), the range of a found experimentally on

all the sizes of formed bellows tested was 0.365 < a < 0. 643. It was concluded that the
factor x is not directly proportional to the mean diameter of the bellows, but must be a

more complicated function of the geometry of the convolutions.
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Although c varies appreciably, it can be found quite accurately from a computer
calculation for an individual bellows, as indicated in Tables J-9, J-10, and J-11. For
example, in Table J-11,, the experimental range of c for nine 1-inch bellows was 0.365
to 0.483. The theoretical value ior one bellows was 0.480.

The factor a was also determined by computer calculation for the four welded
bellows of Table J-8. The values of a given in Table J-15 range from 0. 457 to 0. 699.
The value c = 0. 699 was the highest found on any bellows formed or welded. Table 3-15
also gives experimentally determined values for a for one specimen of each type of
welded bellows. The reason for the poor correlation for the small bellows was not

determined.

Experimental Beam-Column Buckling

Experiments were conducted on the bellows to determine their susceptibility to
beam-column buckling under combinations of internal pressure and axial compression.
The fatigue machine (see Appendix Q) was used for these experiments. In this machine
the bellows were clamped at both ends. For the buckling experiments the machine was
not cycled; only static axial displacements were imposed.

In order to detect the sidewise beam-column-type deflection, the equipment illus-

trated schematically in Figure J-5 was employed. Six contacts were positioned at
60-degree intervals around the circumference. Each of the six contacts was separately
wired in series with a 1.5-volt battery and the bellows. Whenever the bellows touched
a contact a bulb would light. The contacts were set at the neutral position (pressure
and axial displacement both zero) with gaps, 6, of about 0.004, 0.0025, and 0.002 inch
for the 5-, 3-, and 1-inch bellows, respectively. These small gaps allowed for elastic
buckling; upon removal of the loads the bellows would return to its original position and

tests could be repeated at one loading condition with the same response occurring in the
bellows. The procedure for setting the gaps was to turn in the adjusting screws until
the bulbs lighted and then to turn the screws out a fraction of a turn after the bulbs went
out.

The equipment shown in Figure 5-5 allowed for evaluation of the buckling strength
of bellows at a standard (preset) buckling deflection, 6. The procedure was to first
apply a compressive displacement A (inch) to the bellows. Then the internal pressure
(psi) was slowly increased until either buckling was detected or the maximum allowable
pressure Pmax = 100 psi was reached. The maximum compression applied was Amax

0. 1 Lc where Lc is the total convolution length. These maximums Pmax and Amax
were chosen so that the maximum combined bending strain (symmetrical without
buckling) did not exceed 4000 pin. /in.

Representative buckling data are presented in Tables J-16 through 3-21 for the
various formed bellows tested. All of these bellows had been previously fatigue tested.
The 3-inch bellows JD72, Table J-17, and three of the 1-inch bellows in Table J-18 had
a large fatigue crack and did not hold pressure. Therefore, buckling experiments were
not conducted on these bellows. As can be seen, some of the bellows buckled and some
did not. Buckling is highly sensitive to initial imperfections, as shown later in the

theoretical analysis.

Specimen 3D23, Table J-18, did not buckle in the usual beam-column mode, but

it did buckle in a local-shell mode as shown in Figure J-6. There was no sidewise beam
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deflection, but only one side of the bellows buckled and it moved inward. It is possible
that higher modes of buckling occurred in some of the other bellows, but if so it was not
detected.

Only two out of nine 1-inch single -ply Inconel bellows and only two out of eight
3-inch single-ply Inconel bellows buckled, as indicated in Tables J-19 and J-20. The
Inconel bellows on the whole appeared to be less susceptible to buckling than the stain-
less steel bellows.

Double-ply bellows also buckle but they can withstand larger axial compression,
up to 0. 360 inch, before buckling, as is evident from the data for the 3-inch double-ply
bellows in Table J-2 1. Three -inch single -ply bellows buckled at lower axial compres -

sions, A =< 0.220 inch, as reported in Table J-17.

The welded bellows specimens were so short, as evident in Table J-15, that they
were not expected to buckle as a beam. However, a limited number of experiments
were conducted on three of the larger size welded bellows, the 3 and 3-1/2-inch sizes.
Depth micrometer readings on the outside edge of the leaves from a fixed vertical were

used as an indication of possible buckling of the welded bellows. The results are shown
below.

Nominal Compression Pressure Sidewise De-

Specimen Size, in. (A), in. (p), psi flection (6e) , in.

JN135 3-1/2 0.150 11 0.0003

JN156 3 0.100 14 0.0006
JN165 3 0 to 0. 120 0 to 40 No noticeable

deflection

Some amount of deflection did occur on two of the bellows at relatively small pres -

sures, 11 and 14 psi, but at relatively large axial compressions, A/Lc - 1/3. The de-
flections shown above were relatively small, and the occurrence of buckling is open to
question. Part of the deflection was due to axisymmetric deformation and, therefore,

the data cannot be taken as proof of buckling until examined further, as done in the
next section.

Because of the greater flexibility of welded bellows, buckling is expected to be
much more critical for longer length welded bellows than for the formed bellows; e. g.,
D = 58.5 lb-in. 2 for 3-inch AM350 welded bellows, JN158, Table J-8, but D = 586.3
lb-in. for 3-inch stainless steel formed bellows, Table J-2.

Experiments were not coducted on I-inch double-ply bellows. These were also
believed to be less susceptible to buckling, as were the 3-inch double-ply bellows.
This belief was supported by beam-column theory which predicted a buckling load pro-
portional to the beam bending stiffness D.

Theoretical Beam-Column Buckling
of Bellows

A theoretical analysis of the elastic buckling of bellows was conducted. The
analysis was approximate; each bellows was approximated as a beam column with initial
imperfections. The buckling strength of a beam column is proportional to its lateral
bending stiffness D, lb-in. 2, and is inversely proportional to its length squared (L 2 ),
in. 2 .
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Efforts were concentrated on the theoretical analysis of the. buckling of clamped
bellows under internal pressure (p, psi) and axial compression (A, in. ). It-was found
that the beam-column approximation results in a close prediction of the magnitude of p
and A that cause buckling of bellows if initial imperfections are included in the analysis.

Buckling of Perfect Bellows-. Beam-column theory was employed to determine
the theoretical buckling strength of bellows For a perfectly straight beam with clamped
ends and axially loaded -with zero eccentricity, the Euler critical load (compressive) at
which buckling occurs is:

Pcr = 4i 2  • (J-15)

For a bellows the equivalent axial load Pcr is a combination of internal pressure forces
and a compression force, i.e.,

Pcr = Pcr(A + kp) + kAcr , (J-!6)

where

A = mean cross-sectional area = iTR2 (in. 2 )

Pcr = critical value of internal pressure (psi), in combination with Acr

kpPcr = compressive load buildup at end of clamped bellows (lb), resulting from
internal pressure acting on the area (depth) of the convolutions

Acr = critical value of axial compression (in.), in combination with Pcr

k = axial spring constant (lb/in,).

For perfectly straight bellows (bellows having perfectly straight axial alignment)
the equality of Equations (J-15) and (J-16) gave the critical pressures, Pcr, tabulated
in Table J-22 for the test bellows for compressions of Acr = 0. 1 Lc (L = Lc in (J_15)).
As seen in Table J-22, the critical internal pressure causing beam-column collapse of
"perfectly" straight-formed bellows were fairly high, in the range of 300 to 500 psi for
single-ply bellows and about twice as much for double .ply bellows. Similar data are
presented in Table J-23 for the welded test bellows. The first length Lc corresponds to
the length of the specimens tested, Table J-15. Because these lengths were so short,
they did not give a realistic indication of expected buckling pressures. Therefore,
lengths equal to one-half the nominal diameter and equal to the nominal diameter were
also considered. The great reduction in critical buckling pressure with increased
length is evident.

The pressure coefficients kp in Table J-23 (defined in Equation (J-16)) are nega-
tive for the welded bellows. This is favorable because it tends to increase the critical
buckling pressure. A negative k corresponds to a tensile end load at the end of the
bellows from internal pressure acting on the leaves which were clamped at the outside
diameter in the specimens analyzed in this program.

A comparison of Tables J-22 and J-Z3 shows that the 3- and 3-1/2-inch welded
bellows had an appreciably lower critical buckling pressure than did the 3 -inch formed
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bellows. Even for a shorter length welded bellows, L c = I, 500 in. for the 3-inch
bellows in Table J-23, the pressure was lower, Pcr = 143 psi as compared to 400 and
481 psi for the 3-inch Inconel and 3-inch stainless steel formed bellows, respectively.

In Tables J-24 and J-Z5 the individual load terms, Per A ) Pcrkp, and kAcr, of
Equation (J-16) are listed for comparison with the total load, Pcr) for Acr = 0. 1 Lc .
It was found that the axial compression kAcr contributes only about 1 to 2 percent of
the total critical load, Pcr- Thus, buckling of perfect bellows as a beam column is
caused primarily by the internal pressure loading. The pressure-load term, PcrA, is
most important, but the pressure-load term, Pcrkp, should not be neglected for it does
represent 10 to 25 percent of the total buckling load. This is a significant result, and
when related to the different sign of kp for welded bellows clamped at the outer diameter,
than for formed bellows clamped at the minimum diameter, leads to the following con-
clusion: clamping of bellows at their outer diameter gives a significant increase in
their critical buckling pressures.

Buckling of Imperfect Bellows. Although internal critical buckling pressures were
predicted to be 300 to 500 psi (for single -ply formed bellows), much lower pressures,
below 100 psi, were found to cause buckling in the experiments. This reduction in the
buckling strength was caused by initial imperfections of the bellows. The kinds of im-
perfections measured on the bellows are shown in Figure J-7. The eccentricity (e) in
Figure J-7a is really part of the maximum central deviation (a) in Figure J-7b. In a
clamped bellows the eccentricity doe not add an end moment as it does in a pinned-end
column. Thus, the important imperfections of clamped bellows are the total maximum
central deviation (a), which includes eccentricity (e), and Lhe slant offset (s). These
quantities are tabulated in Table J-26 for some formed bellows and in Table J-27 for
some welded bellows. The quantities (a) and (e) were measured in the plane corre-
sponding to the direction of observed buckling.

The imperfection (a) is represented by either of the following two sine functions:

yo(x) = al sin cIx, withal = (a), al = 7", (J-17)

or

Yo (x) = a1 sin f lx + a3 sin a3x, (J-18)

with
(a) 37T ada -1 a

a, -a 3  = (a), 3 L - ' a 1  -3Lc' anca

The differential equation to be solved is the following: (4 )

d4y + 2 Y = d4y o (P- 19)

dx 4  dx2  dx4

whr 2 =pA + pkp +kA D 2

where a2 . [The solution (J-15): Pcr 2 with a2 = 47T2, is for

Yo = 0. ] The solutions of Equation (J-19) for clamped bellows for imperfections (J-17
and J-18) are plotted in Figure J-8 where ' ib the sidewise beam-column deflection at
midlength (at x = L/2) and
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LZ
e _ - IkA + p(kp + A)) . (J-20)

(The curves in Figure J-8 are asymptotic to m = 47.) In the buckling experiments 6 e
was preset as a gap, as shown in Figure X-5. In order to correlate theoretical and
experimental results, it was necessary to determine how much of the experimental
deflection 'e (of Figure J-5) was due to sidewise beam-column buckling (6 of Figure
J-8), how much was due to the slant (s) (Figure 5-7), and how much was due to local
axisymmetric shell deformation. The slant causes a sidewise deflection 6s when the
bellows is subject to compression 6 which can-be calculated as follows:

6s  sin , (-21)

s

where sin M P a f-- This deflection is shown in Figure J-9.
Lc

The compression A also causes a local shell deflection of the crown of the con-
volutions which can be determined from axisymmetric shell computer-code calculations,
i.e. ,

6c = w A for formed bellows, (U-22)
Lc

A

6 c = uo -cc for welded bellows.

(This is a uniform expansion of the crown around the circumference.)

In addition, there is a uniform deflection (6 p) due to axisymmetric deformation

under internal pressure, which can also be determined from shell computer-code calcu-
lations. It was found that the deflection (6p) is negligible compared to (6 c) for the
formed bellows, but (5 ) is included in the calculation for the welded bellows. The w
and uh of Equation (J- 2P2 ) are tabulated in Tables 3-28 and J-29 for the bellows con-
sidered. Also included in Table 3-29 are the deflections (6p) for the welded bellows.
Thus, the actual sidewise deflection 6 caused by beam-column buckling is

6 = 6 e - 6 s - 6c -6 p (J-23)

Equation (3-23) was used to correlate experimental buckling data for 6 e with
theoretical beam-column predictions for 5. For example, consider the case of 5-inch
bellows JD95, the imperfection of which is plotted in Figure 3-10 and represented
(approximately) by

IT

yo(X) = a 1 sin ctlx = 0. 0177 sin 4.053 x (3-24)

For A = 0.2 inch the following are determined:

6 I (o Z) 1(0.0275 (0.2) =0.00068,
2 2 Lc 2 4.053

J-10
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= cc(0 ) 00210
6c  2L (0. ) = 4.0531 (0.2) = 0,001036,

6 = 0.004 - 0.00068 - 0.001036 = 0.00228,

6 0. 00228
a 0. 017 0. 178,a T. 017-7

= 6. 8 from Figure J-8,

and p 46.7 psi from Equation (J-20).

The experimental pressure causing buckling (with eie = 0. 004) at A = 0.2 in. was
p = 72 psi. This indicates that the beam-column theory enables a very good approxima-
tion (conservative) to the buckling of bellows with imperfections of the form yo = al
sin Mlx, i.e., relative to Pcr = 380 psi for a "perfectly straight" 5-inch bellows
(Table J-22), the theory predicts the correct order of magnitude of buckling pressure
for an imperfect 5-inch bellows.

Further comparisons of theory and experiment are shown in Figures J-1 1 to J- 18
for 1-, 3-, and S-inch formed bellows. Generally, there is good agreement. (Each
experimental data point is the average of three tests at one loading condition. The
response was usually identical for the three tests. ) The theory is most often conserva-
tive for small compression A. For larger compression A, there appear to be other
modes of buckling that occur, as indicated by the experimental results. These modes
would be affected by higher order imperfections. Some of these modes are believed to
be higher order elastic-shell modes involving local dimples superimposed on the beam-
column mode. (Reference, experimental result on bellows JD23, Figure J-6). Analysis
of the higher order buckling is very complicated and was beyond the scope of the present
program. However, the shell analysis of buckling of bellows under large compression
(A > 0.05 Lc) appears to be critical and is, therefore, recommended as a future
investigation.

Experimental data were presented on page J-7 for welded bellows under axial
compression and internal pressure. It is now shown that these data do not represent
buckling, but primarily axisymmetric deformation. Calculation of (6s), (6c), and (6p)
and substitution into Equation (J-23) gives the following predicted sidewise
deflections (6):

for Specimen JN135,

6 = 0. 0003 - 0.00036 + 0. 000086 + 0. 000036 = 0.000062,

and for Specimen JN156,

6 = 0.0006 - 0.000415 - 0.000087 - 0.000124 = -0.000026.

These net deflections, less than 0.0001 inch, are smaller than the accuracy of microm-
eter readings. Therefore, it was concluded that beam-column buckling of these very
short welded bellows did not occur, but that the measured deflections represented
primarily axisymmetric deformation.
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The nominal stresses (in the absence of buckling) for compressions of 0. i

in formed bellows are predicted to be in the plastic range, e. g., for 5-inch bellows
JD92 the meridional stress at the surface of the inner convolution calculated from the
elastic analysis is

A A

ca = 768, 500 =76, 850 psi for -0.1
LC Lc

This is about twice the yield stress of 40, 000 psi for annealed 347 stainless steel sheet
material and also exceeds the yield stress of 65, 000 psi for this material in the cold-

drawn condition'. The elastic limit is reached for "c = 0. 0520 for JD9Z. Therefore,
A

a theoretical stress analysis for compressions of -L >0.05 should involve elastic-
Lc=

plastic constitutive laws for the material. (Strain-hardening during fatigue testing may
have also increased-the yield strength. ) This may account for the agreement with
elastic theory in Figures J-17 and 3-18 for large A. The more critical modes of
buckling for large A in Figures 3-11, 3-12, 3-15, 3-17, and 3-18 may have been caused
by a reduced bending stiffness D for the bellows material in the elastic-plastic state.

Thus, there appear to be two possible reasons for the low buckling pressures at
large compression:

(1) Higher order shell modes of elastic buckling superimposed on the
beam-column mode

(2) Elastic-plastic buckling.

It is highly recommended that an extensive theoretical analysis be made of these two
possible kinds of buckling of bellows.

Analysis of Plastic Collapse of Bellows

The plastic collapse of a bellows results in gross permanent deformation of the
bellows which makes it unfit for further use. At the limit load at which collapse occurs,
a sufficiently large region of the bellows convolutions becomes wholly plastic through
the thickness that adjacent elastic or elastic-plastic regions of the convolutions no
longer restrain the plastic region. Whereas initial buckling deflections can be analyzed
using elasticity theory, the terminal collapse state necessitates the use of the plasticity
theory. Only the axisymm,-tric plastic collapse (burst) under internal pressure was
considered in this program. (Nonsymmetric plastic collapse can also occur. For
example, if the elastic beam-column buckling loads are exceeded, a state of permanent
squirm deformation results. )

Tht. bllkv m~a) b.. in tht. k.ulddaw it v dtiun after forming. The exact amutrlt of cold work of the bellow. during forliqo
is unknown.
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Experimental Analysis

Experiments were initially conducted on the plastic collapse of 5-inch formed
bellows JD96 and JD90 under internal pressure. It was found that these bellows col-
lapsed at internal pressures of about 260 and 270 psi, respectively, when they were
restrained from beam-column buckling. These pressures were much larger than the
elastic buckling pressures (<100 psi) shown in Figures J-17 and J-18, and thus beam-
column buckling was found to be the more critical mode of failure.

The fixture constructed for the internal-pressure tests is shown in Figure J-19.
To find the axisyrnmetric plastic-collapse mode for a straight bellows, modifications
had to be made in the fixture to prevent the bellows from buckling in the beam-column
mode. The imperfect bellows (imperfect either from manufacture or from prior fatigue
testing) were restrained from sidewise motion by six restraints spaced equally around
the circumference as shown in Figure J-19. The restraints were positioned with initial
gaps of about 0. 002 inch to allow the bellows to expand uniformly from the internal
pressure. Two of these restraints are also shown in Figure J-20, which is a photograph
of Bellows JD96 at 250 psi.

During the experiments, the thickness of the 7th convolution (from the bottom) and
the diameter change of this convolution were measured. The measured data are plotted
in Figures J-Z!, J-ZZ, J-Z3, and J-24. As is evident in these figures, the deformation
increased fairly likearly until the pressure exceeded 250 psi, when the deformation
rapidly increased. A surprising result was found: the diameter of the crown of the
convolutions decreased at the plastic-collapse pressure, as shown in Figures J-22 and
J-24, whereas it was increasing at smaller pressures.

Photographs were made of the 7th convolution during the experiments and
magnified. Tracings of the magnified positives are shown in Figure J-25 for Bellows
JD96. As indicated, the convolution expanded outward prior to collapse, but then the
crown moved in and the convolution grew wider at collapse. In Figure J-26, the 270-
psi deformation curve is translated vertically so that the roots coincide. It can be seen
that the root area of the convolution remained relatively rigid while the flat and crown
areas plastically deformed.

The restraints were removed from Bellows JD96 at 270 psi. It momentarily
remained straight, but then snapped sidewise. Figure J-27 shows the permanent de-
formation after release of pressure. The restraints were kept on Bellows JD90 and the
pressure was released from 280 psi. Figure J-28 shows its deformation. As shown,
the deformation of the convolution contains a cos 20 (or sin 22 Fourier variation) around
the circumference. Bellows JD96 also appeared the same way before removal of the
restraints. This circumferential variation can be explained in this manner: consider
the crown of the convolution as a curved beam under a compressive force (corresponding
to the decrease in diameter in Figure J-24), then the circumferential variation, exhibit-
ing an axial movement, is the result of a plastic buckling of the curved beam (analogous
to Euler column buckling).

Internal pressure experiments were also conducted on 3-inch Inconel formed
bellows JD125, and on 1-inch Inconel formed bellows JD111. Because of a smalLer
diameter-to-thickness ratio fur these bellows than for the 5-inch bellows, and because
of the greater yield strength of lnconel 718, collapse pressures in excess of 300 psi
were expected. Internal pressures up to 300 psi in the 3-inch bellows and up to 750 psi
in the 1 -inch bellows did not cause any observable plastic deformation.
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Because the plastic-collapse pressures were so much higher than the elastic
'beam-column buckling pressures, further experiments were not considered warranted
under the present program.

Approximate Theoretical Analysis

The elastic solution for stresses in shells can be used to obtain a lower bound on
the collapse pressure. This method has been employed by Marcal and Turner( 5 ) to
obtain limit pressures for bellows. As a first approximation this method is also
employed here.

Examination of the computer results for the elastic solution for 5-inch bellows
JD92 under internal pressure shows that the maximum stresses occur at the roots of
the convolutions. This stress is predominantly a bending stress corresponding to a
bending moment of

MO = 0. 008624 p, in. -lb/in. at the root. (3-25)

The plastic-collapse bending moment Mo in a shell is

aoh2  6)

MO = 4

where ao = yield stress in tension, psi

h = shell thickness, in.

Equating (J-25) and (J-26) the following lower bound is obtained:

C oh 2

Pc > 4(M/p)

This equation gives the collapse pressure for a predominately bending-type collapse
(Method I).

For o = 40, 000 psi (yield strength of 347 annealed stainless steel sheet material)
and h = 0. 010 in. (nominal thickness of 5-inch bellows), the following lower bound to
the collapse pressure Pc is calculated from Equation (J-27):

PC Z40,000 (0.0001) = 116 psi.
4 (0.008624)

This is not a very good lower bound relation to the experimentally observed collapse
pressure of 250 to Z70 psi in Figures J-21 to J-24. Even if account is made of strain
hardening due to forming and fatigue test cycling at the root, it does not appear that this
accounts for the larger observed collapse pressure - particularly since the root area
was also observed to remain relatively rigid at collapse as previously shown in
Figure J-26.

Thus, use of the elastic solution to predict lower bounds based upon the maximum
elastic stress is not sufficiently accurate. Marcal and Turnerf 5 ), however, had much
better success. The reason for this is believed to be due to two different kinds of
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plastic collapse which are related to two different ranges of diameter-to -thickness
ratios. The diameter-to-thickness ratio for the 5-inch bellows is d/h = 5.0/0.010=500,
whereas the ratio fof the bellows tested in Reference (4) ranged from 8. 2 to 23.4. It is
believed that a membrane stress state predominates at plastic collapse of the thin-
walled bellows (d/h =_ 500), and that a bending-stress state predominates at plastic col-
lapse of thick-walled bellows (d/h -_ 10).

Accordingly, if the above reasoning is correct, then the maximum membrane
stress calculated elastically may result in a better prediction of the collapse pressure.
The membrane stress resultants Nt and No from th . elastic computer solution are taken
at the inflection point where the bending moment Md Z 0. For 5-inch bellows JD92
these are

No = -0.0259 p, N0 -1.253 p (J-28)

In order to use the Tresca yield criterion, the difference is taken,

Ne - N¢= 1. 279 p (J-29)

Equating this result to the yield value,

No = 0h ,(J-30)

for ao = 40, 000 psi and h = 0.0 10 inch, the following result is obtained:

coh 40,000(0.010) 313 psi.
Pc [(N _ N¢)/p] =  1.279 =

This result is quite close to the experimental values of 260 to 270 psi shown in Figures
J-21 to J-24. It is believed that this is as close an approximation as can be made
without conducting a complete detailed theoretical plastic analysis.

In other thin-walled bellows, N 9 rather than N9 - N.t may be maximum. There-
fore, according to the Tresca yield criterion, for the membrane type of collapse
(Method II) the collapse pressures are:

Pcr (_/p) for N0 > N e - N (J-31)

and

cr [(N - for Ne - N6 > No  (J-32)

where No and N , are values from an elastic computer calculation. Formulas (5-3 1) and
(J-32) and also formula (J-27) were used to predict collapse pressures for I- and 3-inch
stainless steel bellows. The rcsults are given in Table 5-30. Collapse pressures in
excess of 400 psi were predicted for the 1 - and 3-inch stainless steel bellows by
Method II, for the membrane type of collapse. The Inconel bellows were predicted to
have higher collapse pressures because of higher yield strengths. Inconel bellows
JD 111 (1-inch) was tested to 750 psi without collapse.

2-15



Summary

In summary, the significance of the results of this section are related to design
analysis. It has been found that the plastic-collapse pressure of bellows can be esti-
mated approximately by either of two methods, depending on the diameter-to-thickness
ratio d/h. These methods, I and H, Equations (J-27), and (J-31, 32), apply for the
predominantly bending and the predominantly membrane type of deformation, respec-
tively, and appear to be valid ford/h : 10 to 20, and d/h : 200 to 500, respectively.
Bellows with 20 <- d/h-< 200 are in the intermediate range where estimation is difficult.
It is recommended that both methods be applied here to bracket the collapse pressure.
However, for a more accurate plastic-collapse analysis of any bellows, Battelle has
computer codes which can be applied. This is recommended.
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TABLE J-1. EXPERIMENTAL DEPERMINATTON OF LATERAL BENDING STIFFNESS
D FOR 5-INCH SINGLE-PLY STAINLESS STEEL BELLOWS

Slope of Total

Force-Rotation Convolution Bending

Curve, S, Length, L^, Stiffness, D( c )

Specimen lb/degree (a) in. (b) lb-in.2

JD9O 1.44 4,153 4412
JD93 1.36 3.907 3883
jD94 1.55 4.11o 4692
JD95 1.33 4.053 3962
JD96 1.33 4.140 4o6o
JD97 1.31 4.111 3997
JD98 1.28 4.115 3880

Average 4124

Theoretical bending stiffness from computer
calculation on JD92 1 4507

(a) Average of experimental data as shown in Figure J-2.
(b) L = average bellows length + average pitch.
(c) Te length L in Figure J-1 is 10.80 in. D calculated with

formula (J-1).

TABLE J-2. EXPERIMENTAL DETERMINATION OF LATERAL BENDING STIFFNESS
D FCR 3-INCH SINGLE-PLY STAINLESS STEEL BELLOWS

Slope of Total
Force-Rotation Convolution Bending (c)
Curve, S, Length, Lc Stiffness, Dc

Specimen /degree ( a )  in.(b lb-in.2

JD62 0.439 2.120 625.5
JD63 0.348 2.023 470.5
JD64 O.404 2.070 554.7
JD66 o.421 2.153 610.8
JD67 0.389 2.096 547.6
JD70 0.437 2.098 615.6
JD71 0.410 2.128 586.6
JD72 0.465 2.168 679.4

Average 586.3

Theoretical bending stiffness from computer
calculation on JD68 480.4

(a) Average of experimental data as shown in Figure J-2.
(b) L = average bellows length + average pitch.
(c) The lengtn L in Figure J-1 is 10.68 in. D calculated with

formula (J-1).
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TABLE J-3. EXPERIMENTAL DETERMINATION OF LATERAL BENDING STIFFNESS
D FOR 1-IIH SINGLE-PLY STAINLESS SEEL BELLC-WS

Slope of Total
Force-Rotation Convolution Bending

Curve, S, Length, Lc, Stiffness, D( c )

Specimen lb/degree(a) in.(b) lb-in. 2

JD23 0.0330 0.979 12.2
JD25 0.0290 1.059 11.6
JD26 o.o285 1.056 11.4
JD27 0.0330 1.077 13.5
JD30 0.0360 1.033 14.1
JD31 0.0349 0.965 12.7
JD32 0.0250 1.057 10.0
JD33 0.0275 1.039 10.9
JD34 0.0321 1.104 13.5

Average 12.2

Theoretical bending stiffness from computer
calculation on JD29 13.8

(a) Average of experimental data similar to that shown in Figure J-2.
(b) L = average bellows length + average pitch.
(c) Dccalculated with L = 6.103 in. in Formula (J-1)

TABLE J-4. EXPERImnENAL DETERMINATION OF LATERAL BENDING STIFFNESS
D FOR 1-INCH SINGME-PLY INCONEL BELLOWS

Slope of Total
Foxme-Rotation Convolution Bending

Curve, S, Length, Lc' Stiffness, D( c )

Specimen lb/degree a) in. (b) lb-in.2

JD107 0.0320 1.217 15.0
JD109 0.0310 1.229 14.7
JDl11 0.0365 1.211 17.0
JDl12 0.0320 1.201 14.7
JD!13 0.0315 1.244 15.1
,Dll4 0.0325 1.252 15.7
JD115 0.0331 1.243 15.8
JD116 0.0315 1.195 14.4
JDl18 0.0345 1.237 16.4

Average 15.4

(a) Average of experimental data similar to that shown in
Figure J-2.

(b) L = average bellows length + average pitch.
(c) D calculated with L = 6.103 in. in Formula (J-1).
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CABLE~ J-5. EXPERIMENTTAL DETERMINATION OF LATERAL BENDING
STIFFNESS D FOR 3-INCH SINIGLE-PLY IICONEL 'BELLOWS

Slope of Total
Force-Rotation Convolution Bending (c)

Curve, S. Length, L Stiffness,D

Specimen lbdge In.b C 2in

51)119 0.321 2.-03 7 438.2
JDl20 0.292 2.034 397.4
JD1-21 0.300 2.055 413.8
JD123 0.300 2.099 423.4
JD125 0.308 2M42 422.3
Jf126 0.296 2.84 414.4
JM127 0.272 2.072 377.~9
JD129 0.300 2.82 419.7

Average 413.4

(a) Average of experimental data similar to that shown in
Figure J-2.

(b) L = average bellows length + average pitch.
(c) ECcalculated with L = 10.68 inches in Formula (J-1).

TABLE j-6. EXPERIME'lAL DETERMINATION OF LATERAL BENDING STIFFNESS
D FOR 3-INCH DOUBLE-PLY STAINLESS STEEL BELLOWS

Slope of Total
Force-Rotation Convolution Bending c

Curve, S, Length, Lc, Stiffness, D

Specimen lbdge~)in.(b lb-in. 2

Sf74 0.669 2.139 962.7
JD75 0.713 2.121 1016.4
*3D76 0.671 2.141 966.8
JD)79 0.758 2.207 1130.1
JD)8o 0.625 2.163 911.1
JD81 o.688 2-134 987.4
JD82 0.733 2.148R 1060.6
JD83 0.721 2.111 1023.3

Average 1007.3

Theoretical value(d) D2 ~ 96o.8

W~ Average of experimental data similar to that shown in Figure J-2.
(b) L = average bellows length + average pitch.
(c) D calculated with L = 10.66 in. in Formula (J-1).
(d) D2 2D)1 where D,, is the theoretical value for a single-ply

bellows and D2 =estimted value for a double-ply bellows.
D, 480.4 lb-in. 2 from computer calculation on Jf68.
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TABLE J-8. TiEORETICAL DETERMINATION OF LATERAL BENDING STIFFNESS D FOR
WELDED BELLOWS

Bending Experimental(a)

Nominal Stiffness Values for D,
SDecimen Size, in. Material D, lb-in. 2  lb-in. 2

JD136 3-1/2 347 stainless steel 37.9o46 4h.5
JD150 1-1/2 347 stainless steel 9.4382 6.80
JD158 3 AM350 58.14983 63.5
JD17i 1-1/2 AM350 12.8310 8.02

(a) Determined from experiments on Specimens JDI34, JD143, JD155, and JN167,
respectively.

TABLE J-9. EXPERIM1E.AL RELATION BETWEEN BENDING STIFFNESS D AND
AXIAL SPRING CONSTANT k FOR 5-INCH SINGLE-PLY STAINLESS
STEEL BELLOWS

Axial Spring Average Bellows D(a)
Constant, k, Radius, R, c Factor, ,

Specimen lb-in, in. kR Lc

JD90 310 2.673 0.479
JD93 287 2.672 o.484
JD94 297 2.672 0.538
JD95 301 2.673 0.454
jD96 305 2.672 0.450
JD97 300 2.674 0.452
JD98 300 2.671 o.439

Average o.471

Theoretical factor frcan computer calculation 0.536

(a) Bending stiffness D and convolution length Lc given in Table J-1.
(b) Theoretical result using calculated D of 4507 and k of 325 for

bellows JD92.
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TABLE J-10. EXPERIMENTAL RELATION BETWEEN BENDING STIFFNESS D
AND AXIAL SPRING CONSTANT k FOR 3-1NCH SINGLE-PLY
STAINLESS STEEL BEILOWS

Axial Spring Average Bellows D (a)
Constant, k, Radius, a, aFactor, -2

Specimen lb/in, in. c

JD62 167 1.658 o.643
JD63 173 1.654 0.492
JD64 161 1.659 0.605
JD66 178 .658 0.580
JD67 169 1.659 0.562
JD7O 172 1.658 o.621
JD71 185 1,656 0.543
JD72 184 1.656 o.621

Average 0.583
Theoretical factor from computer ca].culation(b) 0.540

(a) Bending stiffness D and convolution length L. given in
Table J-2.

(b) Theoretical result using calculated D of 480.4 and k of 161
for bellows JD68.

TABLE J-11. EXPERIMENTAL RELATION BETWEEN BENDING STIFFNESS D
AND AXIAL SPRING CONSTANT k FOR 1-INCH SINGLE-PLY
STAINLESS STEEL BELLOWS

Axial Spring Average Bellows D(a)

Constant, k, Radius, R, a Factor, o2 L

Specimen lb/in, in. c

JD23 77 0.579 0.483
JD25 85 0.579 0.384
JD26 84 0.579 0.383
JD27 82 0.577 o.459
JD30 81 0.579 0.503
JD31 83 0.577 0.476
JD32 75 0.576 0.380
JD33 86 0.578 o.365
JD34 76 0.579 0.480

Average o.434

Theoretic . factor from computer calculation
on jD29 (b )  0.480

(a) Bending stiffness D and convolution length L given in Table J-3.
(b) Theoretical result using calculated D of 13.8 and k of 86 for

bellows JD29.
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TABLE J-12. XPERDIENTAL RELATION BETWEEN- BENDIG STIFFNESS D
AND AXIAL SPRING CONSTANT k FOR 1-INCH SINGLE-PLY
INCONEL BELLOWS

Axial Spring Average Bellows D(a)

Constant, k Radius, R, T actor, kR L c

Specimen lb/in, in.

JDIO7 75.6 0.563 0.513
JD109 77.5 0.562 0.488
JDlll 90.0 0.563 0.492
JD1l2 77.0 0.562 0.505
JD113 77.9 0.561 0.495
JD1I4 80.2 0.563 o.493
JD115 81.9 0.561 0.494
JD116 79.4 0.562 0.482
JDl18 89.2 0.562 0.472

Average 0.493

(a) Bending stiffness D and convolution length L.
given in Table J-4.

TABLE J-13. EXPERIM AL RELATION BETWEEN BENDING STIFFNESS D
AND AXIAL SPRING CaISTNT k FOR 3-INCH SINGLE-PLY
INCONEL BELLOWS

Axial Spring Average Bellows D(a)
Constant, k, Radius, R, ' Factor, -2

Specimen lo/in. in.

JDl19 142.5 1.632 0.567
JD120 128.2 1.636 0.569
JD123. 14o.o 1.631 0.541
JD123 142.0 1.630 0535
JD125 131.8 1.647 0.578
JD126 138.4 1.641 0.533
JD127 135.6 1.632 0.505
JD129 138.9 1.633 0.544

Average 0.547

(a) Bending stiffness D and convolution length Lc given in
Table J-5.
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TABLE J-14. EXPERDIENTAL RELATION BETWEEN BENDING STIFFNESS D
AND AXIAL SPRING CONSTANT k FOR 3-INCH DCUBLE-PLY
STAINLESS STEEL BELLOWS

Axial Spring Average Bellows D(a)
Constant, k, Radius, R, Factor, -2

Specimen lbin. in. 1R2c

JD74 361 1.648 0.459
JD75 337 1.649 0.523
JD76 360 1.649 0.461
JD79 333 1.647 0.567
JD80 297 1.652 0.520
JD81 359 1.648 0.475
JD82 360 1.648 0.505
JD83 360 1.647 0.496

Average 0.501

(a) Bending stiffness D and convolution length Lc given in
Table J-6.

TABLE J-15. THEORETICAL RELATION BETWEEN BENDING STIFFNESS D
AND AXIAL SPRING CONSTANT k FOR WELDED BELLOWS

Average Total Con- a Factor,
Axial Spring Bellows volution (c)

Nominal Constant (a), Radius, Length, L , 2 Experimental(d)
Size, (2 Values

Specimen inch lb/in. 5 in. inchkR Lc for

JD136 3-1/2 57 1.6084 O. o 0.537 0.575

JDl50 1-1/2 101 0.6567 0.373 0.581 O.06
JD158 3 152 1.5710 0.341 0.1457 o.1495
JD171 1-1/2 124 0.6612 0.338 o.699 o.1430

(a) The theoretical value for compression reported in Table 6 of the Report body.
(b) Average radius as measured on sectional and encapsulated specimens.
(c) ce defined in Equation (J-11).
(d) Determined from experiments on Specimens JD134, JD143, JD155, and JD167,
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TABLE T-16. BUCKLING DATA ON 5-INCH SINGLE-PLY STAINLESS STEEL BELLOWS

Compression, Test Pressure,
Specimen A, in. p, psi Remarks

JD90 0.300 100 Did not buckle
0.340 90 Buckled

JD93 0 to o.41o 100 Did not buckle
,TD94 0.300 100 Did not buckle

0.370 90 Buckled
JD95 0.298 14 Buckled
JD96 0.291 49 Buckled
JD97 0.300 100 Did not buckle

0.390 80 Buckled
JD98 0.284 89 Buckled

TABLE J-17. BUCKLING DATA ON 3-INCH SINGLE-PLY STAINLESS STEEL BELLOWS

Compression, Test Pressure,
Specimen A, in. p, psi Remarks

JD61 0.220 100 Did not buckle
JD62 o.149 32 Buckled
JD63 0.220 100 Did not buckle
JD64 0.145 59 Buckled
JD65 0.220 100 Did not buckle
JD66 0.146 54 Buckled
JD67 o.143 88 Buckled
JDTO 0.147 64 Buckled
JD71 0.150 100 Did not buckle

0.210 100 Buckled
JD72 - had large fatigue crack--did not hold pressure

TABLE J-18. BUCKLING DATA ON 1-INCH SINGLE-PLY STAINLESS STEEL BELLOWS

Ccmpression, Test Pressure,

Specimen A, in. p, psi Remarks
JD23 0.100 .100 Did not buckle*
JD25 0.100 100 Did not buckle
JD26 - had large fatigue crack--did not hold pressure
JD27 0.015 73 Buckled

0.042 0 Buckled
JD30 0.0725 100 Buckled

0.0815 0 Buckled
JD31 0.100 100 Did not buckle
JD32 - had large fatigue crack--did not hold pressure
JD33 - had large fatigue crack--did not hold pressure

JD34 0.100 100 Did not buckle
Specimen JD23 did not buckle in the usual beam-column mode, but it did

buckle into a local shell mode as shown in Figure J-6. The depth of this
buckle was about 0.001 in. at both A = 0 in. and p = 100 psi and A = 0.100
in. and p = 0 psi, and was about 0.002 in. at A = 0.100 in. and p = 100 psi.
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TABLE J-19. RUJCIM-NG DATA ON I-INCH SINGLE-PLY INCONEL BELLOWS

Compression, Pressure,
Specimen A, in. p, psi Remarks

JD107 0.100 100 Did not buckle
JDI09 0.100 100 Did not buckle
JD111 0.080 67 Buckled

0.100 0 Buckled
JD112 0.100 99 Buckled
JD113 0.100 100 Did not buckle
JDil5 0.100 100 Did not buckle
JD1I6 0.100 100 Did not buckle
JD118 0.100 100 Did not buckle

TABLE J-20. BUCKLING DATA ON 3-INCH SINGLE PLY-INCONEL BELLOWS

Compression, Pressure,
Specimen A, in. p, psi Remarks

JD1I9 0.220 100 Did not buckle
JD120 0.155 67 Buckled
JD12i 0.220 100 Did not buckle
JD123 0.220 100 Did not buckle
JD125 0.220 100 Did not buckle
JD126 0.159 23 Buckled
JD127 0.220 100 Did not buckle
JD129 0.220 100 Did not buckle

TABLE J-21. BUCKLING DATA ON 3-INCH DOUBLE-PLY STAINLESS STEEL BELLOWS

Compression, Pressure,
Specimen A, in. p, psi Remarks

JD73 0.358 79 Buckled
JD74 0.358 39 Buckled
JD75 0.360 100 Did not buckle
JD76 0.360 100 Did not buckle
JD79 0.360 100 Did not buckle
JD80 0.360 100 Did not buckle
JD81 0.356 91 Buckled
JD82 0.356 88 Buckled
JD83 0.360 100 Did not buckle
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TABLE J-22. CRITICAL INTERNAL PRESSUTRES CAUSING BUCELING OF PERFECTLY
STRAIGHT FORMED TEST P ,OWS(a)

Total Mean Axial Spring Bending Pressure Critical
Convolution Area Constant, Stiffness, Coefficient, Pressure,
Sengt n A(C)  k(C) D(C) 2 k (e) ,

of(b) .C 2(d 2 2 P 2 cr
Bellows Material in.(' in. lb/in. lb-in, in psi

1-inch, Stainless
single-ply steel 1.041 1.050 81 12.2 O.266 331

1-inch, Inconel
single-ply 1.226 0.992 81 15.4 0.175 338

3-inch, Stainless
single-ply steel 2.107 8.62 174 559.2 1.59 481

3-inch, Inconel
single-ply 2.063 8.39 137 413.4 1.10 400

3-inch, Stainless
double-ply steel 2.145 8.52 346 1007.3 1.60 845

5-inch, Stainless
single-ply steel 4.084 22.45 300 4124.o 2.87 380

(a) For Acr = 0.1 Lc in Equation (J-16); (b) Nominal diameter;

(c) Average of experimental data. (d) A = g2 ; (e) Determined from ccmputer calcu-
lation of a mathematical shell model. of bellows with p = 1 psi; (f) Calculated from
Equations (J-15) and (J-16).

TABLE J-23. CRITICAL INTERNAL PRESSURES CAUSING BUCFLING OF PERFECTLY
STRAIGHT WELDED TEST BELLOWSk a )

Total Mean Axial Bending Pressure Critical

Size of Convolution Area, Spring Stiffness Coefficient, Pressure,
(b) engt, L~ A~d Ce)(f)

Bellows(b ) Length, Lc' A(d ), Constant, k D, kp(e ), Pcr
inch ' Material in. (c) in.2  lb/in. 2  lb-in.2  in. 2  psi

3-1/2 347 0.480 8.127 57 37.9 -1.009 909
Stainless 1.750 67

steel 3.500 14

1-1/2 347 0.373 1.355 101 9.44 -0.162 2242
Stainless 0.750 549

steel 1.500 126

3 AM350 0.341 7.753 152 58.5 -0.720 2823
1.500 143
3.000 30

1-1/2 A1350 0.338 1.3735 124 12.8 -0.283 4054
0.750 812
i.%0 189

(a), (b), (c), bnd (f) the same as in Table J-23. (c) The first Lc listed corresponds to the
specimen Nr thQ in Table J-15. The other Lc are taken as 1/2 and equal to the nominal
diameter, respcctively. (d) A 2 R from Table J-15.
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TABLE J-24. COMPARISON OF INDIVIDUAL LOAD TERMS(a) CONTRIBUTING TO TOTAL
BUCKLING LQAD FOR PERFECTLY STRAIGHT FCTED TEST BELLOWS

Total

Load Term, Tritial od

Size of Load Term, Load Term, T , Critical Load,

Bellows (b) Material Pcr A , lb Pcrkp, lb kAcr l cr

1-inch, Stainless
single-ply steel 348 88 8.45 445

1-inch,
single-ply Inconel 335 59 9.92 405

3-inch, Stainless
single-ply steel 4150 765 36.7 4960

3-inch,
single-ply Inconel 3360 440 28.3 3830

3-inch, Stainless
single-ply steel 7200 1350 74.4 8650
5-inch, Stainless
single-ply steel 8540 1090 122.5 9750

(a) In Equation (J-16). (b) Nominal diameter. (c) A = 0.1 L c

(d) P = , Equation (J-15).

TABLE J-25. COMPARISON OF INDIVIDUAL LOAD TERMS (a) CONTRIBUTING TO TOTAL
BUCKLING LOAD FOR PERFECTLY STRAIGHT W.ELDED TEST BELL01S
LENGTHS OF ONE-HALF THE NOMINAL DIAMETER

Total

Size of Load Term, Load Term, Load erm, Critical Load,

Bellows (b) Material Pcr A, lb pcrkp, ro kAcr V, lb Pcr (d), lb

3-1/2 in. 347 Stain-
less steel 545 -68 10 487

1-1/2 in. 347 Stain-
less steel 744 -89 8 663

3-inch PM350 1109 -103 23 1029

1-1/2 in. A1vR5O 1115 -230 9 894

(q) In Equation (J-16). (b) Nominal diameter. (c) A = 0.1 L
4 D

(d) P ZIT- , Equation (J-15).
Le2
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TABLE J-26. imPERFECTIONS MEASURED ON FORMED BELLOWS a)

Size of 
Total Maxi- Slant

(b).Mterial mum Central Ofe

Bellows Stainless Inconel Number Deviation (s) (c),
Specimen inch Steel of Plies (a), in. inch

JD27 1 x 1 0.0090 0.0285

JDl 1 x 1 0.00975 0.0095

JD62 3 x 1 0.0368 0.0025

JD64 3 x 1 0.0197 -0.02125

J-D126 3 x 1 0.0105 0.0050

.TD74 3 x 2 0.0085 0.0230

JD95 5 x 1 0.0177 0.0275

jD96 5 x 1 0.0188 0.0030

(a) Imperfections shown in Figure J-7.
(b) Nominal diameter
(c) (s) is positive in the direction of positive (a) as shown in Figure J-7.

TABLE J-27. I1PERFECTIONS MEASURED ON WELDED BELLOWS(a)

Total Maximum Slant
Nominal Diaeter Central Davia- Offset,

S ecimen of Bell ,ws in. Material tion, (a), in. (s)b)Min.
JD135 3-4/2 3k7 stainless 0.0017 0.0023

steel

JD156 3 AM350 o.oo6 0.0031

JDI64 3 AM350 0.0011 0.0025

(a) Trperfections 3ow,,.n in Figure j-7.
(b) (s) icJ: positive in the direction of positive (a) as shown in Figure J-7.
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TABLE J-28. THEOPR-ICAL CROWN DEFLECTIONS (w, INCH) FOR FORMED BELLOWS

UNDER AXIAL COMPRESSION (A, INCH) (a)

Size of Material Crown

Bellows (b) Stainless Number Deflection (w),

Specimen inch Steel Inconel of Plies .

JD29 1 X 1 0.00424
JD1l7 I X 1 0.00168
JD68 3 X 1 0.00102
JD124 3 X 1 0.02785
JD77 3 X 2 0.01022
JD92 5 X 1 0.00210

(a) Determined from computer calculations on exact mathematical models.
(b) Nominal diameter.
(c) Deflection used in Equation (J-22).

TABLE J-29. THEORETICAL OUER LEAF DEFLECTIONS (u., INCH)FOR WELDED

BELLOWS UNDER AXIAL COMPRESSION (6, INCH) AND INTERNAL

PRESSURE (p)(a

Nominal Outer Leaf Deflections, in.
(b )

Diameter, u forU forp = 10 psi
Specimen inch Material ' C L

JD136 3-1/2 347 Stainless steel -0.000274 -0.0000323
JD158 3 AM350 0.000325 0.0000886

(a) Determined from computer calculations on exact mathematical models.
(b) Deflections used in Equation (J-22).

TABLE J-30. PREDICTIONS OF INERNAL PLASTIC COLLAPSE PRESSURE FOR
STAINLESS STEEL BELLOWS

Nominal. Nominal Diameter- Predicted Collapse

Diameter, Thickness, to-Thickness Pressure, psi( a )
Specimen inch inch Ratio Method I Method II

JD29 1 0.005 200 138 402
JD68 3 0.008 375 131 456
JD92 5 0.010 500 116 313

(a) Method I employs Equation (J-27) for a pr duanantly beniding type of collapse,
Method II employs Equations (J-31) or (J-32) for a predominantly membrane-type
of collapse.
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FIGURE J-1. EXPERIMENTAL METHOD FOR LATERAL BENDING OF BELLOWS
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4 4
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0.500 lb/degree 1.4250 lb/degree
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FIGURE 3-2. EXPERIMENTAL DATA ON BENDING OF 5-INCH BELLOWS, JD90
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Flat- disk contacts,
6-Equally spaced.

8, in., gap distance set

at neutral position

Bellows / Electrical circuit

-1.5 V. Battery

________ ________ X Flashlight bulb

__ "_"__---Brass screw

Plexiglas support

FIGURE J-5. SCHEMATIC OF EQUIPMENT FOR BUCKLING EXPERIMENTS
ON FORMED BELLOWS
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pe 260 ps;i

0 0 Heasured on left, 90 degrees

o from-seam

e Measured on rig , -91, degrees

- 100 - 0

o .050 .100 .150
In~crease in Convolution Width, Aw, in.

FIGURE J-21. EXPERIMENTAL PRESSURE-DEFLECTION CURVE FOR
COLLAPSE OF 5-INCH BELLOWS JD96
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.008[
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FIGURE J-22. EXPERIMENTAL DIAMETER CHANGE- PRESSURE CURVE
FOR COLLAPSE OF BELLOWS JD96
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, -~-------Bellows leaked, did not hold

0_ pressure for p t 280 psi

Collapse pressure, p - 270 pai

2.
0

0 .050 .100 .150

FIGURE J-23. EXPERIMENTAL PRESSURE-DEFLECTION CURVE FOR
COLLAPSE OF 5-INCH BELLOWS JD90
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FIGURE J-24. EXPERIMENTAL DIAMETER CHANGE-PRESSURE CURVE
FOR COLLAPSE OF 5-INCH BELLOWS JD90
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FIGURE J-25. DEFORMATION OF BELLOWS JD96 PRIOR TO AND

SUBSEQUENT TO PLASTIC COLLAPSE
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J crown

FIGURE J-26. TRANSLArION OF 270 PSI DEFORMATION CURVE TO THE
ZERO-PSI REFERENCE SO THAT ROOTS COINCIDE
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APPENDIX K

LOW-CYCLE FATIGUE AND FATIGUE-LIFE PREDICTION



ABBREVIATIONS AND SYMBOLS

6Et  Total strain range

ACp Range of plastic strain

Ace Range of elastic strain

N Total cycles of fatigue life



APPENDIX K

LOW-CYCLE FATIGUE AND FATIGUE-LIFE PREDICTION

Until 30 or 40 years ago, design to prevent the fatigue failure of structural parts
was generally based upon stresses so low that the material would not fail in millions of
stress repetitions, Stress ranges were kept below the fatigue limit (then called the en-
durance limit) of the material. In more recent years - particularly in the aircraft
industry - to avoid weight penalties of possible overdesign, it has been recognized that
higher stress ranges can be allowed in parts that must withstand only a finite number of
stress repetitions. In some instances, the required number of loadings the part must
withstand may be very small, and design is said to be concerned with "low-cycle"
fatigue. There is no sharp dividing line between low-cycle fatigue and long-life fatigue
upon which experts agree. In this report, the term "low-cycle fatigue" is used for the
range of lifetimes (5, 000 to 50, 000 cycles) of interest to the bellows and diaphragm
program.

While there have been many approaches to seeking a basic mechanism (or basic
mechanisms) for the development of fatigue cracking, present understanding remains
uncertain. Knowledge applicable to engineering design comes primarily from empirical
formulations based upon laboratory tests of material specimens. A brief review of
some of this work is given to provide a framework for considering the fatigue behavior

that might be expected in bellows and diaphragms submitted to cycling deformations due
to varying deftection and/or pressure.

Methods of Correlating Low- Cycle -Fatigue Data

Suppose a metal specimen is cycled between two values of total uniaxial strain so
that the material traces, after the first quarter-cycle loading, the hysteresis loop
ABCDA in the stress-strain diagram of Figure K-1. If the stress-strain cycle is
known, the loading may be characterized by any one of the three parameters:

L t = total strain range

Aep = range of plastic strain

Ac e = range of elastic strain.

It has been found in laboratory tests(K- 1, K-2)* that material fatigue behavior can be
described, with one provision: the stress-strain curve under cyclic loading may vary in
the first few cycles before settling down to a "saturation" curve which may be higher
(for strain-hardening materials) or lower (for strain-softening materials) than that ob-
tained in a monotonic loading. Figure K-Z illustrates behavior observed for a strain-
hardening material (Inconel 713C-LC).

A fatigue test may be run by subjecting specimens to various ranges of total strain
and recording the corresponding lifetimes to fracture. The results may be plotted in

Rcfencc for Appcadi.% K are listed on p K-6.
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terms of the logarithm of At or of LEp or of Ase against the logarithm of lifetime.
This is illustrated in Figure K-3, where the strain values were determined from a
cyclic stress-strain curve taken at about half the lifetime to fracture. Note that the
curve In /Ep vs. In N is approximately a straight line with a slope about -1/Z; the curve
for In ACe vs. In N is also a straight line with a much lower (negative) slope. Thus it
appears that, to a good approximation,

N = A (Ap) -m = B (AEe) - n  ,

where A, B, m, and n can be considered material parameters.

Since Act = A:p + ACe, the curve for In ACt vs. In N will be asymptotic to that for
In ACp vs. N at low values of N and to that for In A~e vs. In N at large values of N.

The behavior illustrated in Figure K-3 is characteristic of materials commonly
used in bellows and diaphragms. Note that, in the range of lifetimes (5000 to 50, 000
cycles) of interest in this study, values of Aep and Ae are of about the same order of
magnitude, so that neither can, in general, be neglected with respect to the other. For
this reason, as well as because measurements (for example, with bonded electric
strain gages) give values of total strain, it is convenient to use values of in ACt vs. In N
to correlate fatigue data for bellows and diaphragms.

Differences Between Strains in Material Specimens
and Strains in Bellows and Diaphragms

Material data such as those illustrated in Figure K-3 are usually obtained under
controlled and intentionally simplified conditions, while material at critical locations in
a bellows or diaphragm may be under complex conditions. Some of the differences in
conditions are:

Material at Critical Location in
Material Specimen Bellows or Diaphragm

(1) Uniaxial stress and strain Biaxial stress and strain
(2) Fully reversed strain Possible significant mean strain
(3) Constant strain range Local strain range possibly changing
(4) No strain concentration Strain concentration
(5) Failure criterion - rupture Failure criterion - cracking.

Other complications exist in the bellows or diaphragm: the initial condition of material
in regard to such items as residual stresses and local strain hardening from forming is
seldom accurately known, the local strains and strain ranges can be estimated (by
elastic theory) but evaluated only approximately in regard to plastic components, etc.
Such factors mean that identification of bellows or diaphragm fatigue behavior with
material fatigue data requires careful consideration and cannot be expected to be quanti-
tatively precise.
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The best present engineering practice in estimating fatigue life of bellows or dia-
phragms seems to be: (1) use material information (such as Figure K-3) as a guide,
(2) consider, at least qualitatively, such items as are listed above to minimize bellows
or diaphragm fatigue testing, and (3) depend upon fatigue tests of coupons of similar
material for approximate life prediction, but (4) utilize test data from similar bellows
or diaphragms to verify or adjust the prediction.

With regard to this general approach, the five strain-condition differences listed
above are discussed briefly. [For more extensive discussion of some of these items,
see Reference (K-Z)]

Uniaxial vs. Biaxial Stresses and Strains

Data on the relation of fatigue behavior under biaxial stress to fatigue behavior
under uniaxial stress are not yet extensive in the range of low-to-intermediate cycle
fatigue, and there is no universal agreement concerning engineering design rules. How-
ever, the principal stress or strain range has a dominant effect on fatigue life, and a
simple approach is to interpret results in terms of the largest principal strain range.

Variations in Mean Strain

There are few data concerning the effect of mean strain on the strain range that
can be endured without failure in the range of lifetimes from 5000 to 100, 000 cycles,
particularly for the materials and the loading conditions pertinent to bellows and dia-
phragms. Figure K-4 shows some results obtained in constant-stress-amplitude
fatigue tests on an aluminum alloy that may be indicative of the general behavior of metal
alloys. In these tests, the stress range endured for a specified lifetime decreased with
increasing mean tensile stress. Particularly for long lifetimes and relatively low mean
stresses, the rate of decrease is less than indicated by a linear approximation which, in
the absence of experimental data, is often used as an engineering guide. A few experi-
ments [see, for example, Reference (3)] have shown a decrease in the range of plastic

strain endurable for a specified lifetime with increase in mean tensile strain in
constant- strain-amplitude fatigue tests.

Although there are few data on thin materials in the lifetime range from 5000 to
100, 000 cycles under such conditions as constant-strain-amplitude tests with parametric
variation of mean strain, it can be inferred, from the type of information described
above, that increased mean strain in a bellows material would decrease the strain range

allowable for a lifetime of concern in this study. The amount of decrease cannot be
estimated with accuracy, but it may be small for low mean strains.

Possible Changes in Local Strain Range

Related to the possible effect of mean strain upon the fatigue lifetime of a bellows
is the question of the actual strain history at the critical location where a crack may
ultimately occur. Figure K-5 illustrates two possibilities of local behavior of material
(for example, at a convolution root in a formed bellows) when the bellows is deflected
from an initial condition considered as having zero stress and strain to some deflection
involving a high local strain in tension, and then this deflection range is repeated. In

Figure K-5a it is supposed that, after the first loading, the material returns to zero
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stress, but, because the local stress at maximum deflection exceeded the elastic limit,
not to zero strain. Such behavior is generally unlikely if the bulk of the bellows material
stays within the elastic limit because the elastic surrounding material will force the
small region that has undergone plastic deformation back toward zero strain (and a com-
pressive residual stress), as indicated in Figure K-5b. This behavior of the local
region may be called "elastically controlled". Note that, in the first case, both the
strain range and the mean strain after the first quarter cycle are different from values
expected if the material all behaved elastically. In the second case, the mean strain is
decreased, but the strain range is the same as if all the material behaved elastically.

The actual behavior at a critical location in a bellows cannot be evaluated with
certainty except by an analytical elastic-plastic solution, which is beyond the present
state of the art, or by local strain measurements. These are difficult and are not
feasible for some high-strain locations. However, it may be expected that a close ap-
proximation can be obtained by assuming elastic control when the highly stressed regions
are small compared to the bulk of the material, and when the loading is not so high that
the bulk of the bellows material behaves inelastically. Then AE obtained from an elastic
calculation may be an approximation to iat existing in the critical highly stressed
regions. In some bellows it is feasible to examine the validity of this procedure by using
very small strain gages at locations considered critical. (Such an investigation is
described in Appendix L.)

Strain Concentration

The use of a detailed theoretical calculation may circumvent the strain-
amplification consideration at some locations, such as the roots and crowns of formed
bellows. However, there remains a question as to the effect on fatigue life of a very
high strain gradient such as may occur at the juncture of the diaphragms in the weld
bead of a welded bellows. At present, the quantitative effect of such configurations can
only be checked experimentally.

Failure Criterion

The failure criterion in laboratory tests of materials is commonly complete rup-
ture of the specimen, In tests of bellows, the criterion may be a small leak or a tiny
crack. In general, this difference in failure criteria will make the observed bellows
fatigue life shorter than that of otherwise corresponding material coupons, although the
difference may not be large.

Investigation of the Fatigue Life of
Bellows and Diaphragms

Based on the preceding information, it appeared that a reasonable procedure for
investigating the fatigue behavior of bellows was as follows:
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(1) The tests were tu bc ruan in ternms of tota] strain range as calculated
by elastic theory,

(2) It was anticipated that the calculated strain range would, on account

of "elastic control", approximate the range of local strains. This
approximation was expected to be quite good for relatively low
strains (and long lifetimes) and possibly less good at high strains
(and very short lifetimes). The approximation was to be examined
to some extent by the use of small strain gages.

(3) A number of items made it likely that bellows lifetime on this basis

would be somewhat less than that of small material specimens.
There was, however, expected to be a correlation between the
bellows behavior and that of material coupons.

(4) Among parameters expected to have an effect was mean strain, and

therefore, the mean deflection and the internal pressure in the
bellows tests. The amount of this effect was to be examined by
experiment. At least for moderate values of mean strain, the life-
time was expected to be less sensitive to this than to strain range.

Fatigue- Life Prediction

It is well-known that careful laboratory fatigue tests of metal specimens show

considerable scatter in lifetime at a selected stress (or strain) level -. a range of 7 to 1
is not uncommon for a modest number (say, 15 to 20) of specimens. When a somewhat
complex structural part is made out of the same metal, the variance may be less
(although the median value is lower) than for carefully polished fatigue specimens. One
reason for this is that the structural part has a built-in stress raiser often as high as
"random" weak spots in a carefully polished "unnotched" fatigue specimen. In addition,
however, the structural part is likely to have variations induced in manufacture, such as

stress concentrations, residual stresses, and local spots of strain hardening (or
softening). These will increase scatter in fatigue tests of a number of supposedly simi-
lar parts. Thus, fatigue tests of fabricated parts may show less scatter than tests of

material or more scatter, dependent upon the variations introduced in manufacture.

The statistics of fatigue test results are still being explored. (K-4) Data are still
being accumulated and are presently scarce in regard to materials used in bellows, at
the lifetimes of interest in this study. Nevertheless, scatter may be anticipated both
from material and from fabrication. The amount must be estimated from bellows tests.
One important concern is that the minimum value determined in any small number of
tests is not completely safe for design use - some kind of safety factor must be applied.
For purposes of consistency in deriving tentative design recommendations from the
bellows fatigue tests, the scheme illustrated in Figure K-6 may be used. This is to

quote a strain range corresponding to the minimum strain range observed at twice the
lifetime of interest. This "safety factor" was selected arbitrarily and can be altered
when sufficient statistical data are available to define the class of bellows of interest to

the designer.
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APPENDIX L

FATIGUE ANALYSIS OF FORMED BELLOWS - TYPE
321 STAIN LESS' STEEL

As discussed in Appendix K, the decision was made to investigatethe usefulness
of a selected method for designring bellows and diaphragms to attain a minimum fatigue
life. This method is based on the analytical prediction of the operational strain ranges
in bellows and diaphragms, and the correlation of the fatigue life of bellows and dia-
phragms with the fatigue life of metal coupons under equivalent strain ranges.

It was mutually agreed with the Technical Monitor that the bellows and diaphragm
applications ol interest require a minimum fatigue life of about 20, 000 cycles. For
some rocket-propuls-ion components, a minimum fatigue life of 5000 cycles is satis-
factory, while for other components a minimum fatigue life of 50, 000 cycles is required.
Based on these requirements, it was decided that the bellows and diaphragms should be
tested at two generaL sttaln-range values: (1) a strain range to provide a minimum life
of 5000 cycles., and (2) a strain range to provide a minimum life of 50, 000 cycles.

An examination of coupon fatigue data for Type 321 stainless steel showed that a
strain range of approximately 9000 yin. /in. gives an average fatigue life of about
10, 000 cycles, and a strain range of approximately 5400 pin.-/in. gives an average
fatigue life of about 50,000 cycles. Based on these data, a strain range of 8000 pin. /in.
was selected as the initial test value to provide a minimum life of 5000 cycles. Selec-
tion of other strain values for the test bellows was based on the results of tests of the
first few bellows.

With a strain range of 8000 pin. /in. , and with an annealed material with an elastic
limit equal to a strain amplitude of approximately *1500 pin. /in., a bellows would
undergo significant plastic strain. For this condition' it was difficult to eaivision the re-
lation between strain and bellows deflection. -rherefore, it was decided that this rela-
tionship should be examined before the fatigue 'te. .s of the bellows were initiated.

When the initial strain-deflection tests had been conducted, 50 Type 321 stainless
steel formed bellows were tested to failure in fatigue under different conditions of de-
flection and pressure.

Investigation of Large-Strain-Deflection Characteristics
in Type 321 Stainless Steel Formed Bellows

A bellows may be compared to several fatigue specimens (one for each convolu-
tion) connected in series. With all of the material in the elastic state, the strains could

be determined by the elastic stress analysis described in Appendix B. As the material
began to yield at the high-stress loc ;ions, however, the effect of continued deflection on
the various strains in the bellows was not clear. The major questions concerning the
pirtially plastic behvvior of a bellows were:
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() Once yielding started, would continued deflection of the bellows
be accommodated for the most part at the yielding locations, or
would nonyielding portions continue to show significant increases
in strain?

-(2) If the bellows were compressed or extended sufficiently to cause
local yielding, would the return of the bellows to zero deflection
result .in zero local strain?

(3) How much difference in local strain range would occur for the
same range of deflection obtained by two different loadings, such
as zero to compression, and compression to tension?

(4) How closely could a local strain range of 8000 pin. /in., associated
with a minimum life of 5000 cycles, be approximated from the
elastic theory?

(5) In a bellows undergoing significant yielding, would the strain
range at the points of yielding re.nain constant during successive
cycles? Work hardening, for instance, might result in increased
resistance to yielding and a change in local strain range.

(6) Would the introduction of significant constant pressure in a bel-
lows alter the relationship between total strain range and cycles
to failure because of the resulting change in the mean strain
level?

Tests were made with a strain-gaged 5-inch formed bellows to investigate these
questions. Figure L-1 shows a cross section of a similar bellows, while Figure L-2
shows an enlarged view of the bellows convolutions. Figure L-3 shows the location of
the 1/64-inch strain gages which were used to measure representative meridional and
circumferential strains in the bellows.

The tests were conducted in a Baldwin-Lima-Hamilton universal testing machine.
Pressures were measured to within E0. 50 percent, while deflections were measured to
within ±0. 0001 inch. One bellows end fitting was clamped to the bottom platen of the
machine. The other end fitting pushed against a steel ball centered in the upper platen.
An internal pressure of 10 psi was used for one series of tests to simulate the fatigue
tests that would be run with a low internal pressure. A second type of test was made
with 50-psi internal pressure to simulate fatigue tests to be conducted with 50-psi in-
ternal pressure. A third type of test to be conducted with 100-psi internal pressure was
not run because the bellows squirmed during the first compression stroke.

Figure L-4 summarizes the strain conditions at the gage showing maximum strain
(Gage No. 18). To simplify reporting the values plotted in Figure L-4 and the values
tabulated in the pertinent tables are the actual readings of the strain gages. To make
the results in Figure L-4 more generally meaningful, a scale has been added to the x-
axis showing the corrected strain occurring at the surface of the metal. The tests are
discussed chronologically because the strain-gage readings at the start of each test
were somewhat influenced by the conditions of the preceding test.
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Investigation of Nonlinearity

The first test was conducted to investigate the degree of nonlihearity in themaxi-
mum strain-bellows-compression relationship for a strain amplitude (1/2 strain range)
approximately that required (4000 in. /in.) for a bellows life of 5000 cycles. Table L-I
shows the increments of change for each strain gage as the bellows was compressed in
increments of 0.0625 inch. (Gages Nos. 11 and 12 measured circumferential strains
while Gages Nos. 13 through 19 measured meridional strains.) The increments of

change for Gage No. 18 are plotted in Figure L-4.

It was apparent that yielding occurred at the roots of the inner convolutions where
Gages Nos. 18 and 19 were located. However, in answer to the first question, an
examination of all gages showed that, despite substantial yielding at the inner convolu-
tions, the other locations in the bellows continued to experience significant increases in

strain, although at a reduced rate of increase.

As shown in Figure L-4, a significant depa.rture from linearity occurred at a com-
pression of about 0. 375 inch at a surface strain of about 2500 pin. /in. - corresponding
to a stress of about 72, 500 psi (S = Ee = 29 x 106 x 0.0025). This was well above the
yield strength of annealed Type 321 stainless steel and presumably was due to combina-
tions of: (1) work hardening, (2) differences between the development of plastic strain
due to bending as compared to that in tension, and (3) biaxiality of stress, inhibiting
yielding.

Investigation of Residual Strain

Following the first test, the bellows was returned to zero deflection. The gage
readings at this point are shown in Column 3 (Second 0 Deflection) of Table L-2. The
reading for Gage No. 18 is plotted in Figure L-4.

It was apparent that Gages Nos. 18 and 19 registered significant amounts of resi-
dual tensile strain. However, the other gages, which had registered tensile strain dur-

ing compression, showed some residual compressive strain. (These measured residual
strains were, of course, in addition to whatever residual strains existed in the as-

received bellows. ) These readings were compatible with the existence of a significant
residual compressive stress at the convolution crowns and at the convolution roots.

Investigation of Strain Repeatability

A test of strain repeatability was conducted by deflecting the bellows three addi-
tional times between zero deflection and the final compression value (0. 492 inch). The
strain-gage readings for the cycles are recorded in Table L-2. For clarity, only the
first of these additional cycles is plotted in Figure L-4.

A comparison of Gages Nos. 11 through 17 shows a remarkable similarity between
the readings at the second zero deflection, and the readings at the fifth zero deflection.
Even for Gage No. 18, a change of 160-Min. /in. between these two readings did not seem
to be significant as compared with the strain range fer this gage of approximately
4115 pin. /in. Further, a comparison of successive readings for Gage No. 18 showed
that the differences were successively smaller - there was a difference of only 25 pin. /
in. between the fourth and fifth zero deflection.
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Comparison of Strains Dueto Compression
nd Strains Duetb Extension

It was not clear because of the residual stresses what strains would be generated
when the bellows deflection was reversed. To investigate this condition, the bellows
was extended in increments, and after each increment of extension,, the bellows was
returned to a specified initial amount of compression. A compression value of 0. 469
inch was selected. Table L-3 shows the gage readings for incremental additions of ex-
tension to a total extension of 0. 375 inch. Since the strain at Gage No. 18 had exhibited

the strain range of interest, no further extension was tested. The first cycle and part
of the final cycle are shown in Figure L-4.

The meaning of these cycles is further understood if comparisons are made for
each cycle of the strain per unit deflection for -Gage No. 18 - the gage showing the
largest strain. These values are shown in Table L-4. The first column represents
elastic strain at Gage No. 18. An examination of Tables L-3 and L-4 and Figure L-4
leads to the following conclusions concerning the questions asked previously: (1) within
a maximum strain range of 6300 gin. /in. (8000 pin. /in. at the gage) all gage locations
ofthe bellows continued to experience strains essentially within 10 percent as predicted
by the elastic theory, (2) at a location experiencing a strain range of 6300 pin. /in., the
strain-bellows-deflection curve (see Figure L-4) showed a slight hysteresis effect,
(3) within the deflection conditions investigated, after the first few cycles, the amount
of strain was determined by the total bellows stroke, not by the percent of stroke in
tension or compression, and (4) for a maximum strain range of 6300 gin. /in., all strain
ranges remained relatively constant during successive bellows cycles.

Investigation of Effect of 50-Psi
Internal Pressure

To investigate the effects of a higher constant internal pressure (causing changes
in mean stress level and possible changes in bellows shape), gage readings were taken
as the bellows was deflected between 0. 375-inch compression and 0. 375-inch tension
with 50-psi internal pressure. The results are shown in Table L-5. The values for
Gage No. 18 e.te plotted on Figure L-4. Examination of these results shows that the

strain-deflection characteristics of the bellows with 50-psi internal pressure were
generally similar to those of the bellows with 10-psi internal pressure. The largest
difference noted was that Gage No. 18 showed, for 50 psi, a corrected strain difference

of 5600 pin, /in. (uncorrected 7120 pin. /in.) for a deflection from 0. 375-inch tension
to 0. 375-inch compression, in comparison to a corrected strain difference with 10-psi

internal pressure of 5460 yin. /in. (uncorrected 6940 pin. /in.) for a deflection from
0. 3125-inch tension to 0.4687-inch compression. This represented an increase in
strain/deflection rate of about 6 percent with an increase in internal pressure from
10 psi to 50 psi.

Investigation of Effect of 100-Psi
Internal Pressure

An attempt was made to deflect the bellows between 0. 375-inch compression and
0. 375-inch tension with 100-psi internal pressure. At a compression of 0.370 inch, the
bellows squirmed, as shown in Figure L-5. At the time it was thought that the bellows
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squirmed because the upper end fitting was not rigidly attached to the platen of the test-
ing machine. As. determined subsequently, however, an internal pressure -of 100 psi was
sufficient to cause deformation in. the bellows even with-both bellows, end fittings rigi4ly
fastened, when the stroke was fairly large.

Investigations With 3- and 1-Inch Formed-
Bellows

Tests with the 5-inch bellows showed that, up to deflections, producing strains ap-
proximately 6300 ;in. in.,, the strain-deflection behavior was approximately linear.
The results of similar tests with 3-inch-bellows and I-inch bellows, summarised in
Table L-6, were generally similar. It was decided that the 3-inch bellows probably
showed higher nonlinearity with internal pressure because the more flexible convolutions
were deformed more by the pressure, resulting in a somewhat altered convolution
shape.

Fatigue Tests of 5-, 3-, and 1-Inch'One-Ply,
and 3- and l-Inch Two-Ply Bellows

The details of the fatigue-test equipment are contained in Appendix Q, while the
test bellows are described in Appendix P. Although, the tests described' above indicated
that there was little effect on local strain behavior due to different amounts of constant
internal pressure or to different amounts of percent, stroke in compression, the state-
of-the-art survey that was completed earlier in the program indicated that these two
factors had been found to affect bellows fatigue life. Therefore, the fatigue test program
was planned to include examination of these effects. The program had three primary
objectives: (1) the determination of the correlation between the strain and fatigue life of
metal coupons, and the strain and fatigue life of bellows at two general life values -
5000 cycles and 50, 000 cycles, (2) the determination- of the effect on bellows fatigue life
caused by the percent stroke in 'compression, and (3) the determination of the effect on
bellows fatigue life caused by constant internal pressure. (The fatigue program did not
include direct studies of cyclic pressure because the stress-analysis program makes it
possible to calculate the total strain range due to cyclic deflection and/or cyclic pres-
sure. Thus, the tests, simulated combinations of cyclic deflection and pressure.)

Three basic test conditions were established: (I) bellows were to be tested at two
general strain levels: at a level commensurate with a minimum life of 5000 cycles, and
at a level commensurate with a minimum life of 50, 000 cycles, (2) bellows were to be
tested with 50 percent of the stroke in compression, and with 100 percent of the stroke
in compression, and (3) bellows were to be tested with negligible internal pressure, and
with a reasonably high constant internal pressure. The bellows were tested in pairs.
In each pair, all test conditions were identical except that one bellows was mounted so
50 percent of the stroke would be in compression from the relaxed position, and the
other bellows was mounted so 100 percent of the same stzoke would be in compression
from the relaxed condition. In successive pairs of bellows the internal pressure was
changed from a very low value to as high a value as the bellows would permit without
deformation. When one bellows of a pair failed the other bellows was kept on test, even
though the internal pressure fluctuated somewhat because of deflection. This procedure
greatly reduced the cost of the test specimens, and the amount of pressure fluctuation
did not seem to cause early failure of the remaining bellows.
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During-the first test with the 5-inch bellows, it was apparent that the fatigue life
of the bellows was significantly -shorter for a given strain range than the fatigue life
indicated by available coupon data. Therefore, as the- subsequent tests were condtcted,
the selection of the test strain ranges was based on the -preceding bellows tests, rather
than on the coupon data. -

The results of the fatigue tests of all the Type 32'1 stainless steel bellows are
listed in Tables L-7 through L-I. The results are plotted in Figure L-6 in terms of
logarithm of strain range vs.. logarithm of number of cycles to failure. Figure L-6 also,
shows the results of reversed-bendin~g fatigue tests of sheet specimens of materials of
the class of the Type 321 stainless steel used in the bellows (fatigue-data on the actual
bellows materials were not available).

Results of Bellows Fatigue Tests in Comparison
to Results of Metal-Coupon Fatigue Tests

In Figure L-6, the results of fatigue tests on metal coupons are indicated as falling
within a "scatter band" having a significantly large width in lifetime. This is a con-
venience in the subsequent discussion, but it should not be considered to have funda-
mental significance because: (1) the available data are for varied materials and heats,
(2) the condition 'of each material is not known precisely (although most are believed to
have been annealed), and (3) there are not enough-data for any material to provide
statistically significant measures of variance.

Considering the scatter band drawn for the coupons. as a reference, it may be
noted that the results of the fatigue tests on the bellows fall in a still wider band (the ex-
tent of scatter observed in the bellows is discussed subsequently) that is lower than, but
slightly overlaps, the coupon band. There are several reasons why the value's for the
bellows would be expected to be different from those for the coupons: (I) variations in
convolution shape and in material thickness may revult in strain ranges different from
those calculated by the representative model, (2) each failure would be expected to occur
,t the "weakest" convolution (analogous to the shortest fatigue lifetime of several speci-
mens tested at once)j (3) the strains in the bellows were biaxial, in. contrast to the uni-
axial straining of the metal coupons, (4). in some bellows tests there was a nonzero mean
strain, and (5) the surface finish of the bellows was not the highly polished condition of
some of the coupons. Most of these factors would be expected to result in bellows life-
times less than those for coupons undergoing the same range of cylic strain.

In general, it might be anticipated that the bellows fatigue-test results would fall
within a band lower than (or overlapping the low edge of) the band for the coupons. How-
ever, factor (2) of the. five listed above would suggest a relatively narrow band for the
bellows - since there would usually be a weak spot among the several convolutions in
each bellows. The wide range of scatter may be attributed to factors (1) and (4), and
this is discussed subsequently.

Comparison of Results of Various
Bellows Fatigue Tests

Although it is possible to note that the results for one group of bellows (for exam-
ple, the 5-inch, one-ply bellows) indicate apparently lower life for a particular strain
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range than another group (for example, the 3-inch, one-ply bellows), in view of the
considerable scatter such speculation has questionable value. It is interesting to note
that the values for the two, groups of two-ply bellows fit in with the values for the three
groups of single-ply bellows. This observation substantiates the discussion in Appen-
dixG, which concludes that the deflection strains for the one- andtwo-ply bellows were
essentially the same.

Of the 20 pairs (40 bellows) of different degrees of stroke in compression in which
at least one failure occurred, 5 pairs showed negligible differences in lifetime, 8 pairs
showed shorter lifetime for the bellows with 1.00 percent compression, and 7 pairs
showed shorter lifetime for the bellows with 50 percent compression. It is concluded
that, within the test specimens and conditions investigated, there was no clear effect of
varying the stroke from 100 percent compression to 50 percent compression (with the
same strain range). It may be noted that there is some limited evidence in the litera-
ture that within the range of, lifetime (5000 cycles to 50,000 cycles), for this material
(Type 321 stainless steel) the range of strain that can be withstood to a specified life-
time is not sensitive to the level of mean strain. Hence, possible effects Of changing
the degree of stroke in compression might be masked by scatter.

For the 1-3 pairs. of bellows for which effects of pressure may be compared, six
show higher life at the lower pressure, one shows the reverse, and five show negligible
effect. There appears to be a sight indication that an increase in internal pressure
causes a decrease in fatigue lifetime. It will be recalled that for a significant increase
in internal pressure (10 to 50 psi), the 5-inch bellows showed a small (4 percent) in-
crease in strain range for a particular stroke. In general, the tendency for slight de-
crease in lifetime with increasing pressure seems compatible-with the small effect of
mean strain, and a small effect on strain-deflection characteristics, and the masking
of such effects by the scatter in the bellows fatigue tests. It should be noted that this
tendency (for a specified deflection stroke) cannot be safely extrapolated beyond the
conditions of these tests. Further, as previously noted, large internal pressures can
cause excessive deformations.

The scatter of results of the bellows fatigue tests is largely attributable to varia-
tions in geometry (even from one convolution to another in a specific bellows). Related
to variations in geometry may be variations in local thinning and local work hardening
of material. The computed strain ranges are based upon models of the bellows geom-
etry, and details of geometry can influence greatly the values of the computed strains
(see Appendix E). Hence, if any convolution differs in detail from the model selected
for that bellows, the actual strain range it undergoes for a specified stroke and internal
pressure may differ significantly from-the value assigned in the fatigue test.

Conclusions

(1) The results of the fatigue tests are compatible with available strain-range-
cycle data on the materials and with values of strain ranges computed by
elastic theory.

(2) In nearly ,wery case (26 out of 29), failure was at a convolution root,
where theory predicted the highest strains. In three exceptions failures
were at the locations (crowns) of next highest theoretical strain.
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(3) There was no significant difference between the behavior of one-ply
and of two-ply bellows under strain ranges determined by elastic theory.

(4) Within the test specimens and conditions investigated, there was no
clear effect on bellows fatigue life of variations in internal pressure
(provided the bellows was not deformed), or of varying the stroke from
100 percent compression to 50 percent compression (with the same
strain range).

(5) Based upon the lower broken line in Figure L-6 (minimum observed
lifetime) and the arbitrary use of a factor of 2 times the design life-
time, these Type 321 stainless steel bellows should not be operated
over a strain range more than 4200 pin. /in. for a minimum expected
lifetime of 5000 cycles, nor at a strain range of more than 3000 pin. /
in. for a minimum expected lifetime of 50, 000 cycles. These values
could probably be increased for bellows that are very uniform and
can be modeled accurately. On the other hand, it is equally probable
that the values should be decreased for some bellows that are commer-
cially available.
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TAME I-4. 3ffAX/MJLWSI( RAMI(Ik) ,C8 in.M CMMGM OF DWM rT
5-flECE FORIED iWJA&-1-Mp~ LVNAL IA8W

selected Bellos NBetios._ Io
0 0 0 .12 0.1 OO-00313 0.3T5 * E

fsleat Vn Deflection Deflection Tension, Tensiona Tinsioe Tension, Tenson Teofion
to 0.250 to 0.313 to 0.1,19 to 0.469 to 0.469 t OJ to 0.469 o 0.46 to 0.143

Conwssin CPT.~iO C -esslon'Comwreson 22W-188160 Ccmssion Ccewreusion cm-essien cgression

Rea'at Gag 16,730 1T-290 20,13-5 -20,250 20,275 20)330 20),360 20,550 20,290

Rmtm" Gege 14,655 14,655 16,205 15,205 14,635 14,030 13,420 12,865 12,250

iRedns 2,075 265 390 ,45 5,640 6,300 6,940 7,685 8,04o

Corrected

ftl.~in(b) 1,635 2,070 3,135 3,970 4,440 4,950 5,500 6,060 6,320
oin/in.

flelon, De- 0.250 0.313 0.469 0.594 o.657 0.719 0.762 o.644 o.876

Dflection,i.

Defnion , 6, 54o 6,630 6,670 6,7o 6,Try0 6,920 6,9W0 7,160 7,220

Diff. in Strain

from elctiCo. +102 +142 +157 +236 +388 ~ 465 +637 +701

;&in/in. 
2

% Diff., Strain
per deflection, - 1.6 2.2 2.4 3.6 5.3 7.1 9.8 10.1
from let Col.

(a) At the loco tion Of maximum Lbeerved szrain, Gage No. 113.
(b) See Appendix 0, (readings divided by 1.273).

TAMF L-5. EM=T OF 50-PSI ThTN=L41 PRESS=H ON STRAmN OF Ca4PNESSE AND MMTNSD
5-INCH POTD BEMOWS

O~in~al (ewa) 0.7G 5 ~~ age Readings ar, Deflec tion Extremes, inch 50pi 0-s
10pi 10-psi 50-ps! 0pol' i po )0-P81 50-Psi 50-psi 50-psi 50-psi 5-o 5-o

Gage 0 0 0 0.375 0.35 0188 0.188 0 375 0.188 0.188 0.375 0
No.- Deflect. Deflect. Deflect. Compr. Tension Tension Comr. Compr. Compr. Tension Tension Deflec.

11 1.L,450 11,420 11,370 12, 145 10,410 10,865 U1,75o 1211 11,n720 10,870 10,390 11,330
1? 11,035 11,070 11,045 11,780 10,135 10,610 11,410 11,760 11,410 10,115 85 10,130 11,015
13 16,575 16,54o 15,830 17,950 13,570 14,590 16,665 17,730 16,685 14,605 13,565 15,645
14 15,030 - 15,015 14,35 1,0 12,525 13,1400 15,07 15,860 15,065 13,395 12,1560 14,285
15 13,0 1330 160 14,570 1055 1,4 3450 !4,365 13,395 11,505 10,565 12,515
16 14,335 14,360 13,680 15,780 11,440 12,480 14,560 15,600 14,575 12,500 11,40 1,5

1 js 15,5 1425 16,410 12,330 13,330 15,300 16,285 15,310 13,350 12,370 14,3
18 14,655 i6,620 17,'455 20,7zk5 13,945 15,575 18,975 21,065 19,485 16,050 14,130 17,390
19 16,650 17,960 18,600 21,710 15,330 16,g00 20,100 21,880 20,290 17,090 15,365 18,475

6~) After 4tt_ r crbtd In T~b1 a L-1 through LA4.
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TAEZ L-6. SUMW OF I]l.CTI0QCMIr lW An S N PM 3- AND 1-1E3 =AMS

,h . o L.lows o. oineh ]ilo"
O 0.205 0.205 0.205 0.-3W. 0;060 0.100 0.175 0.100 0.17 0.17

Tenilon Tn1sio Tenslon Tension Tension Tension Teheio Tension Tenslon Tension Tension Tensim
to 0.060 to 0.205 to 0.340 to 0.205 to 0.205 to 0.30 to 0.060 to 0,100 to 0.175 to 0.100 to 0.175 tO 0.175
C007'. Comp?. Comr. Comp- CQaW. Cog- Ccmpr. COmW. Cmpr. CW.. Cam -. Cr.
Opi Opsl -Opsi 25 psi 50psi 21_18 O~psl. Opsi Opsl 50psi 25pu! 50Sal

kxRdlsa e 22,935 21;,265 25,400 33,550 35,055 35,0 5 18,360 19,250 21,060 24),.15 21,820 23,0
.qea1m

Main Gse 21,680 19,85o 17,560 28,69C 30,070 26,200 15,655 14,720 13,365 15,810 13,730 14,9W0

Difference In 1,5
Readings 1,255 4,415 7,8. 4,860 4,9815 8,885 2,705 4,530 7,695 k,605  8,090 8,190

Correcae
Straialnl, 912 3,210 5,690 3,535 1,620 6,4.50 1,690 2,830 4,790 2,680 5,050 5,11o

Belows Deflec- 0.120 0,410 0.680 0.410 0.11 0.680 0.120 0.200 0.350 0.200 0.350 0,350
tion, in.

Strain per
Deflecticn, 7,560 7,800 8,360 8,640 8,800 9,490 14,100 14,i O 13,700 14,kOO ih,45o 14,600
isin/In.

Diff in Strain
per Deflection, +140 +800 *1,080 1,240 +1,930 - +50 -400 4300 +350 +500
from Ist Col.,

$ DMff., Strain
per Deflection, - +1.9 +10.6 +14.3 +16.4 *25.5 - p0.3 -. 8 +2.1 +2.5 +3.5
from 1st Column

(a) See Appendix 0 (readings divided by 1.375 for 3-inch bellows, and 1.600 for 1-inch bellows).

TAME L-7. RESULTS OF FATIGUE TESTS OF 5-INCH 0NE-1Y FORMED BELLOWS (32 CONVOLfX0INS)
(Test Conditions: Room temperature, 60 opm--see text for other details)

Local(a)
Total 5 Stroke Internal Strain

Bellows Stroke, in Pressure, Range, Cycles to (b)
No. Inch Compression psi cin/irn. Failure Failure Location , Remarks

Jn29 0.875 50 8 4437 10,I47 Crown No. 7, i00o from weld--low stress re-
gion, corrosion pit

JD9T 0.675 100 8 4437 20,677 Root No. 2, l40" to 2050 from weld

J190 0.87C 50 8 4437 17,771 Root No. 10, 350' from weld

JD"$ 0.875 50 50 4437 14,954 Root No. 7, i500 from weld, corrosion pit

J>95 0.875 100 50 437 7,728 Root No. 1, 255 to 260P from weld

JI94 0.875 100 50 4437 >7,226 Did not fcl.iss uved to replace JD95
while JD3 v'l t.,nted

JI87 0.87T 50 100, 8 4437 360 at 103 poi Root No. 11, 2850 to 300 fror wold;
+241 at 9 poi jdon' sd after sfjo c:;cles at 1"0 psi, and

toot ano oo Cpleted at 8 psi

JD5l 0.875 100 10, 8 4437 360 at 100 psi Root No. l, v35" to 2co0 fron wild. De-
46256 at 8 psi forso,) Aftor 360 cycles at 10 pol and

tet Vk" C'Mnpleted at 8 pP!

JI593 0.542 50 8 2693 282,928 Rot N-. 1, p0 fror wold

JD6 0.532 100 1 36 >764, 3PI Did not f 'IJ

0)MvirAm train range at convolution r-ot, clci)x , .~o'otitc thoory.
(b) Rosre of an~1e indicates opproxirmt. 1en-oh X ro'aeca0 . Abx,,'r, -V 11-+tod rar ,, .nt. zn tl cre'P.

L-I2



?AN3-L-8. SnMAs or 1 A iwazs = o 3.lEN EN-PLY ?==-LwS (lo coamm)
(Test Coditions: Rc temperature, 60 0*--e text for other details)

local(s)
Total %fStroke Internal Otrain

DblloM stroke, in Pressure, f Cycles to
NO. 4.eb Comression Pei i-n failue llue Location Ra,rk,

a6 0.68o 50 a r.T3 6,273 Root No. 9, Se to13o from weld

Jo0.68 100 8 5773 10,777 "oat No. 2, 2700 to 28e from weld, and
Root N6. 9, 2300 to 2.0 from weld

DT 0.680 50 25 573 L,624 Root No. 1,.270' to 3000 fro weld

JVTl 0.00 100 25 5773 5,728 Root No. 9, 200 to 210 from weld

JBfe 0.610 50 5 5178 52,539 Root No. 9, 00 to 20 from weld (trans-
verse heat-affected zoM Crack)

JD63 o.61o 100 5 MJ,78 22,012 Root No. 2 at weld and Root No. 4 at weld

O61 0.41C 50 8 348o 5W0,008 Crown No. 10 at weld

JD61 O.1iO 100 8 3480 i36,537 Root No. 2 at weld, ard Root No. 3 at weld--
longitudinal-veld centerline crack

JD6O4 .41o 50 25 3780 306,727 Crown No. 10 at weld

JDTO 0.1410 100 25 3480 357,790 Root No. 6, longitudinal-veld centerline crack

(a) Msx~numstrain range at convolution root, calculated from elastic theory.
(b) Rarw. of angle Indicates approximate length of crack. Absence of listed range denotes small circumferential

-rack (transverse to the weld).

TABLE L-9. RESUMTS OF FATIGUE TESTS OF !-INCH ONE-PLY PFj D BELOWS (8 CONVLVI.CS)

(Test Conditions: Room temperature, 60 cpm--eee text for other details)

(a)
Local,

Total % Stroke Internal Strain
Bellows Stroke, in Pre, uie, Range, Cycles to

No. inch Compression psi pin/in. Failure Failure Location(b), Remarks
J0 3 2( c) 0.350 50 8 593. 25,430 Root No. 7, 2009 to 305' from weld

Jre6 0.350 100 3 5931 5,610 Root No. 4, 2300 to 3350 from weld

JD3O 0.350 50 50 5931 1,607 Root No. 7, 120 to 155 -rom weld

J 7 0.350 100 50 5931 3,529 Root No. 4, O' to 750 from weld

JD25 0.300 50 8 5084 33,359 Root No. 2, at 2700 from weld

J033 0.300 100 8 5064 6,773 Root No. 2, 240' to 3150 from weld

JDA 0.200 50 8 3389 > )24 ,10 Did not fail

JD23 0.200 100 8 3389 >524,K0D Did not fail

JD31 0.200 50 50 3389 > )4),0Oo Did not tail

JD34 0.200 100 50 3389 185,814 Root No. 7, 3450 to 15' from weld, and
Root No. 4, 185" to 2250 from ueld

Ie Maximam strain range at convolution root, calculated frci elastio tl'cory.

Range of angle indicates approximate length of cr.I-.
a) Bellows No. JD32 contained 9 convolutions instead of 8--not plottd in Figure L-6.

L- 13



TANE'L-$0, REILTSC ( FATIS T6TWS OF 3-I H -WO-PLY ?CJED 3 WS(IO CONVLUTIONS)
(Test Coniftions: Room temperature, 80 p -- see text for c er db Aile)

L (a)

Total % Stroke Internal Sirair,
Bellows Stroke, in Presmwe, 9 e Cycle& to (b)

No. inch, Cmrezsion psi tinlin. Failure Failure Lccatioa Remrks

JD93 0.770 50 8 653T 4,033 Root No. 9, 600 to 200' from weld

TD76 O.7O 100 8 6537 4,59T Root No. 9, 30 to le ° from weld

JDT5 0.770 50 50 6537 3,336 Root No. 1, 1600 to 30 from weld

JD74 0.770 100 30 6537 4,271 Root. No. 9, 2e to W00 from weld

JD8o 0.68O 50 8 5773 17,215 Root No. 1, W00 to 80e from weld

i.r81 0.680 100 8 5773 7,175 Root No. 1, 2650 to 1,5 frcm weld

J79 O.48O 50 8 4075 21,977 Hoot No. 1, 4 0 to 8W° from ,weld

JD32 O.480 100 8 4075 76,389 Root No. 1 and Root No. 5, rt weld

JD73 0.480 50 50 4075 37,889 Roct No. 8, T50 to 14Oo from weld, and
Root No. 9, 110" to 2550 from weld

JD84 O.480 100 50 4075 65,244 Root No. 1, 3P30 to 50 *, No. 3, 355'
to 10", and no. 4, 355 0o 5 from weld

(a) Maximum etrain rarze at convolution root, calculated from elastic tncory.
(b) Range of angle indicates approximate lerZgh of crack.

T'ARL L-3... RESULTS OF FATIGUE TESTS WF 1-INCH .WO-PLY F0RMED BILOWS (t CC-MICV0WIONS)

(Test- Conditions: Ro temperature, 80 epm--seo text for ot&'.r details)

Local(a)
Total % Stroke Internal Strain

Bellows Stroke, in Pressure, Range, Cycles to
No. Inch Compression rsi ,,tnl a. Failure Failuro Lecqtion (b), Remar

JD20 0.350 50 5931 13,747 Hoot No. 2, 60' to 155' from weld

JD14 0.350 100 8 5931 16,808 Hoot No. 6, ITO' to 15" from weld

JD!6 0.300 50 8 5084 15,569 Root no, 2750 to 32e0 from weld

JD45 0.300 100 8 508o4 26.350 Root No. 2, 25Q0 to 15O from weld

JIM 0.300 50 50 50eh <24,001 Root No. 2, 2350 to Y0 0 from weld

JDl3 0.300 100 50 50 4 24,031 Root " 20, to !2(0F from weld

JD12 0.180 50 8 3050 -581,000 Did not ' .U

JD22 0.180 100 8 300 '581,000 D14l. not COil

JD19 0.180 50 50 3050 >568,9C0 Did not fall

JDll 0.180 100 50 3050 >588,9co Did L. t ftdl

} 'MaxJzw estrain range at convolution root, caloulrtd :roni tir'o.y.
Ranbge of angla Lndicates approxirAte length ,r' oaa,'..
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FIGURE L- 1. CROSS SECTION OF 5-INCH FORMED BELLOWS JD92

FIGURE L-2. ENLARGED VIEW OF CONVOLUTIONS OF CROSS-SECTIONED
5-INCH FORMED BELLOWS JD92
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APPENDIX M

FATIGUE ANALYSIS-OF FORMED BELLOWS - INCONEL 718

Fatigue tests 'were made on the 3-inch and the 1-inch Inconel 718 bellows described
in Appendix P. The procedure was essentially that described in Appendix L for stainless
steel bellows.

Strain gages were applied, at locations shown in Figure M-1, to a 3-inch bellows,
and values wereobserved, with particular attention given to Gage No. 18 at a convolu-
tion root (where elastic 'theory indicated there was, maximum strain). Table M- I shows
several values of strain range observed in comparison with values computed from elas-
,tic theory; Table M-2 gives more details in regard to the theoretical evaluation. It was
concluded that:

(I') The values from the strain-gage readings agreed, towithin better
than 10 percent, with values calculated from the elastic theory

(2) The effect of varying the internal pressure from 0 to 50 psi upon the
range of deflection strain was Very small (less than 9 percent)

(3) Strain-deflection values as determined by the' elastic theory should
be used as a basis for fatigue tests of the bellows.

Strain ranges essentially the same as those used for the fatigue tests of Type 321
stainless steel bellows were selected for first tests of the 3-inch beliows, on the basis of
limited information about the fatigue behavior of Inconel 718 metal coupons. In subse-
quent tests, somewhat different values of strain range were used on the basis of experi-
ence in the early tests.

Tables M-3 and M-4 show the results of fatigue tests of the 3-inch bellows and the
1-inch bellows, respectively. These results are plotted in Figure M-2, in which are
also shown fatigue-test results for coupons of 0. 050-inch-thick Inconel 718 sheet, and
fatigue-test results for 1-1/2-inch Inconel 718 bellows investigated on another program.

From Figure M-2 and Tables M-3 and M-4, the following observations can be made:

-(1) The results of the bellows fatigue tests show considerable scatter and
fall within a band lower than the S-N curve for the limited test data on
Inconel 718 sheet material. The trend is compatible with expectations
from the theory.

(2) In nearly every case (15 out of 16), failure was at a convolution root
where the theory predicted the highest strains. In the one exception,
failure was at a crown - the location of next-highest predicted strain.

(3) There was no clear effect of the degree of compression on fatigue lifetime.
Of eight pairs of bellows in which at least one failure occurred, one pair
showed no significant difference in lifetime, four pairs showed shorter
lifetime for 100 percent of the stroke in compression, and three pairs
showed shorter lifetime for 50 percent of the stroke in compression,

M-1



(4) There was a trend toward shorter lifetime with higher internal pres-
sure (seven out of eight pairrs showed this).

(5) Based upon the lower broken line in Figure M-2 (minimum observed
lifetime) and the arbitrary-use of a factor of 2 times -the design Ulfe-
time, these Inconel 718 bellows should not be operated over a strain
range more than 4000 min/in. for a minimum expected lifetime of
5000 cycles nor at a strain range more than 3000 .Ain/in. for a
minimum expected lifetime of 50,QOO cycles. Possibly somewhat
larger values of strain range could be used for unusually we
formed bellows, for which a more accurate mathematical model
could be used. (An indication of this is given by the three 11-1/2-inch
bellows.) Smaller values should be used for bellows having less
uniformity in detail geometry.
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TAM.E NAi. IXP GII1ALLY S'N D M3lN MAE3AT
VCOOWMi4'JRO oN 3-NCH IMn01N 3=4w

Deflection Internal,, Strain Range, uin./in.

Rane, in. Pressuke psi Gae a) .o

0.670 0 5360 5873
25 5320 5873
50 5500 5873

0.380 0 3020 3331
25 276 3331
50 3060 3331

(a) -Corrected to value at metal surface.
(b) See Table M-2.

TAIE M-2. * WICAL E .IOfON 5315535 AND VHWAS AT n= CONV7MJIONS
FOR 3- AMD l-MH INCoWj 718 PUMED wmLowS

Strain Calculated for
Pending Total Stress , psi, Strain, ikin./ Deflection for
Stress, Stress, Calculated in,, Calculated Ftigue Tests

Membrane Outer Inner for 1-inch for 1-inch Deflection, Strain,
Stress Surface Surface Deflection Deflection in. uin./in.

eridional
Stresses and -5,509.45 -584,670 +579,168 +282,793 .8765 0.670 +5873

E Strains

'A Circumferential 0.600 +5259
Stresses -99,991.7 -175,680 +75,688 +36,957Stese 0.380 +3331

Meridional
w Stresses and -1027.76 -774,380 +773,352 +623,168 +19,638 0.,04 4000

Strains

x Circumferential
Stresses -172,765 .232,314 +59,549 +47,985 0."3 43000

(a) Total stress multiplied by the deflection (1 inch) and divided by the live length of the bellows. The live
lengths were: 0.048 in. for the 3-inch bellows, and 1.241 in. for the 1-inch bellows.

M-3



TAMU U-3. fh.KRS O FMW 1&'S OF 3-ike 111SM ULW (WiS14 CcWAWMm)

(Test, Conditions: Boom temperature, 80 eps--se Appendi L for other

details)

Loca1(a)
Total % Stroke Internal Strain

Bellows Stroke, in Pressure, Range, Cycles to (b)
-No. inch Comyression psi ,pin/in. Failure Failure Location Remarks

.'D.23 0.670 50 8 5873 3,00o7 Root No. 13, 1900 to 205° from eld

J119 0.670 100 8 5873 11,521 Root No. 13, 650 to 750 and 900 to 95* '

frcm weld

J29 0.670 50 50 5873" 2,305 Root No. 13, 200 to 35 ° from weld

Jm26 0.670 100 50 5873 12,848 Root No. 13, 3550 to 50 from weld

JD.30 0.600 50 50 559 82578 Root No. 13, 1300 to 1356 fromweld,

JD121 0.600 iOO 50 5259 3,4T7 Root No. 1, 3300 to 3 0 fromweld

JD25 0.380 50 8 3331 >619,000 Did not fail

JD28 0.380 100 8 3331 114,539 Root No. 13, 2650 to 2750 from weld

JD120 0.380 50 50 3331 152,714 Crown No. '1, small-hole 100 from weld

JD127 0.380 100 50 3331 74,871 Root No. 1, 3550 to 50 from weld

(a) maximum straln range at convolution root, calculated from elastic theory.
(b) Range of angle indicates approximate length of crack.

TANJ M-4. RESULTS OF FATIGUE TESTS OF 1-ICH INC(O FaD BEMLWS (16 CONVOUTIu)

(Test Conditions: Room temperature, 80 cpm--see Appendix L for other details)

Lonl0(a)
Total % Stroke Internal Strain

Bellows Stroke, In Pressure, Range, Cycles to
No. inch Compression psi oin/in. Failure Failure Location'b. Remarks

JDO7 0.204 50 8 40OO 17,949 Root No. 15, 600 to 1050 from weld

JDl8 0.201 100 8 4000 262,690 Root No. 6, 3550 to 00 from weld

D116 0.20o4 50 25 000 13,500 Root No. 16, 00 to 700 from weld..
in straight-end section of bellowa

JD15 0.205 100 25 4000 117,774 Root No. 2, 2300 to 21400 from weld

JD113 0.204 50 25 4000 63,483 Root No. 1, 55° from weld

JDIIl 0.153 50 8 3000 >861,O00 Did not fail

JD109 0.153 100 8 3000 >861,000 Did not fail

3132 0.153 50 25 3000 151,171 Root No. 1, 750 to 850 from weld

JD14 0.153 100 25 3000 114,561 Root No. 1, at weld

(a) maximum strain range at convolution root, calculated from elastic theory.
(b) Range of angle indicates approximate length of crack.
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APPENDIX N

FATIGUE ANALYSIS OF WELDED BELLOWS AND DIAPHRAGMS

It was established early in this research program that premature fatigue failures
of welded bellows and diaphragms constitute a critical problem to the Air Force. Such
failures almost invariably occur in weld areas at the convolution roots or crowns, or at
the end fittings. Detailed characterization of the fatigue behavior of such areas involves
the consideration of additional factors not associated with the fatigue of formed bellows.

One such additional factor is the notch at the weld bead. At these locations, sig-
nificant variations of stress and strain occur over distances smaller than the order of
the material thickness, and the analysis of the localized stresses in such a configuration
is outside the realm of shell theory. The stress analysis described in Appendix B can,
with the use of a reasonable model for the weld-bead stiffness, provide values for nom-
inal stresses and strains that afford useful predictions of such properties as spring
rates of welded bellows in addition to the accurate values of surface stresses at points
of the bellows that are not influenced by the notch effect. It is possible that analytical
methods can be applied to obtain the stresses at the weld-bead notch, but such analyses
require development beyond the theory developed in the current research program.

Another factor in the welded bellows and diaphragms is the local material varia-
tion that results even with the best current welding practice: possible weld defects of
several kinds, local variations in metallurgical microstructure in and near the weld,
residual stresses, etc. Such variations have been observed to influence significantly the
fatigue resistance of welded joints in other structures as well as in bellows.

Consequently, fatigue tests of typical welded bellows and diaphragms were con-
ducted to find out how such additional parameters as the weld notch geometry and the
metallurgical variations in weld material might influence the analysis of fatigue life-
times in terms of strain ranges computed by shell theory for a model with a reasonable
allowance for weld-bead stiffness.

Fatigue Test Specimens and Conditions

The test specimens (bellows and diaphragms) were ordered in batches of 12. It
was requested that the specimens in each batch be made as nearly identical as was rea-
sonably possible within the state of the art (see Appendix P). All of the welded bellows
had been inspected carefully by each manufacturer and by Battelle prior to test and were

judged to be of good quality. Examinations of typical cross-sectioned bellows after test
showed that they were made with good manufacturing techniques.

In general, 10 specimens of each batch were used for the fatigue tests. Three
batches of bellows of Type 347 stainless steel, three of AM350, and one batch of dia-
phragm3 of Type 347 stainless steel were tested in fatigue. Early tests were conducted
in pairs, with one bellows deflected 100 percent in compression and one 50 percent in

compression and 50 percent in tension; this was the procedure used for the formed
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bellows. However, the life of welded bellows with 100 -percent compression was so
much longer than that of welded bellows in tension-compression that this procedure re-
sulted in the fatigue machine operating a large percentage of the time with only one
specimen. Hence, to expedite the tests, bellows were subsequently testedeither singly
or with both experiencing the same degree of compression and tension. On account of
some long test times, the cycling speed was sometimes increased during a test. Usu-
ally a test was started at 80 cpm; after 300, 000 cycles the speed was increased up to
120 cpm; in no instance Was the speed high enough that dynamic response significantly
increased strain.

Test conditions of deflection and pressure were generally chosen to produce se-
lected values of strain, as calculated by elastic theory, at a convolution root.

Results of Fatigue Tests

Tables N-i through N-7 give the results of the fatigue tests. If these are plotted
in terms of a single parameter, such as the calculated strain range at a con- ,lution
root, against lifetime, the points show such scatter that it seems clear that a single
parameter is an inadequate criterion for prediction of fatigue lifetime. Some insight
into this inadequacy can be obtained by considering some of the apparent trends.

Scatter in Lifetimes

Even under identical conditions of loading of supposedly identical bellows, there
were instances of very great variation in lifetime. Examples are shown in Table N-8.
These were presumably (and sometimes identifiably*) due to variations in material
properties and in manufacturing processes.

The scatter in results of the fatigue tests has another important limitation. As
noted subsequently, some loading variables (the pressure, the degree of compression)
have apparently more influence on the lifetimes of welded bellows than they have on the
lifetimes of formed bellows. In view of the large scatter for supposedly identical testing
conditions and of the effects of loading variables, a quantitative assessment of factors
influencing lifetime would require a much larger number of specimens of welded bellows
than of formed bellows. For this reason, analysis of the results of the finite number of
tests in this research program is qualitative.

Effect of Pressure

Considerable difficulty was experienced in the interpretation of the initial fatigue
results of the Type 347 stainless steel bellows because internal pressure caused the
bellows diaphragms to deform, and at certain values of pressure and compression, the
diaphragms touched and increased local strains in the bellows. This effect had not been
encountered in the state-of-the-art survey, When this failure mode was suspected, it
was easily verified by careful spring-rate measurements made with incrementally com-
pressed bellows containing a constant internal pressure. Diaphragm interference was

'For example, the early failure of JD141 through the weld bead was ascribed to insufficient burn-down. Although other failures
were examined as described in Appendix P, it was beyond the scope of this program to determine the exact cause of failure of
every bellows.
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detected by an increase in spring rate at various values of compression, depending on
the amount of internal pressure. Considerable diaphragm interference was demon-
strated for the-combinations of test conditions used for bellows SDI33, JD142, JD149,
and JD147, and significant reductions in fatigue life were experienced by these bellows,
as is shown in Table N-9.

The fact is generally known that welded bellows have a longer fatigue life in com-
pression than in tension. Thus, there is a natural tendency to-use a welded bellows as
much as possible in compression. However, diaphragm interference must be avoided
because of the possibility of encountering a large reduction in fatigue life. Although this
condition cannot be estimated by the analysis procedures described in Appendix B, it can
easily be determined experimentally as described above.

On the basis of the brief evaluation that was possible, the pressurized bellows
must not be compressed beyond the point at which the spring rate is increased 10 per-
cent, if the bellows fatigue life is to be unaffected by diaphragm interference. Engi-
neering judgment must be used to determine the actual amount of compression that can
be permitted and still provide an adequate margin of safety to avoid this condition.

Even without diaphragm interference, a change in internal pressure has two
effects: (1) a possible change in diaphragm shape not included in the stress analysis
program and (2) a change in the mean strainduring a cycle that may be large enough to
affect the fatigue l1ifetime. Such effects were noted in the behavior of formed bellows,
but they seemed small enough that they could be neglected as a first approximation in
estimating fatigue lifetime. The entries in Table N-i10 indicate a very definite trend for
increasing internal pressure to decrease the lifetime of welded bellows and diaphragms.

The larger effect of pressure on the fatigue life of welded bellows than on the fa-
tigue life of formed bellows may be due in part to the strain concentration at the welds
being influenced by internal pressure.

Effect of Percent of Stroke in Tension

Examination of the entries in Tables N-i through N-7 (some examples are shown
in Tables N-il and N-12), shows that, for a specific stroke, the greater the percent of
this stroke in tension the shorter is the fatigue lifetime. This effect was pronounced for
welded bellows, in contrast to observations for formed bellows. It seems likely that the
effect can be associated with the notch formed by the weld bead. This localized behavior
might be accounted for by a strain concentration factor considered to be different in ten-
sion than in compression. A plausible mechanistic description would require an anal-
ysis (probably elastic-plastic) of the weld bead area. A useful numerical factor can
probably be obtained for a given material and a given manufacturer's process if enough
tests are conducted. Some of the manufacturers offer this type of correlation for their
bellows, and the Type 347 bellows and diaphragms tested during this program could be
closely correlated with selected factors. However, the same factors did not apply to
the AM350 bellows, and it is believed that empirical factors must be developed for each
material and each manufacturer.
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Fatigue, Failure Location

Examination of Tables N-I and N-2 shows that there were more failures at
crown welds than at root welds despite calculated' strai. ranges being higher at the root
areas. This indicates either more severe weld defeets in this location or a higher local
strain concentration (or, of course, some combihation of these). Tables N-i through
N-7 show a general inconsistency of failure location for all of the batches of bellows,
with many failures at end-fitting joints. Such variations emphasize the need.for-more
detailed understanding of local conditions in these areas.

Conclusions and Recommendations

(1) The resuits of fatigue tests on typical welded bellows and diaphragms were not
nearly so well correlated with strain ranges computed by shell theory as were the
results of fatigue tests on formed bellows.

(2) One factor that made attempts at correlation difficult was the apparent scatter
in fatigue lifetime and failure location for each batch of specimens. It is' believed
this was due to variations in -fabrication (particularly in welding) that seem unavoid-
able in the present state of the art. Allowance for these would require the testing
of many specimens to afford statistically significant measures.

(3) Correlation was also made difficult by another factor - local strain concentration
not derivable on the basis of shell theory. The presence of this factor was shown
by the dependence of lifetime upon internal pressure and upon the percent of stroke
in tension, and by the prevalence of failure at the crown weld beads despite larger
calculated stresses at the root weld beads. A strain concentration factor, larger
for crown welds than for root welds and larger for tension than for compression,
could be applied to calculated strain ranges to make the test results under different
loading conditions more consistent. Obtaining numerical values for such a factor
would be aided by a more elaborate theoretical analysis, and, for engineering pur-
poses, would require many tests to provide statistical significance.

(4) Until further research is conducted, the practical considerations where welded
bellows or diaphragms must be used are:

(a) Utilize the stress-analysis procedure described in Appendix B to calculate
spring rate and effective area, and to evaluate the comparative effects of
different deflection and pressure loadings for a given material and a given
manufacturer.

(b) Recognize the probability of larger scatter than for formed bellows and
allow for this 'by tests of a relatively large number of units of a specific
lot of material fabricated by a specific process to provide some statis-
tical measure of probability of "premature" failure.
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(c) Test under conditions (high internal pressure and highpercentage of
stroke in tension) that, within the range of necessary usage, seem
most critical.

(d) Monitor weld burn-down during manufacture to assure that the weld bead
has a diameter at least 3 times the thickness of the diaphragm.
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TA! 31-1. MU M U' PA U MW OF 3-3/14OW S OT 31.7 Om M - Ef01

(feet Cnitis: Room tesperature, aD eno-Of APPSiX L. far otbur latuil!.)

Total %strowotml aIOSn sew O (b) ft aM (b ]  W1,,
straw, in ie ae, at Book *24 at 06own Wd ,to

30110" in. Tenso& Pa Dead. Idiv. Ue.&iIia a .Fi1dM 5. tja&)1 2662
JK411 0.21.0 0 20 2000 480153" Crow 116, , 3W5 to 3e,~

43.3 0.250 0 20 2000 3.80 1,74T7,069 m acmt fall
J1132 o.P4o 50 9D 200D 1800 73,32 (*) Cram no. 1, Ire to 1W,

13AO ~0.24.0 30 20 2000 1800 289,31.6 CrOwDnO*6 3v 200s to SW#0
creek th usld bead

J33(d) 0.240 50 20 2000 180o 768M,0 maft fall
jM8(d) 0.210 0 2D awoo 28o 768,970 Dd not fail
J13T 0.240 50 40 2000 1800 95,590 Croin No. 1, 21.5 to 220,

crack through vld ed

J,,38( .) o.ho 50 4 1000 3600 158,11.5 Lower end fitting, 100 ° to
ll0,. creak through vod bead

M1 ( d)  0.W 50 4 000 3600 158,520 Crown No. 5, 190P to 1950,
crack tbrough Veld bead

,3.39 0.180 50 10 ,C0 3600 195,600 Crown No. 1, Me0 to 15%",
crack through bst-affecUted

JM33 0.AW 50 20 1oMo 360 1 1,3(f) Lower and fitt,, 10° to 2e ,
crack .tbrouh weld bead

JUL42 o.180 so 50 0o40 3600 .4, 2 1 9
( f ) Crow No.-3,1 45 to 15-0,

- crack thromah weld ead

(a) *mdwaturer A. (b) aximm .stralnrsna calculated from elastic tho. (o) ange of magl Indicates -
proximate length of crack. (4) These bellove were tested in tvo aes. (a) Thee fatigue failures vere can-
eidered'to be abnorm.1ay short. (f) These enarly-fatigue fallures were eaused by preeiure-induced disphregm
inteirfrence.

TAN! N-2. RNJLT& C' FATZ0N TilS C 1-1/2-DICE TU 334T OUAW Ma WM.1,D s (W )

(Test Conditions: Room teserature; 80-120 a--rn Appendix L for other details.)

Total % stroke Internal strain itenge(b) ft, Ran(b) Cce
Stroke, in Preseure, at Root Weld at Crown Weld to a )

bellows In. Tension psi Bead, pin./in. ]bad, .6in./In. Failure FaiureL.caticn Rmarks

.m1.5 o.6o 0 1, 3760 3310 831,86 Crown NO. 3, 3/8 in. crack
in heat-affected zone

.46 0.160 0 30 3760 3310 776,163 Crown No, 3, 1/8 in. crack
in heat-affected zone

=49 o.16o 0 6D 3760 330 2T,694( d) Crown No. 1, 55° to T0,
crack in heat-affected zone

J1.M7 0.160 0 90 3760 3340 1 ., 0 1 0 (d) Crown No. 1, 3000 to 315',
crack in heat-affected zone

JDl148 0.160 50 4, 3760 3340 94,800 Root N..2, 19e 'to 330P,
crack in heat-affected tone

D11.4 0.160 50 . 3760 3340 74,O8T Root No. 1, 250 to 70',
crack in heat-affected zone

JD53 0.160 50 30 3760 3340 63,751 Crown No. 1, 3/8 In. crack
in heat-affected zone

J152 0.160 50 60 3760 3310 55,620 Crown No. 1, 330 to 31.0',
crack in heat-affected zone

JDII 0.160 50 90 3760 334) 28,145 Ind fitting, 2100 to 250',
crack in heat-affected zone

105. .8 104 1880 1670 1.501.500 Did not fail

(a) Manufacturer A.
b) Maximum strain range, calculated from elastic theory.
c) Range of angle indicates approximate length of crack; specimens without angular measurements had been

destroyed for fractographic examination.
(d) These early-fatigue failures were caused by pressure-induced diaphrag interference.
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VAS 5-3. mini m w aR S t ca,,. t ws 3.,7 5anu =a mm muca (S )

(tet Cmef tl: so= twoftset , 804Z .-- se . a/edixL for other details)

total % Strwe Ineal s tr u a mp mnab) staexainAMP(b) Cy-U
Straw, it resaeo atloet Weld at azowe'eIA to

2110"~ in. Temai= eel had "i-Aft Doe& i.In allue rallure Isocatolc)' Smark

UG3 o.6U '50 iO 25W 1,635 Root i. 6, 3 0 to 55 -z
throaui bast-effeeted is

:30a 0.160 50 1. V66 1%b 204,920 Upper an~d fitting, 270" tR 19 1*
crack tbrou* at.4ffegtAd acm

=0G 0.140 100 1 2055 111412,322 RootSa. 2, 105" to 135
crack tbrovO wod bead

JUeo 0.12 1M 2055 1185 2f4,636 *w n-l ., 60' to,5 ,
crack through wild bad

MOT 0.240 50 4110 a0 53,598 Crown No. 3 , 1O to-11.o
crack ttroug h w el d bead

J=08 0.210 50 4 4110 9370 48,336 Uper end-ftc.* weld, 25' to
65 , crack through beat-
affected zMe

JU09 0.180 100 . 31 .2 1975 1T,53c Crown io. , 10' to 2350,
end crowm -No. 6, 175' to
210, crack thrwA weld bead

.ieiD 0;180 100 1. 3'.25 1975 51,916 Upper end-fittirg weld, 270P
to 3250, crack through heat-
efkrected zooe

J2 0.210 100 1 kn10 2370 17P,58 Crcwn No. 7, 10 to 50',
crack through weld bead

JW12 C.21.0 100 1. 1110 2370 22,380 Crown N. 2, 35' to 55',
crack through weld bead

J213 0.36o 100 4 6165 3555 4,496 Root No. 7, 165" to 245',
cr trou weld bead

v isrhufacturr3.
azimus strain range, calculated fron elastic theory.

() Rane of ngle indicates appro imnte leigth of croak.

TAW3 1-. N-4 Ts o ?AT!O T M S OF 3-131C AM50 WELLE LLOS(a)
(Teat Conditions: Doam temparature, 80-100 cp--see Appendix L for other details.)

Total % Stroke Internal Strain Phg~)Strain Romnge CyFclee
Stroke, in Pressure, at Boot Weld at Crown Weld to uc)

bellows in. Tension psi ead. ain./in. Bead. gin.Iin.. Failure Failure Location Remarki

JD 9 1 dI 0.240 100 1 i940 1220 1,900,000 Did not fail
,'2 (d) 

0.240 0100 190 1220 1,900,O00 Dld not fail
JM91 (d) 0.480 100 4 3880 ,240 580,000 Did not fall

JTi9 (d) 0.4.80 100 1. 3880 2 580,000 Did not fail
= 9 1 (d) 0.640 100 4 5173 3253 29,539 Root No. 1, 95' to 120, crack in

heat-affected zone
,M (d ) 0.640 100 1. 5173 3253 26,394 Boot No. 1, 290O to 320', crack

in het-affected zon*

JD195 0.735 100 2 5935 3735 15,220 Root No, 1, 80' to 110', crack In
heat-affanted zone

JD=96 0.735 100 2 5935 3735 16,TT4 Root No. 6, 203' to 205' and 235'
to 21.0, crack in heat-affected zone

JD199 0.6O0 s0 2 18,50 3050 54,878 Root No. 1, 150 to 40' , crack in
heat-affected zone

JMCO 0.600 80 2 4850 3050 32,103 Upper end-fittria weld, 20' to 50,
crack in beat-affected zone

JZWO1 0.600 80 2 4850 3050 76,759 Root Nio. 1, 160' to 1750, crack
in heat-affected zone

J197 0.720 66-2/3 3 5820 3660 44,207 Root No. 7, 265' to 285, crack
in heat-affected %one

JD98 0.720 66-2/3 3 5820 3660 39,469 Lover end-fitting weld, 10' to 10',
crack in heat-affected zone

JM93 0.96o 66-2/3 4 776o 4880 7,938 Lower end-fitting weld, 255 to
285", crack In heat-affected zone

jD191 0.960 66-2/3 If 7760 4880 16,460 Lower end-fitting weld, 0 to
3 60 crack in heat-affected zone

(a) manufacturer C.
(b) Maximum strain range calculated frob elastic theory.

c) Range of angle indicates approximnte length of crack.
(d) These bellows were tested In more than one mode.
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TANZ X-5. RS&ML7S ff ?A7.X3 TMMW Cr - K AM50 H . inL0MI(4)

(Tlst Coriticn: Re= tmerature, 80 - 100 c a--m
Apperliz L for other stails.)

?Otd1 Strole Diternal Str&af 4-4t' ) Strata rage(  
Cycles

8ta e~ In 'reopre, at Rt , a t C n eld to
MOUms Z-1. Peso is', Re Io.. Use@d. o.i. F&ilur Failure LocaticonC:Rea
JTLs6 0.24 50 4 17010 2940- i,612,i6i 'rda not fail
JAM 0.260 50 40 17 2940 1,000,000 Did not fail

oM6 0.20 50 0 1700 2940 37,145 Upper and fitting, o
crack in heat-affected zone

JIL57 0.2I,0 100 4 1700 2940 26,321 Upper end fitting, 5r~ to
1400, crack S bhat-afecte,
toe

JM59 0.240 100 4 17OO 2940 104,18 Boot So. T, 163 to 2400,
crack In heat-A&f1f.te mzoae

Jfl 0.240 100 4 1700 2940 l4O,137 Root so. 6, 100 to 140,

crack in heat a t cted zone
J O45R 0.240 100 LO 1700 2940 377 Crown No. 1, small crack at

90P
JM63 0.240 100 40 17 2940 2,339 Upper end fittng, 1500 to

1800, crak in heat-affected
zone

:mho 0.2110 1eo 00 1700 2940 20,394 Upper end fitting;, ,0 to 300,

crack In heat-affected zone
JM. 0,240 100 80 1700 2940 26,219 Upper end fitting, 50 to 450,

crack in heat-affected zone

(a) MwAfacturer D.
b 1x" strain range at convolution root, calculated froma elastic theory.

c m of angle indicates approximate length of crack.

TARS N-6. Rs s 0 FATLFZI.'S C 1-1/2-IH AN350 M M-DLLOWS(a)

(Test Conditicns: Rom temperature, 80 - 120 cpm-- see
Appendix L for other details.)

total 5 Stroke Internal Strain Rane ( b ) 
Strain Range (b ) Cycles

Stroke, in Pressure, at Root Weld at Crown Weld to
.Reliows inch Tensici on t Bead, Pin.1in. Bead, o.iidln. Failure Failure Loosticn(O); Remarks

0168(d ) 
0,100 100 4 2550 1640 2,005,000 Did not fail

J3 68(d) 0.150 100 4 3825 2460 829,500 Did not fail

Ti69( d ) 
0.200 50 4 5100 3280 3,695,000 Did not fail

JD 72 0.250 60 4 6375 4100 257,373 Lover end fitting, 135
° 
to

1650 crack in heat-affected
sone

J1M73 0.250 60 4 6375 4100 117,50 Root No. 7, 2700 to 330,
crack in heat-affected zone

M.74 0.o 60 4 6375 41M 211,981 Boot No. 7, 165 to 2100,
crack in heat-affected zane

33.77 0.250 60 60 6375 4100 41,015 Root No. 5, 3500 to 100,
crack in beat-affected zone

J3.78 0.250 60 60 6375 4100 32,203 Upper end fitting, 1950 to
210 Y, crackin heat-affected

TM68 (d) 0.200 100 4 5100 3280 24,670 Root No. 7, 110 to 150P,
crack in heat-affected zone

33 69(d) 0.200 100 4 5100 3280 46,230 Root Wo. 7, 1150 to 1250,
crack In heat-affected zone

J0170 0.200 100 4 5100 3280 37,160 Crown No. 7, 800 to 1400,
crack in heat-affected zone

J1A75 0.300 66-2/3 4 7650 40 18,234 Upper end ftg, 1550 to 1850,
crack Ir heat-affected zone

J0176 0.300 66-2/3 4 7650 40 2],2-44 Root No. 7, 3450to 355",
crack in heat-affected zone

a nufacturer D. (b) Maximum strain range at convolution root, clculatel fro olastic theoryi.
Range of angle riates approximate length of crack. (a) These Lellvs w.ere teote in more than one mode.
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TABU K-7. RMITTS OF FATIWJE TB3S OF 4-flMH Ttyl' 31&T DIApMACU(a)
(Test C ,nitions: Room temperature, 80 cpu--see Appendix
L f'or other details)

TOW I Sroke Internal Loe.al Strain
Stoe b Pesx, Range (b) Cyces to(c

TjbAM Inch Ten sicn psi )kin./in. Failure Failure Location z) Remarks

~D.6 0.080 50 0.5 2600 625,000 Did not fail

im0.080 50 .52600 625,000 Did not fail

JML79 0.080 100 C.3 2600 2.-1,456 Nuib veld, crack through heat-
affected zone, 1Wo to 2300

=U80 0.080 100 0.3 26)0 115,730 Hub ~weld, crack through heat-
affected zozie, 00 to 360e

=D84 0.160 50 0.5 5200 7,335 Hub weld, crack through heat-
affected zone, 1700 to W3C

JM185 0.16o 50 0.5 5200 Z4,7 87 Hub veld, crack through heat-
affected, zone, 550 to 1250

JUL82 0.16o 100 0.5 5200 2,173 Fatigue-crack in trough. of
Center corrugation (Dim. S),
1250 to 2200

JD183 0.1k, 100 0.5 5200 2,4+36 Patigue crack in trough of
centeii Corrugation (Dim. S),
850 to 1250

(a) -MAnufacturer E.
Nb MlAximum ctrain range at diaphragm ID, calculated fron~elastic theory.
(c) Range Of angli indicates approximate length of crack.

TAWL N-8. EXCESSIVE VAPIATION IN THE FATICRJ LIFE
OF WELDED BEL.LOWS

Internal % Stroke
OD, Bellows Pressure, Stroke, in

Bellows inch Material psi inch Tension Fatigue Life

JD14 3-1/2 347 S.S. 20 0.24o 0 453

J15- _3:112 - 347 S,B, - - - 20-- - - 0.24o- -- - - -- F 1,747,069

JD132 3-1/2 347 S.S 20 0.240 50 73,322

JD131. - -3:112 - 37SS - 20 ---- 0.24o - li5F --- - 768,870

JD166 3 AM350 40 0.24o 50 37,145

3*Dl64, 3 kM350 40 0.240 50 NF 1,000,9000
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T3LE N-9. REDUCTICH IN THE FATIGUE LIFE (F TP 347 &ME*-
LESS STE! WELIED BELLOWS WE TO PRSUE
DARAGM E

Internal 5 Stroke
OD, Pressure, Stroke, in Fatigue

Bellows inch psi inch Tension Life

JD138 3-/2 4 0.480 50 158,115
JD131 3-1/2 4 0.480 50 i58,520
JDI39 3-1/2 10 o.48o 50 195,600

JD133 3-1/2 20 0.480 50 11,382
JD142 3-1/2 40, 6.480 50 4,219

-------- --- -- -- -- -- -- -- -- --------

JD145 1-1/2 4 0.160 50 831,864
JDi46 1-1/2 30 0.160 50 776,163

JD149 1-1/2 60 0.160 50 27,694

JD147 1-1/2 0 o. 16o 50 4 O1O

TABLE. N-i 0. EFFECT OF INCREASING INTERNAL PRESSURE
ON THE FATIGUE LIFE OF WELDED BELLOWS

Internal 5 Stroke
OD, Bellows Pressure, Stroke, in Fatigue

Bellows inch Material psi inch Tension Life

JD148 1-1/2 347 SS 4 0.160 50 94,800
JD144 1-1/2 347 SS 4 0.160 50 74,087
JD53 1-1/2 347 SS 30 0.160 50 63,751
JD152 1-1/2 347 SS 60 o.16o 50 55,620
JD151 1-1/2 347 SS 90 0.160 50 28,145

JDI61 3 AM350 4 0.240 100 140,137
JD159 3 AM350 4 0.240 100 104,518
JD162 3 AM350 40 0.240 100 37,779
JD163 3 AM350 40 0.240 100 27,339
JD165 3 AM350 80 0.240 100, 26,219

JD160 3 AM350 80 0.240 100 20,394

JD172 1-1/2 AM350 4 0.250 60 257,373
JD74 1-1/2 AM350 4 0.250 60 211,987
JD173 1-1/2 AM350 4 0.250 60 117,450
JD177 1-1/2 AM350 60 0.250 60 41,015
JD178 1-1/2 AM350 60 0.250 60 320
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TABLE N-I. EFFECT OF PERCER STRME IN TENSION (N THE FATIGUE
LIFE OF, 1-1/2-INCH TIFEP 347 STAIPESS '0= 8 BLLOWS

OD, Internal Stroke, % Stroke Fatigue
Bellows inch Pressure, psi inch in Tension Life

JD145 i-1/2 4 0.166 0 831,,864
JD46 1-i/2 30 o.i6o 6 T76,163

JD148 1-1/2 4 o.16o 50 94,800
JDl44 1-1/2 4 0.160 50 74,087
JLM .3 1-1/2 10 o.16o 50 63,751

TABLE N-12. COMPARISON OF THE EFFECT OF INCREMENTS OF TENSION AND
CMRESSI0N ON THE FATIGUE LIFE OF WELDD BELLOWS

Internal Basic Stroke Additional
OD, Bellows Pressure, in Tension, Stroke Incre- Fatigue

Bellows inch Material psi inch ment, inch Life

J205 1-1/2 347 SS 4 0.120 - 412,322
Jn206 1-1/2 347 S8 4 0.120 - 214,636
JD207 1-1/2 347 SS 4 0.120 0.129 (compr.) 53,598
JD08 1-1/2 347 SS 4 0.120 0.i20 (ccmpr.) 48,336
JD209 1-1/2 347 SS 4 0.120 0.066 (tens.) 47,530
JD210 1-1/2 347 SS 4 0.120 0.060 (tens.) 51,916

JDl68(a) 1-1/2 AM350 4 0.150 - NF829,550
JD1T2 1-1/2 AM350 4 0.150 0.100 (compr.) 257,373
JD173 1-1/2 AM350 4 0.150 0.100 (comrpr.) 117,450
J/D174 1-1/2 AM350 4 0.150 0.100 (compr.) 211,987
JD168(a) 1-1/2 AM350 4 0.150 0.050 (tens.) 24,670
JD169 1-1/2 AM350 4 0.150 0.050 (tens.) 46,230
,D17O 1-1/2 AM350 4 0.150 0.050 (tens. 37,.160

(a) This bellows was tested in more than one mode.
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APPENDIX 0

EVALUATION OF THE CORROSION BEHAVIOR OF BELLOWS AND
DIAPHRAGM MATERIALS FOR AEROSPACE APPLICATIONS

The application of a bellows or diaphragm in- a particular environment must neces-
sarily take into account the corrosion behavior of the material of construction in order to
assure the planned life expectancy. Of the various rocket fuels, oxidizers, and other
fluids of interest to the Air Force, many are reactive and require special handling
techniques and special materials of construction.

One objective of the program was the study of the corrosion, behavior of selected
metals and alloys on the basis of their use as bellows and diaphragm materials in
missile fluids. The results of this work are presented in four categories:

(1) Forms of Corrosion - The various forms of corrosion pertinent to
missire systems are discussed in relation to bellows and diaphragms.

(2) Compatibility to Fluid Media - The general compatibility of metals
and alloys is discussed for the fluids of interest.

(3) Literature Survey -- A summary is given of a literature survey for
pertinent corrosion data.

(4) Experinental Program - A summary is given of a laboratory
investigation conducted to obtain corrosion-fatigue data for
selected metal coupons tested in representative fluids.

Forms of Corrosion

Corrosion manifests itself in a number of ways. The attack may be uniform or it
may be localized in the form of pits. Corrosion may combine with other deteriorating
factors such as static or cyclic stresses and result in particularly severe damage. It
is not uncommon for several forms of corrosion to occur at the same time, although one
form usually predominates.

Corrosion and oxidation resistance are often considered as entirely separate
characteristics. However, in many ways they are very similar. Fortunately, many
of the commercial alloys noted for good oxidation resistance are equally resistant to
corrosive attack in many media. To be considered useful, a material must have ade-
quate corrosion and/or oxidation resistance in the service media when subjected to the
service conditions.
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The following sections discuss several forms of corrosion and their relationship
to the performance of bellows in the candidate environments. These forms are:

(I) Uniform attack

(2) Pitting

(3) Corrosion fatigue

(4) Stress-corrosion cracking

(5) Intergranular attack

(6) Preferential phase dissolution

(7) Erosion corrosion

(8) Galvanic attack

(9) Concentration cell corrosion

(10) Oxidation.

Uniform, Attack

Uniform attack of metal systems is the most common form of metal corrosion
caused by chemical or electrochemical reaction. It is typified by uniform wastage of

the metal and can be measured by loss of weight or thickness. Since highly corrosion-
resistant materials will normally be selected, this type of attack will present no great
problem in the design of bellows and diaphragms. When less resistant materials are
considered, then weight change data can be used to establish adequate corrosion allow-
ances to insure satisfactory equipment life.

Pitting

Pitting is one of the most detrimental forms of corrosion, since failure can occur
owing to perforation of metals with relatively little overall weight loss. Pitting is a
localized form of attack and is often initiated as a result of the presence of impurities,
inclusions, rough spots, nicks on the metal surface, crevices, etc. , which promote
localized breakdown of protective surface films. Pits can also be points of initiation

for other forms of attack such as stress-corrosion cracking or corrosion fatigue.

The choice of materials for bellows and diaphragms must be restricted to those

materials in which little or no pitting has been observed in the required environments.

Corrosion Fatigue

Corrosion fatigue can be defined as the combination of the effects of corrosion and
cyclic stress occurring at the same time. Many metals are said to have a "fatigue limit"
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or a limit of stresses below which failures caused by cyclic loading are not expected.
This is true only in the absence of corrosion, since no fatigue limit exists when corrosion
is present.

Fatigue tests are most often conducted in air. After a sufficient number of cycles

at high enough loads, fatigue tracking will occur. Corrosion is usually considered to
play no part in this process, although air and moisture do cause some corrosion. How-
ever, in general, corrosion in air has only a moderate effect on fatigue properties.
When attack is more severe, corrosion fatigue must be measured in terms of "endurance
limit" or the highest stress which can be withstood without failure in a particular number
of cycles, say 107 cycles.

With corrosion fatigue, the total time duration of the exposure is important as
well as the number of cycles to failure, since corrosion is time dependent. For instance,
if the rate of cyclic stressing is high, failure may occur before significant corrosion has
taken place. In this case, the endurance limit will be nearly the same as that for air.
On the other hand, if cyclic stressing rates are low, the specimen may be severely cor-
roded before a large number of stress cycles is reached. In this instance there will be

a large difference between the endurance limit with and without corrosion. Thus, in
corrosion-fatigue studies there are two variables: stress and cyclic rate.

The corrosion resistance of many metals is a function of the corrosion-product
film on the metal surface. Cyclic stresses tend to rupture or render more permeable
these protective films which usually retard corrosion. Also, fatigue produces worked
or distorted areas on the metal surfaces. These-worked areas are more susceptible to
corrosive attack while undergoing distortion, and a change in the local area ratios of
anode to cathode may cause a variation in polarization, with accompanying accelerated
attack. In either case, fatigue increases localized corrosion rates and promotes the

formation of notches. In turn, the nptches accelerate the fatigue damage.

From the standpoint of bellows and diaphragm applications, corrosion fatigue can

be a serious limitation to the choice of materials of construction. Some materials may
be eliminated and the allowable stress for others may be drastically reduced in very
reactive oxidizing media. Since corrosion fatigue data were not available for many
combinations of materials and propellants of interest to the program, representative
data were obtained by selected laboratory tests.

Stress- Corrosion Cracking

Stress-corrosion cracking can be described as an interaction between static ten-
sile stress and corrosion, causing more rapid failure than the sum of the individual

effects of stress and corrosion acting separately. The failure is characterized by a
brittle-type fracture in an otherwise ductile material. Often severe cracking occurs in
the absence of any significant general corrosion. Stress-corrosion cracking is believed
to occur only with alloy systems and generally not with pure metals. Microscopically
small branched cracks, either transgranular or intergranular, promote stress-
corrosion cracking.

Tensile stresses must be present at the surface for stress-corrosion cracking to

occur. Both residual and applied stresses must be considered. The magnitude of the
stress is also critical, since the rate of failure increases with an increase in stress
levels.
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The environments which initiate stress-corrosion cracking are often specific. For
instance, some high-strength steels fail rapidly under conditions of atmospheric ex-
posure. Table 0-1 lists a number of environments known to cause stress-corrosion
cracking. For bellows and diaphragms, both high residual-tensile and high applied-
tensile stresses could be present during long-term storagei Thus, susceptible mate-
rials exposed under certain environments might fail with little or no warning.

In the fuel- and oxidizer systems under considerationj the role of stress-corrosin
cracking has not been completely defined. To date, stress-corrosion cracking has not
been found to be a problem in most of the systems. However, many of the high-strength
alloys suffer severe stress-corrosion cracking under atmospheric conditions. For this
reason, adequate stress-corrosion-cracking data would be required for candidate ma-
terials under exposure to the anticipated fluid media, as well as under atmospheric
exposure.

Intergranular Attack

Intergranular attack results when the grain boundaries of an alloy are selectively
attacked in a given environment. In this manner, whole grains can fall out, or disin-
tegration of the whole metal can occur, even though a relatively small percentage of the
metal is removed. A crystalline or sugary appearance is produced.

Welding or improper heat treatment of alloys is a common cause of intergranular
attack. For instance, on the 18-8 stainless steels, corrosion can be intergranular when
chromium carbides are allowed to precipitate in the grain boundaries. This is min-
imized by using an extra-low-carbon grade of steel-or by the addition of carbon
stabilizers such as columbium or titanium.

With some metals, an intergranular type of corrosion is the usual mode of attack.
In these cases, the depth of penetration and the severity must be considered. In most of
the selected environments, severe intergranular attack has not been reported and should
not affect the choice of materials for bellows and diaphragms.

Preferential Phase Dissolution

Preferential phase dissolution occurs when a less resistant phase is selectively
removed from an alloy, leaving a porous structure. Usually the dimensions of the
structure do not change, and attack is not detected until failure occurs. Dezincification,
of brasses in water and decobaltization of Stellite in sulfuric acid are examples.

This type of attacK is not often encountered and is not expected to complicate the
selection of materials in the anticipated environments for bellows and diaphragms.

Erosion Corrosion

Erosion can be combined with corrosion to produce severe attack, often of a local
nature. Many metals owe their corrosion resistance to protective films. The removal
of these films by erosion exposes fresh metal to attack. As a result, the metal corrodes
more rapidly than it does in the absence of erosion. Special terms are applied to
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different forms of attack,, such as erosion corrosion, impingement attack, cavitation,
and fretting corrosion. The surface of the metal often appears worn or abraded by the,
attack.

Because of the thin materials of construction, care should be taken to prevent
high velocities and direct impingement on bellows and diaphragms.

Galvanic Attack

Galvanic attack is often termed two-metal corrosion. When two dissimilar metals
are connected in a corrosive liquid or conductive solution, a potential is set up between
them and a current flows. Attack of the less resistant metal is accelerated,, while the
more resistant metal is protected. Since the current density is proportional to the area
exposed, the area of the more resistant or more noble material should be kept small in
relation to that of the less resistant metal. Metal loss is usually greatest at the point
of contact with the noble metal.

Galvanic corrosion should not be a problem in bellows and diaphragms, since, in
general, dissimilar metals will not be used in their construction. When they are used,
those chosen will be near to each other in the galvanic series so-that severe galvanic
attack should be prevented. In addition, many of the proposed fluids are nonconductive,
so that a flow of current, necessary for galvanic corrosion, will not occur.

Concentration-Cell Corrosion

Concentration cells between areas of different concentrations in an ionic solution
can cause a potential difference and a current flow. An example of the result of this is
the corrosion occurring in crevices and cracks. In aqueous solutions, a concentration
cell can be set up by a buildup of ions in a stagnant area, or by depletion of the corrodant
by corrosion. In systems which are open to the atmosphere, concentration cells of high
and low oxygen contents are often found.

Although crevices may be common in bellows and diaphragms, crevice corrosion
is not expected in the anticipated environments because: (1) many of the fluids are non-
ionic and (2) the fluids will be completely closed to outside contaminants.

Oxidation

Oxidation attack can be considered a type of corrosion in which oxygen in the air
is the corrosive medium. Oxidation resistance will be extremely important in selecting
materials for high-temperature service where a portion of the component is exposed to
air. Oxidation attack may proceed by most of the mechanisms previously discussed for
general corrosion.

The rate of oxidation of any alloy depends on the access of oxygen atoms available
to the metallic surface. The initial growth rate of the oxide film follows a parabolic re-
lationship, since growth is controlled by the diffusion rate of metal ions through any
existing film. After the initial growth period, further oxidation depends greatly on the
oxide-film characteristics. If the film is tight and adherent, growth may essentially
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stop. Such oxide films are usually referred to as protective oxides. Aluminum, for
example, forms such a film. Oxide films that crack or spall are nonprotective. Oxida-
tion. rates alsoare highly temperature dependent, increasing rapidly with increasing
temperature. Small alloy additions may cause significant changes in the nature of the
oxide film. For example, aluminum additions to nickel-base alloys greatly increase
high-temperature- oxidation resistance.

In some alloys, oxidation may occur selectively at grain boundaries, accelerating
the effective rate of penetration. Other ailoys may have the mechanical properties of
their surfaces altered significantly by oxidation. While such surface effects are not
normally of concern, they are very important in the thin elements of bellows and
diaphragms.

Compatibility With Fluid Media

In missiles, bellows and diaphragms are usually used in fluid systems. Thus, the
environments for the bellows and diaphragms are determined by the fluid media. For
missiles, these media can be divided into three groups:

(1) Cryogenic propellants - hydrogen, oxygen, fluorine, FLOX, and
possibly diborane

(2) Storable propellants - UDM-hydrazine blends, MMH, pentaborane,
N20 4 , ClF 3 , NF 3 , and NZF 4

(3) Gases - helium, nitrogen, hydrogen, methane, fluorine, and

combustion products.

Selected physical properties of these fluids are listed in Table 0-2.

The exposure conditions of a given bellows or diaphragm vary considerably for
the three groups. Under current Air Force practice, materials exposed to the cryogenic
propellants can be in service at temperatures ranging from -423 to 200 F. Storable
propellant systems have service temperatures from -65 F to 600 F. In some systems,
such as for combustion gases, temperatures above 1000 F can be encountered.

Materials are selected for corrosive applications on the basis of: (I) overall cor-
rosion resistance, (2) impact sensitivity of the metal to reaction with the environment,
and (3) catalytic effect of the metal on the decomposition of the environment.

Another important consideration is the behavior of the metals and alloys in the
atmosphere. For example, many of the ultrahigh-strength, low-alloy steels and
precipitation- hardening stainless steels will experience stress-corrosion cracking in
marine atmospheres. Similar conditions may promote pitting of other alloy systems.
The proper selection of materials of construction and/or protective treatment can do
much to minimize the corrosion problem.

The following sections discuss the known corrosion data and the limitations
imposed by the fluids of interest.
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Cryogenic Propellants

With cryogenic propellants, the first consideration is the mechanical properties of
the candidate materials. Failure often results from loss of ductility at low temperatures.
Face-centered cubic metals, and alloys which form solid solutions do not exhibit brittle
fracture at low temperature and thus can be used to -423 F. Some hexagonal close-
packed, metals, such as magnesium and titanium, can be used in special cases.

There is essentially no corrosion of metals at the low temperatures of the cryo-
genic propellants. However, in the oxidizer systems, sensitivity to reactions caused

by energy inputs, such as impact, must be considered. For instance, in LOX, titanium
alloys can be ignited by impact or by puncture, resulting in violent reactions. In such
cases the reaction continues until the metal or the oxygen is consumed. Contamination
of the oxidizer systems with reactive organic materials can also cause severe damage.
If the organic material is ignited, the intense heat can trigger rapid oxidation which may
consume the system.

Hydrogen. Corrosion is not considered to be a problem with liquid hydrogen. Ma-

terials such as the austenitic stainless steels and the nickel-base, aluminum-base, and
copper-base alloys are frequently used. Some magnesium alloys and titanium alloys,
Ti-6A1-4V and Ti-5AI-2. 5Sn, are used with care.

Room- temperature and high-temperature considerations for hydrogen are discussed
under gases.

Diborane. Diborane, B 2 H 6, is a relatively noncorrosive gas which is readily
stored in low-alloy-steel containers. Since it decomposes slowly at room temperature
and rapidly above about 290 F, it is generally stored at 32 F or below.

Oxygen. Little corrosion occurs in liquid oxygen. Most of the common aircraft

metals are satisfactory for use. Titanium and its alloys are not recommended for LOX
service because of their impact sensitivity in LOX.

With gaseous oxygen at temperatures up to about 200 F, the stainless steels and

the nickel-base, copper-base, and aluminum-base alloys all give good service even at
high pressures. At temperatures up to 1500 F, the materials of construction are
limited to a few of the high-strength alloys with good oxidation resistance, such as those
containing chromium, nickel, and cobalt.

Most of the available information on oxygen is either at high pressure and low tem-
perature or low pressure and high temperature. The combination of both high tempera-
ture and high pressure is a severe condition, since the reactivity of oxygen increases
with increase of both temperature and pressure. Many of these data will have to be
developed as required.

Fluorine. High-purity liquid fluorine is not corrosive to most of the common

metals used in the aerospace industry. If moisture is present, HF can form. In this
case, Monel is the Lest choice; the stainless steels show a low corrosion rate, but they
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tend to scale up. Titaniur is slightly impact sensitive in liquid fluorine, but the reaction
does not propagate and the damage is about the same as that from the impact alone.
Owitng to the reactivity of fluorine, fluorine systems are particulariy susceptible to
erosion corrosion. Corrosion considerations for gaseous fluorive are discussed under
gases.

FLOX. FLOX, a solution of fluorine and oxygen, is generally handled with the
same care as fluorine, although it may be slightly less corrosive. The same general
comments for oxygen and fluorine apply to FLOX.

Storable Propellants

The storable propellants are generally those fuels and oxidizers which can be
stored at moderate temperatures and pressures without extensive supervision. While
many of the propellants, such as hydrazine or N204, are truly storable, other propel-
lants such as ClF3 , NF 3 , and N2F 4 are storable only under pressure or at tempetatures
below room temperature (see Table O-2).

UDMH-Hydrazine Blends. The hydrazine fuels are slightly alkaline in nature and
many common metals, with-certain exceptions, can be used. The stainless steels,
nickel,, and titanium alloys, many aluminum alloys, and many cobalt alloys are quite
resistant. Magnesium alloys have poor resistance to the fuel blend.

Decomposition of the fuel blend can readily occur with certain materials such as
copper, iron, and possibly molybdenum acting as catalysts. Therefore, copper and iron
alloys are not used for general service. Some early data indicated that the molybdenum-
bearing stainless steels, such as Type 316, would catalyze decomposition of the fuel.
More recent data have shown Type 316 to be as good as other stainless steels.

The hydrazine fuel can also decompose with temperature and the maximum service
temperature is about 200 F.

Monomethylhydrazine. Monomethylhydrazine is similar to the UDMH-hydrazine
blends. Metals suitable for the fuel blend are also suitable for MMH.

Pentaborane. Pentaborane is an extremely toxic liquid which is compatible with
the common metals of the aerospace industry, including carbon steels and stainless
steels, and nickel-base, aluminum-base, titanium-base, and copper-base alloys. De-
composition of pentaborane occurs at about 300 F.

No difficulties from corrosion are anticipated with bellows and diaphragms used
with pentaborane.

Nitrogen Tetroxide. N20 4 is an oxidizer which forms nitric acid in the presence
of water. When N 20 4 is dry, most common metals can be used, including stainless
steels, titanium alloys, steels, nickel alloys, and aluminum alloys. Magnesium alloys
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show only fair resistance to dry N20 4 . In moist NZ04, only those materials which are
resistant to nitric acid can be used. The metals art limited to the stainless steels
(including PH alloys) and titanium alloys. Titanium is slightly impact sensitive in
N2 0 4 , but this is not considered to affect its compatibility with liquid N204. At high
temperature and high pressure, the oxidation-resistant chromium-nickel stainless
steels probably -will be required. In order to prevent stress-corrosion cracking of
titanium alloys, green N20 4 , containing 0. 4 to 0. 8 percent NO as an inhibitor is
specified.

Chlorine Trifluoride. Chlorine trifluoride can be handled by many common metals.
As with fluorine, a coating is formed on metals, which provides protection from. cor-
rosive attack. Among the metals which are resistant to CIF 3 are steel, stainless steel,
nickel, Monel, and copper- base alloys. Monel and nickel are preferred because of
their resistance to HF and HCI which are formed by the reaction of ClF 3 with water.
Titanium is rapidly attacked by CIF 3.

Nitrogen Trifluoride. NF 3 is an oxidizer similar to fluorine and is generally
stored below room temperature. It is handled by the same metals as those used with
fluorine and oxygen. It is less reactive, however, than fluorine. It is a relatively
stable gas at room temperature and can be stored in steel cylinders at room tempera-
ture at pressures of 600 psi. Stainless steel or nickel would be required for handling
above room temperature. Stainless steel has been used for short periods of time at
temperatures as high as 750 F at 500 psi. Additional corrosion data are neededto de-
termine adequately the high-temperature and high-pressure service for NF 3.

Tetrafluorohydrazine. N2F 4 is handled in a manner similar to NF 3 . At temper-
atures of 840 F, copper and stainless steels show attack, as would be expected on the
basis of fluorine data. Mild steel at 840 F is heavily attacked but the corrosion product
appears to be adherent. Additional corrosion data for high-temperature and high-
pressure service are required for N2F 4 .

Gases

High-temperature and high-pressure service may be experienced for certain
gases. As temperatures and pressures are increased, the physical properties of the
metals become especially important, and high-strength metals are required. The fol-
lowing sections discuss the temperature and pressure limitations of the gases from the
standpoint of corrosion.

Helium. Helium does not react with metals and corrosion is not a problem.

Nitrogen. Nitrogen is not corrosive to most common metals at moderate temper-
atures and pressures. At atmospheric pressures, steels, stainless steels, nickel, or
cobalt-base alloys show little corrosion at temperatures of the order of 1000 F. At
1500 F, some metals can become embrittled with nitrogen.
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At tempe-ratures of about 1500 F and higher, high-chromium-nickel stainless
steels are required for nitrogen service. At pressures above atmospheric, the cor-
rosion is expected, to. be more severe. The relationship between maximum 'tempera-

tures and pressures on the corrosion of metal is not well defined.

Hydrogen. Maiterials can be embrittled at elevated temperatures and pressures
when in contact with hydrogen. Thus, titanium alloys are not recommended for such
use above about 200 F. Copper-base alloys are not subject to attack; however, when
they contain oxides, the formation of water from reaction with hydrogen can cause

rupture of the metal at temperatures as low as 750 F. Chromium-nickel stainless steel
alloys (18-8 and 25-20) of low carbon content are not embrittled up to 3000 psi at 930 F,
while at 3700 psi, 18-8 stainless steel becomes embrittled at 840 F. Cobalt-base alloys

are considered resistant to hydrogen at least up to 1800 F. High-nickel alloys, free
from oxides, are not adversely affected by hydrogen. Under conditions of higher tem-
peratures or pressures:, additional data will be required.

Methane, At room temperature, methane is not corrosive to common materials of
construction. Methane is a reducing gas and at high temperaturea will tend to disas-
sociate into carbon and hydrogen. Metals resistant to both, hydrogen embrittlement and
to carburization will be required. In general, stainless steels are used for service at

temperatures of 1000 F and above.

The effects of high-pressure methane on the corrosion of metals at high-temper-
ature are not fully known. High pressures may tend to depress the dissociation of

methane and may reduce its corrosiveness.

Fluorine. Fluorine gas can be contained in many common metals because a tightly
adherent fluoride film is formed. The temperature to which a metal is usually resistant
appears to be related to the vapor pressure of its fluoride film. Thus, nickel is re-
sistant to about 1200 to 1300 F, aluminum and copper to 700 F, steels (including stainless
steels) to 400 to 600 F, and titanium to 300 F. Alloys containing silicon, molybdenum,
columbium, or carbon may be susceptible to pitting owing to the high vapor pressure of
their fluorides.

The reactivity of fluorine increases rapidly with pressure as well as temperature.
The handling of fluorine above 1000 psi is difficult. Gas cylinders normally are used
for only 400 psi.

Combustion Products. The exhaust from solid- and liquid-propellant motors con-
tains a variety of combustion products. These products may vary from water, CO, and
CO 2 , to more corrosive media containing oxides of nitrogen, HF, or HC1. In addition,
solid-propellant exhaust may contain oxides of various metals such as A1 2 0 3.

In most cases, the general class of materials known as high-temperature oxidation-
resistant alloys will be required. (See the discussion on oxygen.) Where chlorides and
fluorides are found, alloys containing molybdenum and/or high nickel will be preferred.
Where nitrates are present in solid-propellant exhaust, titanium might be useful up to

about 1000 F.
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Atmospheric Environment. Though the environment of rocket propellants on the
inside of missile hardware is-an important consideration for bellows and diaphragms,
the atmospheric conditions must also be considered The atmospheric environment may
take several forms: ordinary air, marine atmosphere, air contaminated with small
amounts of propellant, and any of the first three with-moisture, depending upon the
storage conditions.

Many of the materials of construction that might be selected on the basis of propel-
lant compatibility Will be resistant to ordinary or salt-contaminated atmospheric cor-
rosion as well. Examples are cobalt alloys, nickel alloys, titanium alloys, and some
copper alloys. The two main groups which may not be compatible with the possible
atmospheric environments are the high- strength, low-alloy steels and the high-strength
aluminum alloys. The steelalloys, heat-treated to their highest strength levels, are
susceptible to stress-corrsion cracking in relatively mild conditions, and are very
susceptible if chlorides are present.

Though the group of resistant alloys discussed above is not subject to stress-
corrosion cracking in ordinary air, these alloys may be in propellant-contaminated air.
Some data are available on stress-corrosion cracking caused by propellant contaminants,
but very little corrosioh-f&tigue data are available.

Oxidation resistance will'be a required property for components exposed to air at
high temperatures. Nickel-base alloys will be most useful at temperatures between
about 1200 and 1800 F. Since the refractory alloys exhibit very poor oxidation resistance,
they will require protection from air by some suitable means.

Literature Search

A search was made of the literature for corrosion data for candidate bellows ma-
terials. Although general corrosion data were found for most media, corrosion-fatigue
data relating to the requirements of this program were scarce.

The abstract series utilized included the National Association of Corrosion
Engineers (1945 to 1967) and Chemical Abstracts (1957 to 1967). Many of the references
contained extensive bibliographies, and some of these "subreferences" provided pertinent
material.

The search was conducted under several headings. The headings fell essentially
into three groups:

(1) General - Typical headings searched were "Corrosion Fatigue"
and "Fatigue".

(2) Metals - Corrosion data were sought for the metals listed in
Tables 0-3 and 0-4.

(3) Environments - Corrosion data were sought for the pertinent
metals by environment.
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The combined literature of fatigue and corrosion fatigue for metals is quite ex-
tensive. The researches on fatigue are far more numerous, however. In reality, many
of the fatigue data are corrosion-fatigue data because the tests were conducted in air,
and it has been shown that the fatigue limit of a metal is higher in vacuum than in air.
Accordingly, in this report, corrosion fatigue is taken to mean failure in any atmosphere
other than a vacuum. However, air data are given only where data in other media were
available. In many cases, the reports did: not fully describe the conditions under which
fatigue life was determined. For example, where the testing was done in air, no
relative-humidity data were included and it is known that this can have an influence on
fatigue life.

Table 0-5 contains data on the general corrosion of the pertinent metals. Most of
these data were taken from DMIC Memorandum 201(1)* This table .is included because
there are few data on corrosion fatigue, and Table 0-5 serves to screen those metals
which corrode moderately or severely. The entries in Table 0-5 follow the system
used in DMIC Memorandum 201. Tihe significance of the Digits 1, 2,, 3, and 4 is ex-
plained in Table 0-5. Compositions or types for various alloys are also entered in
Table 0-5. For example, under brass, the type "red", or composition "70-30"1, is
given. In addition, the temperature at which the corrosion resistance was determined
is given in Fahrenheit.

Table 0-6 contains the available corrosion-fatigue data. In some cases, the data
follow, in general, the rule that the fatigue limit in a corrosive medium is less than that
in air. For low temperatures, the-data equally indicate'that the fatigue limit increases
with a decrease in temperature.

Experimental Program

The combined effect of corrosion and cycle stress (corrosion fatigue') is a critical
factor in the selection of materials for bellows and diaphragms. As described in the
previous section, such data are not readily available for the more common rocket-
propellant fluids. Consequently, it was decided that representative corrosion-fatigue
data should be obtained by fatigue tests conducted with coupons of selected metal ex-.
posed to representative .rocket-propellant fluids.

Selected Test Fluids

The fluid media of interest to the Air Force were divided into five groups on the
basis of chemical properties and availability of corrosion data (see Table 0-7). Chlorine
trifluoride, a storable propellant, was selected to represent Group I, which included
fluorine, nitrogen trifluoride, tetrafluorohydrazine, and FLOX mixtures. Nitrogen
tetroxide, the only propellant in Group 2, was chosen because it is chemically quite dif-
ferent from the other oxidizers, and because of its importance in fluid systems. The
50/50 UDMH-hydrazine blend (Group 3) was selected to represent the hydrazine-type
fuels such as UDMIH, hydrazine, and monomethyihydrazine. The compositions of the
purchased fluids are shown in Table 0-8. No evaluation was made of materials from
Group IV since inert-gas fatigue data or moderate-temperature air-fatigue data could
be used in place of actual corrosion-fatigue data. In addition, no materials from
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Group V were studied since some quantitative or at least qualitative corrosion-fatigue
data are available for some temperature ranges. However, tests were conducted in air
at200 F to obtain more precise baseline data against which the data for the fluids of
interest could be compared.

A temperature of 200 F was used for all tests. This temperature was selected as
being a representative worst condition for a storable propellant system. The vapor
pressure at 200 F was about 235 psia for N20 4 , 215 psia for CIF 3 , and 35 psia for A-50.
Some decomposition of the A-5O was detected in three experiments, With the pressure
in one experiment reaching about 345 psia.

Selected Test Metals

It was believed that the many classes of alloys available to designers of aerospace
bellows and diaphragms could be represented by three types of materials: aluminum,
stainless alloys, and nickel alloys. Aluminum 6061-T6, Type 347 stainless steel, and
Inconel 718 were selected as being representative of these materials. Table 0-9 gives
the chemical and physical-property data for the selected metals.

Standard bending-fatigue specimens, Figure 0- 1, were machined from 51 to 53-
mil sheet stock. After machining, the flat surfaces were polished by hand-to a standard
polished finish. Table O-10 gives the measured surface finishes of duplicate specimens
of each material. The average surface finishes for 6061-T6 aluminum, Type 347 stain-
less steel, and Inconel 718 were 8. 5, 2. 6, and 4. 7 microinches rms, respectively.

Experimental Equipment and Procedures

Experimental Equipment. The standard reversed-bending sheet specimens were
exposed to the liquid propellants and to air at 200 F in specially designed chambers. Two
chambers, shown schematically in Figure 0-2, were constructed of Type 304 stainless
steel. A stainless steel bellows permitted movement of the specimen by an external
motor-driven eccentric cam. Teflon O-rings were used to seal the system; these were
replaced after each run.

One chamber, used exclusively with ClF 3 , employed Monel diaphragm valves with
nickel tubing. The second chamber was used alternately (after cleaning) for either
N2 0 4 or Aerozine 50 (A-50). Figure 0-3 gives an overall view of the equipment, show-
ing the insulation-wrapped chamber. Standard high-pressure fittings were used for the
N2 0 4 and A-50 unit.

Prior to the experiments, the equipment and specimens were specially cleaned by
soap and water, followed by an acetone rinse. The C1F 3 chamber was given an initial
exposure to ClF 3 to decompose any residual organic matter and to provide a light
fluoride film.

To begin an experiment, a specimen was placed in the chamber and the desired de-
flection was set. This was done by adjusting the eccentric cam, taking into account the
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expansion of the system during heat-up to 200 F. The system was then sealed and
evacuated.

The requiredamount of propellant, 250 cc, needed to cover the specimen was
metered from the bulk- storage aystem into a bombof the calculated volume. This
amount was then added to the evacuated test chamber.

The system was heated to 200 F by electrical heating tapes within the insulation.
The cyclic deflection was begun by starting the motor on the eccentric cam. Deflection
of the specimen was detected by two small semiconductor strain gages placed in a
machined groove behind the specimen, but outside the propellant environment. One
such unit measured 5 by 30 mils, and employed 2-mil gold leads. The output signal
was recorded by a 5 or 10-mv recorder.

The deflection applied to each specimen was designed to cause failure after
10,000 or 100,000 cycles (based on 200 F-air data). In order to allow equivalent time
for corrosion fatigue, the rate of deflection was set at either 1. 4 or 13. 7 cpm. Thus,,
failure could be expected after 5 days of exposure for either 10,000- or 100,000-cycle
experiments.

The 200 F-air experiments were performed in the equipment described above.
A cyclic rate of 15 cpm was employed.

Experimental Procedures

The experimental procedures employed provided a safe and effective means of
determining the time to failure for the three types of specimens in the four environ-
ments. For the experiments in air, attachment of a control device enabled exact
measurement of the cycles to failure.

For-the other environments, recording of the strain applied to each specimen
provided a measure of the time to failure, although the equipment did not automatically
shut off as with the runs in air. The cycles to failure were calculated by determining
the time of failure as recorded on chart paper. In this manner, the low-cycle runs,
of about 10,000 cycles, could be determined with an accuracy of about *10 cycles
(*0. 1 percent). In the high-cycle (100,000 cycles) runs, time to failure was recorded
within about *1/2 hour or *400 cycles (*0. 4 percent). The specimen strain measure-
ment for the high cycle (about 14 cpm) was made only 10 minutes out of each hour.
Continuous measurement was not made since a continuous "band" was painted on the
chart at the high-cycle rate.

For the most part, the equipment functioned satisfactorily, although occasional
leaks developed in the bellows, resulting in loss of the environment. The bellows was
then replaced, although in one case a small pinhole in the 5-ril wall was TIG welded.
One bellows failure occurred with ClF 3 while at temperature during start-up. Since no
combustible material was available, the ClF 3 boiled harmlessly away until transfer was
accomplished into the storage system.

Some galling of the guide pins at the bottom of the chambers occurred during the
experiments. This resulted in uneven application of load on the downstroke of the ec-
centric. Type 304 pins were, therefore, replaced midway in the program with harder
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Type 410 stainless steel. This wear is believed to result from the poor lubrication
properties of the fluids, especially ClF 3 and N 2 0 4 .

Some wear of all specimens under'the knife edge also resulted from CIF 3 ex-
posure. This effect is described in detail later.

Corrosion- Fatigue Results

Air. Air at 200 F was selected as a baseline for cte corrosion-fatigue studies.

Available room-temperature data were not believed to be applicable because of the dif-

ference in surface finish between the Battelle specimens and those of other investigatorsi
In addition, some difference in the physical properties of the test specimens might re-
sult from the temperature increase from 70 to 200 F.

Table 0- 11 gives the cycle fatigue-failure data for the three materials in the test
program. A plot of these data is shown in Figure 0-4. Also shown are 70 F-air data
from a previous fatigue study.( 2 )o

Rather good agreement is indicated between these data. It appeared that the sur-

face finish was the most important property, in the temperature range of 70 to 200 F.
As expected, the smoother specimens attained a greater number of cycles before failure.

The stress-deflection calibration and stress-strain data for Al-6061-T6, Type 347,
and Inconel 718 obtained during a previous prograr(2) are believed to be valid for the
sheet material used in this program. These data, plotted in Figures 0-5 through 0-10,
were used to relate deflection of the specimens to stress and strain.

N2 0 4 . Excellent agreement was shown among the specimens of Al-6061-T6 and

Type 347 stainless steel fatigue in liquid N 2 0 4 at ZO0 F. The results of five experiments

for each material are given in Table 0- 12. The deflection applied to each specimen and
its expected cycles to failure were determined from the air-fatigue data previously dis-

cussed, Figure 0-4. The applied strain was determined from calibration curves from a
previous program.( 2 ) Note that the specimens were strained in'the plastic region during

the low-cycle (10,000 cycles) experiments.

No significant corrosion could be detected for any specimens exposed to N2 0 4 , as
is to be expected for these highly resistant materials. Figure 0- 11 shows the typical

appearance of the Al-6061-T6 and Type 347 specimens after failure. Note that a net-
work of cracks can be detected around the point of failure. The line at the tip of the

specimen is a scoring line from the knife edge.

A plot of these data is given in Figure 0-12, along with the corresponding 200 F-

air data (dashed line). It can be readily seen that the N204 data, especially for Type 347,

fall below the air-fatigue values. This indicates a reduction in fatigue life for these
metals when exposed to this oxidizer at 200 F. A loss of about 43 percent of fatigue life

is shown at a strain of 6000 pin./in. and 19 percent at 3000 pin./in. for Al-6061-T6. For

Type 347, this loss is 57 percent at 7000 pin.iin. and 45 percent at 3000 pin./in. strain.
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Aerozine 50. The fatigue life for Al-6061-T6 and Type 347 stainless steel was
found to be identical to that obtained in 200 F air. The data are given in Table 0-1Z,
and plotted in Figure 0-13. Excellent agrerment among the experiments was found in
the total of nine experiments with both materials.

No corrosion of the test specimens \was indicated. Some decomposition of the
hydrazine mix was detected during the last three experiments, with Specimens A- 14,.
6-18, and S-4. It was believed to be the result of catalytic decomposition of the fuel
caused by finely divided corrosion products trapped in the test chamber. This powder
apparently remained from the previous N20 4 experiments, even though stringent cleaning
procedures were employed. The powder probably came from wear of the guide pin, and
several slightly rusty areas observed after disassembly.

This decomposition became progressively worse, generating a pressure rise of
0. 75, 0. 85, and 1. 7 psi/hr for the three experiments. An estimated pressure of
345 psia was formed during the final run.

It is not believed that this decomposition and formation of gaseous products had any
great effect on the fatigue specimen submerged in the liquid. Note the good agreement
obtained for all the fatigue data.

Chlorine Trifluoride. Corrosion-fatigue data for four specimens each of
Al-6061-T6, Type 347 stainless steel, and Inconel 718 in 200 F liquid ClF 3 are given in
Table 0- 12. Corrected values of deflection, strain, and expected cycles to failure are
also given. These corrected values are applied to take care of the wear which resulted'
under the knife edge of all specimens in ClF 3 runs. A plot of these data in presented in
Figure 0-14. Figure 0- 11 shows the typical appearance of Inconel 718 after exposure
to ClF 3.

Little or no difference in fatigue behavior can be detected for'Al-6061-T6 in 200 F
ClF 3 compared with that in 200 F air. Inconel 718 also exhibits a similar behavior in
life to failure between ClF 3 and air at 200 F. Some reduction in fatigue life is evident,
however, for Type 347 stainlesE ',steel in ClF 3 at the very high strain rates of about
4000 to 7000 pin./in. These values are essentially in the plastic region (see Figure 0-8).
The reduction in life at 7000 pin./in. appears to be of the order of 45 percent. At a
strain of about 3000 pin./in. , no reduction in fatigue is noted.

All specimens deflected in ClF 3 became deeply gouged at the point of contact with
the knife edges as previously mentioned. This wear caused a reduction in the deflection
of the specimen and lowering of the strain, as noted in Table 0-12.

The depth of wear measured for the top and bottom of each specimen is given in
Table 0-13. A total of from 7 to 21 mils was thus removed from the 51 to 53-mil-thick
specimens at the knife edges. Figure 0-15 shows the typical wear pattern as viewed
from each edge. In every case, the metal removal was greater from the top of the
specimen. This may have been caused by the galling of the guide pin and subsequent
side movement at the end of the downward stroke.
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The load on the specimen at the knife edge, which is at a maximum at the point of
highest deflection, was approximated by the following equation:

P = - x 1/6 wt z  P

where

w = 0. 378 at 1 = 0. 70 (Figure &-1)

E = modulus of elasticity

= strain

t = thickness

P = load at knife edge.

This equation assumes a linear stress-strain relationship, which is not true for the
specimen at the high deflection, when it actually is in plastic deformation. The
calculated values are given in Table 0-13.

From a plot of the wear versus the load, Figure 0-16, it appears that rapid in-
crease in wear results when the maximum load is increased above 5 pounds for the
aluminum and 20 pounds for the stainless steel and Inconel 718. Thus, it appears that
the fluoride film found on the metal surface may have some lubricating effect on the
specimen below these critical loads. Above the critical load, the film is not an effective
lubricant and may be physically penetrated by the knife edge. On the basis. of a contact

area measured as about 0. 03 by 0. 04 inch for the specimens, the critical force is about
4000 psi for Al-6061-T6 and about 16,000 psi for Type 347 and Inconel 718.

In N 2 0 4 and A-50, the area of contact by the knife edge on the Al-6061-T6 is about
the same as in ClF 3 , but for Type 347 stainless steel, the area is about half that found
in ClF 3 . Thus, a force of 5000 to 10,000 psi on the aluminum and 30,000 to 80,000 psi
on Type 347 produces only light scoring of the surfaces in N2 0 4 or A-50, but severe
damage in ClF 3 . This indicates that a basic difference exists between the films formed
in N 2 0 4 or A-50 and CIF 3 . Therefore, it must be assumed that the fluoride film
formed in ClF 3 on the three types of metals is softer and much less wear resistant than
the normal oxide films found on the surface.

Other than the wear on the specimens, no indication of corrosive attack was
revealed by the three alloys exposed in ClF 3 .
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TAEZ 0-1. X1V1RNS IN MNIC 81-CMX CRAICHAS Sn-um m

Alor ftsiti* birmat

Lov-a.1e steels Nitrates, caustic, b*cigmn mlfide

Chromium stainless steels (greater flld., hGrogen sulflae, stem
than 12 percent chiomius)

Austenitic stainless steels (of the Chlorides, caustic
18 percent chrciu - 8 percent
nickel type),

PH Ltainless steels Chlorides, sarine atmosphere

Altlnum allos Air, sa water, sodimu chloride, trop-
ical environments

Copper alloys Amonia, mercurous nitrate, stem

Gold alloys Iron chlorides, potassitu cyanide

Magnesium allY4 Sodium chloride--potassiua chroate,
fluorides

Nickel alloys Caustic, bydrofluoaoilicic acid

Titanium alloys Red fuming nitric acid, chlorinated by-
drocarbons, fused salts, El, red 32 0a,
Methanol, liquid cadium, liquid
mercury

TALE 0-2. PHYSICAL PSOPUTIUS '8 F= UDIA

Melting Boiling Critical Critical Tea-

Propellant Point F Point, P Temerature, F peraturepsia

Helium -457, -452 -450 33

Nitrogen -346 -320 -233 492

Hydrogen -434 -423 -400 189

Diborane -266 -135 62 581

Methane -299 -259 -16 673

Oxygen -361 .297 -182 730

Fluorine -369 -306 .200 820

r( - 36 3 (b) - 9 9 (b) 1 88 (b) 7 60(b)

UmhH -71 146 480 880

Prdrazine 35 236 716 2135

M14 -62 189 561 3195

Pentsborane -52 14o 441 5T2

N2 04  11 70 34 ~ 1469

ClF3  -105 53 345 838

NF -358 -184 -68T

V4-263 -100 100 794

(&) 382 Psi-
b Approximate values.
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TAM~ 0-3. TYPICAL FORMED MMWS8 MATRIALS

Alloy Crybital Structure

Solution-Strengthened Alloys

Alpha brass Face-centered-cubic
Copper i

Stainless steels, Types 304, 321, and 347 i
Titanium, commercially pu~re and Alpha alloys Hexagonal close packed
Inconel Face-centered cubic

Precipitation-Hardened Alloys

Beryllium copper Face-centered cubic
Inc onel 718 i

Aluminum, 7075 alloy i

Transformation-Hardened Alloys

Titaniium, Alpha-Beta alloys Hexagonal close packed;

body-centered cubic

TABLE o-4 TYPICAL WELDED BELLOWS ALLOYIS

Alloy Crystal Structure

Precipitation-Hardened Alloys

Inconel X Face-centered cubic
Rene'4 1 It

Rene' 62 I

17-7 P1HI
17-4PH
PH 15-7 Mo
M-252
Waspaloy
Udimet 700

Solution-Strengthened Alloys

19-9 DL Face-centered cubic

A-286 Body-centered cubic

0-21



run, o-5. caeansm or iPoom.m nuaw =mumU anwAE vnouEaE

CEfte: Mtm 1, q, 3, ad hi at. 6flood et tt. and of tbee'ahn; &LI into tabu from
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30s 321 AT Plms-7vo 13171. ?T itanivot IlAsUM l4

(MYue) 1(85y) lo
(Vold"?) (Wedd)4

1La(11q)

60% 7 .~~

701 an 347)

Fluorine 1(407) 1J3907)1,2y
(gas) %~00?) 4(50M7 21 100F)

3 500F) 3>350)

16iV-2.SAI

835g

Fluorine 1(-3207) '3(-310y) I(-310?) 1(-320F) 7 _2_A_

3 -310F) A27

6AL-'.v

4 3107)

lo'drazine 1(1407) 1('.40?) 1(200F) 1(140F)
(gav)

(11q) 1 (140f) 4(68F) 4 (16o0T"
A-110AT

UWe(gaa) 1(140F) 1(140F) 1(160F) 1(160?) lCMA'/

1tW((Iiq) 1(160F) 1(160?) 1(160F) 1(85?) 1(160?) AS1(35F) 1(85F)

AllO-AT

5,0:50N 14H: 041, 1(160r) 1(160F) ConS A 1(160F) Cond A 3120VCA

uDM (gas) Th0)110)AIlOAT

i(160r)

50:50 N21% 10 16? (10) Cr 1(160F) Cocci A B120VCA

1N'1 1(160F?) Welded 1 Cendo A(.0) (0

Welded 1(160F)
t~~i MIT75 C120AV

Miorol'razeTM )
1(160F)

Eazy4'1o
Silver Brae
1(160?)

C6?' Braze
I1 160?
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i( Ans low~~~k -4r 1(45?)U M) IA ) -I-r

*2k1)q 1(140r ) 1(130) 40))A
30L h g n j(45)S) P)*

A1606 *36o61%, AllOT AL7075!6 Brass Copper Be Coppr ineoel Inei x

Cl' 3 (des) '(851) 1(851)-
w~elded -71 R5 )

c 3(5901)

1(16o1)(3)

FLO (Ilq) 32) (xy
20%?.

20%

Fluorine 70.3*t Deoxidized 0(1000)
(9as) 7MY0? '.(-O00F 4 <50?)

14400?r Ccmercial.
Red

24001 3800?)
3 600?) 4 )emo?
4 >60-O?)

4 5F) cer1

Miorine, -1(-320) Red CcmercIal

j3 3 (-310F)

Low leaded
4 (-3101)

Yellow

*(320PI

11ydrazine 1(1401) 4(200)
(gas)

wiaieiio)31160Y) IJ80F) coorcll limp0) 1000
4~dazn 160)475F) 2 140111F 3 140p) 3(140F)

414012 6o?
4 1401)

UIM(Sas) 1(751) A(160F) 14l4a)
2116OF)
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1j"6 m16ft% *17o7_ ALT75T6 has Comm 11 C222k UIzIar iam.1

NA: 1(160 1'1143F)

50:50N: 1(1607), - 1(10)

,Alodine

welded2(807) 1(6to)4((0 7)

VOWga) 1(150F) 1(60P) yelo 3(80F) 65) 17F

MosueRed 4~(80F)

0.2 to 1% Red0) ~V

Pentabor- 6061-Sr6 1(75?) 1(75?) 1(75F)
aoe~i~uI NI1V5? -57 -

(a) iitmnium, ignites under impact Iut does mot spread.

OC~gatibility Classifications eor Mtals (bftrod on thie loet rating of i4 one of the-three Irouperties)

ClagsCorrosion Resistane
R-ating Penetratio Im tSok estvt

I ~c~1et 1no no
2 Good < 5 no 4
3 Fair 5 to 50 some no
4 Poor > 7Cextensive ye:
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TAMZC 0-6. rATI UX ISTA 11 Ol 1, U IIYD IrrAI,5 C A LONti Tl VAitUMI W If S Yr"Wv'

Mtal Tene le Diamltr Tye or sdmuranc, Pat IgJe
Ur trs,,lith, r :1.i. Fatigue Frequen. ale, 1ep., Corrosive iaLet, 3.rer-

All'y AnaLYSIN Cdiition pl '-IF , n. _._trean *y. ernn CyHle. r "almup i -u---e en .

"o0r,.T6 0.'5 flexure 2000 1
6  

ambient air, 3% 17,500

MaCI 10,000
solution

7075.T6 90,000 0. 1. Rotating, 6000 105 W:bient air 32,700
bending 107 ambient air 21500

10, ambient air 1 ,500
106 ambient 3% NaC1 2i4,9W
107 ambient 3% M6C1 12,000
10" ambient A% NC 5,700 5

70T5-T6 a83, 900 x rod flexure 0 70 air 18oo t
105 6,0

1 I5,000 1814' 33,000 18
LO 1 1 90,000 18

0. " 71,000 1.1')' 59,000) 18

7075-T6 78,800 . air 4 4, O 1
V'123,0090 15

1':, 11 4,oo 18
12 l,000 18

i., - l-: 1!'1 lJ 5h,00 18
lo, 39,000 18
i0. 21,000 18
10 20,000 18
10 .- -,'3 11i1 1 2  73,000 18

10 ,000 18
310 36,000 18
35,000 18Brass 60 Cu, Annealed 53,000 1450 10 wbient air 21,000 6

40 Zn 145o 10 ambient well (a) 18,000 6
8 water"

Cold 84, ow0 145o 1O
l  

.u.bient air 24,000 6rolled weil (a)
water 18,000 6

Copper 99.99 Cu Annealed 31,200 1450 108 aubient air 9,800 6(1200 F) well,,water(a) 10,000 6

salt b
water 10,000 6Annealed 46,500 air 16,500 6

(250 F) well (a)
water~

a)  
17,500 6salt (b,

water
"
(b 17,500 6

0.03% 02 Annealed 0.- Axial 13,500 105 abient air 21,280 7
(112 7) -297 liq 0 29,120 7

-423 liq 39,200 7-452 liq 42,56o T

47
Be-copper erylco 25 Sheet,AT 178,000 0.t20 sheet :1, xur, 1,800 10, 70 air 138,000 8

10, 92,000 8
106 59,000 8
107 44,000 8

1,800 105 -320 liq 82 112,000 8
10 74,0oo 8

3,450 10, -423 lq12 154,000 8
106 113,000 8

Inconel 106,C00 3,450 10); am bient air 49,000 9
Boo 47,200 9 u

1000 41,800 9
1200 26,500 9
14oo 15,500 9
1600 10,000 9
1800 7,000 9

Cold 132,000 0.035 sheet flexure 1,800 10 5 70 air 158,000 estimated 18rolled 10 106,000 from strain 18106 62,000 data 18

107 42,000 ditto 18
1,800 101 -320 liq N2  112,000 " 18

10 84,000 18
6 10 1423 11 H2  130,000 18

106 96,ooo 18
Inconel 10 1200 oir 47,000 16

10 12 ai 4,000 16

1500 39,000 16

Inconel: Solution 177,,'/, .. '?', flexu-e 1300 1 70 air 160,000 Estimated 18
X treated *,1035 70 102,000 from strain 18

and aged I," 64,000 data 18
Z:i": 10' - '20 121 N, 110,000 ditto 1886,000 18

I 5 -42 it , 10,000 18
I,110,000 18

Best Avamjable COPY
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. ~~~~TAW I 0-6.(;Orl D)-

M..!T,211 t10 Dtatero Type ,Jr K,.duf'.q,: ratig"t
rtr.,.:t i, or opooi- ratip u, re'lun. Dust M, Temp., Corrosive Limit, Reer-

A I 1,y tAn-i tl tImI x . In eh t.r.an ey V C 1,.,§2~ V M141um Di Rsmarka .we
A"! L ,'nol (:t.,r, I ml Ic letas Iy . IX ! ,:. y }oi ~ .I

aient sea tO700 10
l rater 85,800 10

1,ut 1.rn (J.10 axIal l01 70 air 90,000 1
tr.Itd leet 00, 864,000 18

106 70 air 81,000 18
104 72,000 18
10 -320 liq N 99P50 18
10, 9,500 18
13 71,000 18
Ali .123 liq M2 112,500 18
10 5 112,000 18

1q 107,500 18i06 101,500 is

z"In~ outi, I iOO 0.10 CLaln 101 70 air 77,500 18

i'j .1t,,Ishet 1o 1a 59P500 18ic AZ-TIG. 105i 4,000 is

:t g,)Weld, 70 i0,6 35,000 18

1* .3u20 liq N12 97,000 181566,000 18
1 052,000 . 18

10 o -423 "tq H2 99,500 le
1lO5 73,0o 18
10 6 57,000 18

R:ni 41 ?'r$ CI 0.025 axial 10 2 x 10 ambient air & 130,000 preliminary .9she,10' snh date- sub.
sat r 87,000 e9tto cor-

(re7 1tes rection.
same) Notched Kt

2.33

tlr~e3 , ':5 C,' .5 or re"-iproa-:l 75G - 156 77 air 112,00O0I

E toel ,' .n0.3 beum 2000 -321 liq N2  155,000 11

Tpe 304. i ra n 2000 0 4 77 a r 168,0oo 12

be5 77 air 118,000 12
104 air 110,060 12
10 5 -31 liq N 222,000 12
10 .321 liq N 181,000 12
10 -321 liq 

2  
155,000 12

1450 107 ambient air 50,000 6

roiled wll (a) 50,000 6
water
't (b) 25,000 6

1" - C Q. , ullip- at. 360 10'5 ambient air 53,000 13
v" t lir 33,000 13

Ileal, torcn i 28,000 13

10 salt (b 27,500 13

10 water
-
) 44, ow 13

0 7 16,000 13
10 12,000 13
10- 12,000 13

Pv. :;31 .. > 6 ~ 77 air 95,000 data are 12
o .- 321 1Iq 112 160,000 for type 322 12

,, . -" air 35,000 18

'33,000 18
31,000 18

-320 liq N2  62,000 18
45,000 18

lo, -423 q 11,000 18
1o2 80,000 18

10 55,000 18

T1.? 'r. .-y,- . flexure 10 70 air 51,000 These data 18

1C0t 10 i4,000-should be 18
i0- -320 liq 12 138,000 used with 18
. o10 92&,000 ease; splec1- 18
1,C -423 126,000 men& stressedl8

96,000 beyond Pro-
portionallimit

7C; air 46,00 18
( 34,000 18.

1 23,00 18

20,000 18
1' -320 liq 112 97,000 18

71,000 18
42,500 18
30,000 18

-423 liq H12 108,000 18
85,000 18

O -018

31,000 18
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ma f Oni.tb fti. am-@ Or, - amln, TF N mwhm Zibi, lft-

17TMRMS *8,000 0.063 how*t 1sco 1G - air U34,0001

._ 10% %-IkO'oo 18

106 IwN W000 Is

11-7m amao IiP.Ooo 0.063 name 1725 1 70 &1r 187,.000 18'

doft 156,000 18

MW3 1ft 1 g33,00 is

06 1000 38

17-M wl1ai 0000, 2 -O101, 4imt ',air 136,00 20
b 90,000 20
bon 07860 20

ieflt Ubite t%&. 9b,00 20

i.07 nitr. acid 80,00 20
10i 70,000 20

31105 *05 ul 120 and 10 lemt ar1 127,000 -latched L.19
No het 100, z 86,000 2.33, no, 19

ShM 110,000 tieq ffect. 19
2x10 m tr 85000 1''ll.dta 19

maj to car-
rectilc.

vitwim~ Comar. hot rofled rotatin 101 aiont air 353000 1)4

ben107 52,500 114

10652,500 11,
17diet. %~0 57,500 114

408 56!250 114
1056,0oo 114

10 ~ e"nh. ea 57,500 1)4
107- water 555001)

10 514,500 1)4
10i 54,50 14

Ttanium bat rnmgd 93,000 0.25 vibratlz 2000 104 77 air 101,0CC 12
beau10 76,000 12

101 73,o00 12
104 -321 liq P2 139,000 2
103 106,000 12

Titnium r0.70 93,000 0.25 ibrating M00 105 wict' white-I'm. 16,000 20
baMM 10 niti'. acid 76,000 20

10 76,000 20

'ff.6AI- annealed 144,500 0.25 axial 180 0~aient ea 112,700 10

141 10 water '66,000 La tic 10

eneld 136,000 axial 106 5 ar 1)400 06 1
122,'000 0.6 15

107 1U2,00 0 .6 15

011114,000 1.7 15
l1(10,0 161

100 2,000 1.7 15

10, 86000 1a. 15

101 74,000 iat. 15
105, 750 air 9)4,000 0.6 i5
10 68ft,000 0.6 15
107 . 06 15
'C6 60,000 1.7 15
10 72,000 1.7 15
107 64,000 1.7 15

10~ 57,000 tAt. 1
10 50,000 Int. 15
107 4500 Wo t. 15

beat 170,000 axial A06 75 air 152,000 0.6 15
treated 10 14,0oO 0.6 15

107 - 0.6 15
105 143,000 1.7 15

10 13' ,00 1.7 15
10 ~ 128.003 1.7 15
10 ;, 9,ooo im. 15
10 6 85,000 Ir. 15

65,000 Int. 15
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btu t ie air- M6we .6

).Ob,000 0.6 15-ting(es) gro,00 C.6 35-
80,000 0.6 15
90,000 1.T I5

10oo 6. 82°O 1.
66% O0W Ifi 15

30 r:W WI 15
m L *41,000 0.OV flexan- -low -0 fo air UMe'ooo 8

5 76,000 8
1w d~ 16 0 .00 . faxwe wo _3W 70 gor 150W 18

aoe. siet 1 86000 18

-43 71,000 38
ttn -32 1' 171,000 18

96,000 18*i.-So6 96,000 18

an ai 3D liq 32 196,000 18
6 129,000 18

129,000 18

!1-W. 1ov iter- 165,0oo o.100 axial 70 ai 125,00 18
etiti sLd- sheet 1R 87,500 18

rat ig , tim, treated 10 85,000 18
& aged AS-TI

Ti-6A- enmealed 0.02 xis 10(f 104 500 air 82,000 19
li sheet + 100 10 600 81,000 19

18o 3 x o 600, 61,000 19
100 105 800 82,00 prelim. data 19
100 105 500 sit 53,000 subj. to cor- 19
100 105 600 coated 53,000 rection, not- 19

1800 10 600 53,000 c ed K -2.33 19
100 10 800 53,000 19

A-286 1800 F, 1 hr 0.355 OD i ,. 1970 29.1 X. 106 1200 air 50,000 17
oil quench, 0.285 ID load 24.5 x 10 1200 hydrogen 50,000 17
1300 F, 16 hr
air-cool

solution 0.125 axial 103 70 air 52,500 18
treated sheet 10 50,000 18

1¢ 43,500 18
10 35,500 18
104 -320 lq N2 86,000 18
105 18
10 78,000 18
16 59,000 18

10 4
15 81500 '1810 79,000 1810 71,000 18

A-286 solution 0.125 aia1 10
3  

70 air 47,o00 18
l04 40,000 18

(weld treated AS- sheet 10 23,500 18
fatigue) TIC weld, 10, 13500 18

Hastelloy 10000 18
w filler 0 320 liq N2 59,000 18

R6 36,ooo 18
104 20,000 18
10 -23 iN H2  70,000 18
106 45,500 18
10 3P,000 I8

Ie52 108 1200 air 70,000 16
1350 61,000 16
1500 45,0O0 16

Waspalov aged 0,025 axial 100 & 1800 2 x 10 ambient air and 132,000 prelim. data 19
sheet 105 Synth. sea 90,000 Sub. to cor- 19

water (same rection
rerults)

(a) CaOS4 Opp, CC03 200 pp., W1 2 -17 Ppm, ac1 14o ppm.

(b) River water having about 1/6 salinity of seawater.

( xt) aoad - mean load

(c) Lead l0ti-, A 28'
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TABLE 0-7. GRCUPING OF IAU0 WITHV' RkPT TO CQRO68 1f-
FAfiGUE SWPi33IS

Group I Group Ii Group III Group IV Goup _V'

Chlorine tri- Nitrogen tet- TJ-hydrazine* Helium Oxygen
fluoride* roxide*

Fluorine

4,K mixtures Hydrazine Nitrogen Iydrogen

Nitrogen tri-
fluoride UDKH Methane water vapor

Tetrafluoro- Monomethyl- Carbon monoxide

hydrazine hydrazine

Carbon dioxide

* Fluids selected for use in corrosion-fatigue tests.

TABLE 0-8. CCWPOSITION OF PURCHASED FLUIDS

Fluid Composition Percent

Green N2 0A(!)

(Hercules Chemical Company) 'N2  100.1 .6

No 0.59
A 0 equiv. 0.03

C1 <0.01
Particulate <0.8 mg/

A- (2) 
liter

T in-Mathieson Chemical N2H4  51.0 ± 0.8
Corporation) UDWH + amines 47.0 (min)

H20 1.8 (max)

NH - UDMIH + amines 98.2 (min)

CIFI (Chlorine Trifluoride)

(Al.lied Chemical Company, CiF3  99.0 (min.)
General Chemicals Division). I 0.5 (max)

Chlorine-oxyfluorides 0.5 (max)

1) Analysis by procedure in MIL-P26539A and MIL-P27h08.

2) Analysis by procedure in MIL-P27402.
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TAUS 0-9- ~WW PUCA1PRO9W LU CEICE.

~6l-Y b~e34P() I~M600 VA~

IMna, Pal 42,ooo 95,230 .$,0oo
.ield,-psl 35,000' l4530 A.55000

Dmmiatla, "Perent 8 50.0 "
viam., I eolo/86
!btekiea, aim 51 52 53

Analysis, perceint

Or 0.25 17.71 19.0
NI 9.87 52.5
Fe 0.70 _18.0
s8 0.60 o.-4 0.20
No 0.15 1.59 0.20
Cu 0,30 0.12, 0.10

WS1.0
zn 0,25Ti 0.15 0.80
RO.024
Cb 5.20
Noo.2 3.00

Cb/Ia o.88
A61ne 0 .60

0.015 bxoo7

(1) Actual nslysis.

TAMZ 0.10. -SURFACE FIlUSH OF ROffiU11ATMV C00PU

Surface
Specimen nI,

Allcy'Ne

6061-T6 A-1 9.1
6061-T6 A-3 7.9
Type 37 stainless steel S- 2.3
Type 347 stainless steel 8-13 t9
YInconel 718 1-2 2.3
Inconel 718 1-3 7.1

TAE 0-11. REVERSED BMDM-FATI=0 DATA FOR P(ISEID A-6061-T6, TMN
347 STAINLESS 'TEEL, AND IoImL 718 IN AIR AT 20o, (51-53

Specimen Deflection, Strain
( '

) , Failure, Surface

Nuber AIlc' mils - isin./In. - ycles lah
(2 )

, isin. rMs

A-13 6061-T6 95 4450 16,530 8.5
A-18 6061-T6 86 4000 15,870 8;5
A-3 6061-76 70 3250 62,15 8.5

S-2 34.7 100 7250 10,275 2.6
8-10 347 88 6250 13,035 2.6
S-13 347 70 4800 35,000 2.6
s-1 347 60 4ooo 58,000 2.6

i.-4 718 120 6000 13,200 4.7
1-7 718 112 5600 13,185 4.7
1-3 718 90 4,500 ,8,42o 4.7
A 718 (3) 80 4000 33,000 4.*f
B 718 (3) 70 3500 8,000 4.7
0 '118 (3 60 3000 86 500 4..7

(1) Based on callbration curves from previous program (Reference 2).
2 Estimate based on averago of 2 specImens.
3 Specimens obtained from pruvious fatigue program (Reference 2), polished

to ame surface finiSh.
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TABLE 0.12. REVEDSSD-DDING FAT'IGUE OF 6061-T6, TYPE 347 SAIJL8SS SIIEL 3iD
INCONL 718 S=.()) IN LIQUIID N2 04, A-50, GR ClF3 AT 206 F

Specimen Deflection, Strain
(
2
)
, Failmre Celes

Number Alla Meia mils ain.Iin. Actual Ex e ted

A-S 6061-T6 N204 67 3100 74,000 90,000
A-4 60(-76 N204 67 3100 54,000 90;000
A-io 6061-T6 lfo 96 450 6,900 12,000

A-12 6061-T6 'N,0 96 1,500 6,413 12000

A-ii 6061.76 N20 o4  100 4700 4,550 10,o00
S-7 347 N204 50 3200 63,700 100,000

S-15 347 9204 50 3200 43,300 -0,000

S11 3"7 $204 97 7000 5,100 11,000
S-8 347 N204 97 7000 4,911 11,000

S-6 347 N2C)04 100 7200 5100-6100 10,000
A-14 6061-T6 A-50 67 3100 107,000 90,000

A-9 606i-T6 A-50 67 3100 84,750 90,000

A-6 6061-T6 A-500
( )  

96 4500 11,700 12,000

A-16 6061-T6 A-50 96 4500 9,384 12,000

S-18 347 A-50 50 3200 150,O00 100,000

S-A 347 A-5O 50 3200 118,000 100,000

3-19 347 A-50 100 7200 iO,844 i0,O00
S-14 347 A-50 100 7200 9,020 10,000

S-20 347 A-5O 100 7200 7,615 10,000
A-i 6061-6 CI3 67(58)(  3100(2700) (5)  148,0OO 9,O(0(200,O00)( 5)

A-2 C061-Tt ClF 3  73(66)1 3400(3050)
(
'
)  

56,500 59-000(90,000)(
5)

A- 6061-T6 C3 1oo(954 47oo(4450) 10,740 1o,o0o(13,)0o)(5 )

A-17 6061-T6 cp3 10(96)(  47o0(4500)(5)  9,780 I0,000(12,000) (5

S-5 347 CJF3  50(44)
(
4) 3200(2750)(5 196,700Np

(6)  
ioo,ooo(15o,oo)(5

)

S-12 347 CIF3 67(64)(4) 450(435o)
)  

21,200 38,oo0(44,00o)
(
5
)

S-? 347 Ci 3  100(9,) ( 4) 1200(6700)
( 5 9,310 10,000(12,000)(5)

S-17 347 0173 100(99) 4) 7200(7100)
(5)  

7,270 10,000(.0,200)
(5)

1-8 Inc. 718 CIF3  16(48)
(
') 2800(2400) ( 5 )  

al, OOONF(6) o,o0o(1So,ooo)()
I-l Inc. 718 01F3 56(46)

( 
) 2800(2300)

(5)  
191,800NF

(6)  
100,000(170,000)

(5)

1-i Inc. 718 0173 1,30(]25)(4) 6500(6250) (5) 10,870 10,00<)(11,000)(5)

-. 0 Inc. 718 0173 130(125) (
4

)  6500(6250)() P ,890 o,ooo(n,oo)(5 )

A1) 51-53 mnl sheet.
e termined from calibration curves of previous program.(,)

Leaked after 8600 cyclea, after u i.lh exposure-vasA-5O vapor.
4) cessiv year or epeelnen at kni o edge lovered effective deflection to the value in

parenthe es by the end of' the run.
I Buedon deflectlon in parenthesea.

TABLE 0-13. DEPTH! OF WEA AT KNIFE EDGE O1N SPECDIENS
DEFLECTED IN Cl.3

Specimen No. of Do th of Wear Calculatcd

Hazber Alloy Sycloa Milall) Milo±1.000 evrea Lad, l

A-15 6061-T6 148,000 IO, 9 13 7.3 - 6.3
A-P 6061-T6 56,500 8, 5 1 8.0 - 7.a
A-7 6061476 i0,74o 8, 1 84 11 - 10.4
A-17 6061-T6 9,780 6, 1 72 11 - 10.5

8-5 347 3.S. 190,100 7, 6 7 22 - 19
S- 07 .3.B.S. , 13 31 - 9.6
S-3 347 S. S. 9, ' 1 6, 6 121) 49 - k5.5
3-1-f 347 3.0. 7,270 7, 5 165 49 - 4A

7-8 neon'I UP8 211,00) 10, 7 8 V0 - 17
X-l1 In.o nel JiV 1 1,fo i4, 1 11 20 - 16.5
X-1 ncorei (18 i0,V7O 9, 10]. 4'y - 1 ,5.0
1-10 Inconel 71 3,8 , ) 113 5 - 45.0

(1) Wtar QA top of : r 1 O3 irt.
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metrical 6004t tQ2Rf
within 0=01 Inch

0.40 R (two, Pilace s both sides)

No.9 drIll 5hole

FIGURE 0-1. BEND)INiG-FATIGUE SPECIMEN

Lto adjustable, cam

Teflon 0-ring

Bellows

Inlet
TeflIon
0- ring

specimen Knf
Straineds

Guide
pin,

Outlet -Y

FIGURE 0-Z. SCHEMATIC OF STAINLESS STEEL CORROSION-
FATIGUE CHAMBER
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3690'~5

RI,() . NVIRONMENTAL CH-AMBER AND MIOTOR DRIVE FOR RIEVERSED)-

BELNDING CORROSION- FATIGUE STU DIES

0-33



6

AI-6061-T6, SSrj7

_ _ .... _ _ 90 _ _ 70_ _ _

10

0_1 Type 347

____> -90rtms,70ToF

6,4.7 rm , 200-F-- __1---

Iriconel'718

20 Specimen from previous > ___ 90 rms, 70 F
progrom~t)

1 10 100

Cycles to Failure , 103

FIGURE 0-4, REVERSED- BENDING- FATIGUE DATA FOR POLISHED Al-6061-T6,
TYPE 347, AND INCONEL 718 IN AIR
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9X2C641 '9X iC641

FIGURE0-1-5. WEAR UNDER KNIFE EDGESOF INCONEL 718 FAT~IGUE
SPECIMEN 1-8 AFTER 214, 000 CYCLES IN Cl F3

ISO

140' Fl-I Load variation - 7-____

120"-

8 H1A-6061-T6
80

____I____

60

0 03 01)6

Load, pounds

FIGURE 0- 16. PLOT OF WEAR VERSUS LOAD FOR A 1-6061 -T6, TYPE 347,
- AND INCONEL 718 EXPOSED IN ZOO F CIF 3
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APPENDIX P,

INSPECTION AND MEASUREMENT OF BELLOWS
AND'DIAPHRAGMS,



ABBREVIATIONS ANbP SYMBOLS

X Mean of a set ofn samples XI, X 2 , ... Xn

-As Standa rd deviation of a set of samples from its mean

X Grand mean of a bellows parameter averaged over an entire set, of bellows-

sx- Standard deviation of the means from the grand mean

T Average standard deviation of a bellows parameter within each bellows

I:



APPENDIX P

INSPECTION AND MEASUREMENT OF BELLOWS AND DIAPHRAGdM

The test bellows and diaphragms were carefully exatnined and measured prior to.
testing. It had been hoped at the beginning of the program thit nondestructive measure-
ments of dimensions could be used to establish values of torus radii, convolution depths,
cone angles, average convolution radii, pitch, free length, etc., for use in the stress-
analysis computer program. It became apparent early in the program that analyses of
stresses and strains based on approximate convolution shapes are not sufficiently accu-
rate for the prediction of actual strains and bellows cycle lives (see Appendix D). The
accuracy of prediction was much improved when more accurate representations of the
convolution shapes were used than could be obtained from nondestructive measurements.
The more precise mathematical modelhad to be generated from cross-sectioned bellows
in' which' true convolution shapes could be observed and on which the shell dimensions
andwall thickness cquld be measured. The procedures. used for encapsulating, section-
ingi, and measuring the bellows and diaphragms are described in detail in this appendix.

Nondestructive bellows and diaphragm measurements of the test items were useful
.for purposes other than the mathematical modeling of convolution shapes, however,
Fir.st, knowledge of the measurable dimensions of a batch of bellows permitted the
selection of individual bellows for cross sectioning and for strain gaging'that were as
near to the average dimensions of the batch as possible. Also, on the basis of the as-
sumption that the bellows and diaphragms supplied by the several manufacturers for'test
in the Battelle program were at least as carefully made as is customary in the bellows
industry, 'the accumulated dimensions constitute a useful record of achievable dimen-
sionaluniformity using present bellows and diaphragm manufacturing processes. Since
the end use of the items ordered was generally known by the bellows and diaphragm sup-
pliers, it is probable that greater than average care was taken in'their manufacture.

Tests by the Manufacturers

The, only tests conducted .by the manufacturers were pressure and mass-
spectrometer helium-leak tests performed on some bellows after attachment of the end
fittings. All bellows anl diaphragms received during the program were checked at
Battelle and found to be helium leaktight, and no difficulties, were encountered with pre-
mature leakage.

Receiying Procedure

It seems to be a universal human tendency to want to pick up and compress or ex-
tend a bellows on sight. Ciases were brought to Battelle's attention by bellows manu-
facturers in which personnel who were unfamiliar with the often very limited allowable
strokes of metal bellows have caused irreparable damage by overstraining them. A
receiving procedure was therefore set up whereby incoming cartons of bellows were to
be opened only in the presence of a designated program engineer.
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Packagin

The receiving pr6cedure also included noting the condition and, effectiveness Of the
packaging. There were wide variations among suppliers in the, care with which their
bellows and diaphragms had been packaged for shipment. As might be expected, the
welded bellows, being more expensive than the formed bellows and the diaphragms,,
were more securely packed. All welded-bellows manufacturers used individual rigid
packages for each item. Packages used by some manufacturers contained internal sup.
ports for the bellows,. Typical practice for formed-bellows packing was for the manu-
facturer -t(- 'have covered the active portions of the bellows wth a strip of pasteboard
held -in place with a rubber band, Wrapped the bellows in kraft paper, and placed,them
in a large pasteboard shipping, carton.

Although no bellows were damaged or lost during shipment, several cartons from
one manufacturer arrived in an extremely battered condition and it was only through
good 'fortune that some bellows had not been crushed or lost. Clear polystyrene boxes
used by another manufacturer were slightly small for the bellows flanges, and all of
the polystyrene boxes ,shattered during shipment or after arrival owing to the high in-
ternal stress from the flanges,. Where advanced packaging materials such as air-cell
plastic sheeting were used, the quantities were too small to be reliably effective in pro-
tecting the bellows. None of the manufacturers used such packaging techniques as
vacuum-formed plastic sheets, foamed polystyrene, or foamed polyurethane.

Visual Examination

Each bellows and diaphragm was given an identification number, which was en-
graved on the top of the lower flange. For the'welded bellows andthe diaphragms, this
number Was taken as the arbitrary zero azimuth for recording the angular positions of
features observed in the visual examination. For formed bellows, the longitudinal weld
seam served as the zero azimuth point.

A bellows to be examined was first centered on a rotatable pedestal to which a
360-degree protractor hadbeen affixed. Centering of the bellows was simplified by a
series of concentric circles scribed on the top surface of the pedestal.

The exterior surface of the active portion of each bellows was carefully examined
using a lighted l-l/2X magnifying -viewer. Additional sidelighting was provided by a
floodlight. A white background was preferred.

The visual-examination procedure was further improved during the posttesting
examinations by substitution of a stereo microscope for the magnifier. A magnification
no greater than about 15X is recommended for general use.

The results of the visual examinations were recorded on charts depicting the de-
veloped surface of the bellows (see Figure P-4). Stains, scratches, dents, nicks,
bulges, etc., were denoted by pencilled shading and a simple letter code.

Visual observation of the interior surfaces of the bellows became increasingly dif-
ficult with smaller bellows diameters. It was possible to examine the inner surfaces of
5-inch and 3-inch formed bellows using a dental mirror. A flexible fiber optic viewer
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proved ursatisfactory because it had insufficient resolution, and a conventioial bore-

scope had such a limited field of view that the inspector had great -difficulty in relating
observed features to their locations on the bellows. Inner surface features were re-
corded in the same way as those on the exterior. The l-inch and 1-1/2-inch bellows.
were too small to permit insertion of the dental mirror. These bellows were-therefore
not examined in detail on their interiors. In the case of welded bellows, it was-possible

to examine the external weld beads and the adjacent portions of the diaphragms, but the

corrugations blocked much of the view between diaphragms. Such observations as could
be made regarding size, shane, and uniformity of the Weld beads were recorded.

Although some features were frequently visible on the surfaces of formed bellows

such as stained areas, die marks, small scratches, dents, aidnicks, there was no case

in which any of these features appeared to have been related in any way to the fatigue
fracture&. The question of when a visible surface feature becomes a rejectable defect
is complex, and there is need for the establishment of equitable acceptance standards in
the industry.

Nondestructive Measurement of Dimensions

Each batch of 12 nominally identical bellows and diaphragms received during the
program was Subjected to a series of dimensional measurements. As in the case of the

preceding visual examinations, the formed bellows permitted more complete measure-
ment than the welded bellows. Specialized measurement methods and recording tech-
niques were considered for use on the program, but it ' soon became apparent that con-
siderable effort and time would be required to develop measuring systems having
assured capability, accuracy, and reliability. Dimensions of the test bellows and dia-
phragms were therefore measured using conventional methods, including a dial indicator
and height gages, micrometers, and a 50X optical comparator. Since use of these de-
vices is common machine-shop practice, only the specific techniques believed to be
unusual in any way are included in this report.

Figure P-2 shows the dimensions of the formed bellows that were measured. The

convolution details presented in Figure P-2B are expressed in terms of constant-radius
torus and straight cone sections. The inadequacy of such approximations compared With

detailed convolution-shape measurements has already been pointed out. Of the

convolution-shape parameters, only the average outer torus radii could be measured

with a satisfactory accuracy. Some inner torus radii were measured, but shielding of

the roots by cone sections sometimes prevented their accurate-odbservation, and inner

torus radii measurements are not considered to be sufficiently accurate to iarrant their

presentation. Even approximate determination of the cone angles and true shapes os.-the
",flat" portions of the convolutions could not. he made fromi-the uncecti6ned bellows. A
few average , cone angles were measurea from bellows -ross secf-lns, 'but they were no.

suitable for the more detailed mathematical modeling technique developed during the

program, so the measurements were discontinued. The av.eragc nur -torus radii, on

the other hand, were relatively easy to measure and thtse measurements helped to pro-

vide an indication of manufacturing variability.

Of the dimensions shown in Figure P-2 thc.t could be obtained 'nondestructively,
five are considered to be of major importance: outside |iareter, inside diameter,
average outer torus radius, pitch, and oellows length. The values of these dimensions

for the test bellows are summarized in this appendix. Note that the bellows length as
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defined is smaller than the free length by about one pitch distance. The crown-to-crown
length measurement could be made more accurately than the free length measurement,
since it did not require the operator to judge the beginning of the end convolution. The
major bellows dimensions that were measured, both nondestructiveiy and destructively,
are listed in Table P- i, along with the measurement methods and pertinent remarks.

The dimensions listed in- Table P-1 are summarizedin Tables P-2 through P-13
'Because of the volume of data taken, it was not r feasible to present the individual obser-
vations. Instead, each measured dimension is presented for each bellows or diaphragm
in terms of an average and an associated standard deviation. The numbers of'observa.
tions contained in each average dimension are also presented. Since the analysis of the
dimensional data depends heavily on. the statistical, approach, the concepts and the statis-
tical quantities involved in the analysis, will be summarized before proceeding to the
results of the analysis.

Statistical Principles

If a dimension of an object, say the outside diameter of a bellows convolution, is
measured several times by the same operator using the same measuring device and at
the same location on the bellows, it will be found that there will be some small amount
of scatter among the individual (replicate) measurements. If the operator makes his
measurements at different locations, the scatter will be larger. Usual practice when
making such measurements is to calculate-the arithmetic mean value- often loosely
called the average, of n measurements according to the formula:

XI+X2+... +Xn

n

It can be shown for the vast majority of measurements of dimensions of the sort under
consideration in this program that if large numbers of replicate measurements are taken
and the results plotted as a frequency histogram, their values will be distributed in a
characteristic bell-shaped curve known as a Normal distribution. The assumption that
dimensions measured during this program are Normally distributed could therefore be
made with good confidence, and it was not considered necessary to make statistical tests
to establish Normality.

For Normally distributed measurements, a second statistic other than the arith-
metic mean serves to measure the scatter, or dispersion, of the individual observations
about the mean. This statistic is the standard deviation of the observations. It is de-
fined by the following formula, though more convenient forms of the equation are avail-
able for calculation purposes:

s =) +7 (X2 . 2-- -(X n -X

n 1

Because of the properties of the Normal distribution, the standard deviation is extremely
useful for determining the natural tolerances of a manufacturing process. For a Nor-
mally distributed dimension, 68. 2 percent of the measurements of that dimension- on the
average, will fall within one standard deviation of the mean value, or X * Is; 95.4 per-
cent of the measurements will fall within the range X 2 2s; and 99. 7 p.rcent will fall
within X I 3s. Knowing X and s for his process, a manufacturer can state with confi-
dence what tolerance he can comfortably work to or what fraction of his product will have
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to be rejected if he is required to work to any particular closer tolerance. For further
discussion of such applications of statistics, the reader is referred to books on the sub-
ject. The percentage points. of the Normal distribution were included above, however,
to assist the reader in making comparisons of dimensions of other bellows and dia-
phragms with those used on this program. The quantities X, s, and n as just defined
appear in 'Tables P-2 through P-12, for each dimension of each bellows under the column
headings "Mean", "Std. Dev. ", and "No. of Observ."

The bellows and diaphragms used in the program were obtained in lots of twelve
that were made sequentially from the same heat of material on a single piece of manu-
facturing equipment.

Even so, it can be seen from'the tables that there are variations among-the bellows
in a lot. It is appropriate again to use the arithmetic mean and the standard deviation to
measure a best single value for each dimension and the variation in this dimension
among bellows. These two -numbers are presented in the lower portions of the tables for

each dimension under the headings "Grand Mean, X" and "Standard Deviation of Means,
s-". The quantity s- is a measure of the scatter in dimensions resulting from three

possible causes: bellows-to-bellows variation,, convolution-to-convolution variation
within bellows, and scatter due tzo measurement inaccuracy, operator techniques, etc.

Among the pertinent questions for both manufacturers and users of bellows and dia-

phragms are the following:

(1) What are the actual-, rather than the nominal dimensions of the bellows
or diaphragm?

(2) What variations in dimensions exist among the convolutions or corruga-

tions of a single bellows or diaphragm?

(3) Are the variations in the corresponding dimensions of different bellows

or diaphragms from the same lot significantly different from the
convolution-to-convolution variations within a single item?

For the test bellows and diaphragms, Question 1 is answered by the values of X and
in the tables for the dimensions that could be measured. If more replicate measure,.

ments had beenmade, confidence in the degree to-which the averages of the meas-
urements approach the true mean values would of course have been increased.

Question 2 is an important one, sin,.e local strains, and therefore mechanical per-
formance, have been shown to be strongly dependent on convolution geometry. Although
the nondestructive measurements that could be made on the program items do not com-

pletely define the convolution.shapes, the values of the standard deviations, s, do give
some indication of the convolution-to-convolution variations within a single item, although
the values of s also contain the scatter due to measurement inaccuracy and operator
variations. If a duplicate set of measurements in all respects had been made, it would
have been possible to separate these-two sources of scatter. However, to have made
duplicate measurements would have added significantly to the program costs.

Question 3 can be answered by comparing the standard deviation of the means, sR,

with a single number representing the average standard deviation within a bellows, s.
A valid estimate of s for a particular dimension cannot be obtained by simply taking the

P..5



average of the standard deviations for that dimension associated with each bellows. For
a set of k items, the formula for determining a from the individual values of s for each
item is:

2 2
-(nI - + (n -1) + ... + k

n+.n +  + nk - k
k

Values of s for each dimension of each set of beilows for which more than a single mea-
surement had been made are given in the tables under the heading "Mean Standard Devia-
tion, ". Because the individual values of s contain variations arising from more than
one source, as noted above, the values of s, are measures of average Variation among the
convolutions of single bellows plus the measurement inaccuracies and operator effects.

A statistical test known as the F-test is available to-determine whether a statisti-
cally significant difference exists between any pair of values of s- and s. To perform
an F-test it is necessary-also-to Iowthe number of degrees of fireedomassociated with
sy and with s. In the present case, the number of degrees of freedom for sy is one less

than the number of bellows or diaphragms in the set, or k - I. For s, the number of
degrees of: freedom is the total number of observations minus the number of items in the
set, or n I + n 2 + ... + nk - k. It will be noted that this number is also the denominator
in-the expression for calculating a. Knowing these four numbers, the F-test is made -by
coisulting a table of the F-distribution. Such tables are included in moat books on sta-
tistics. The one used in the calculations made in this program was Table D in Statistical
Methods in Research and,Production,, by 0. L. Davies, published-by Oliver and Boyd
(London), 1949, pp 272-275.

In making the F-test, the squared ratio of the theoretically larger standard devia-
tion, in this case sy, to-the smaller, s, is calculated for the measurement in question.

The F-table gives the minimum value of the ratio F between the squared standard devia-
tions, or variances, having any particular degrees of freedom for which a statistically
significant difference between the standard deviations can be presumed-to exist. If the
calculated value of F is larger-than the corresponding tabular value, one can say in the
present case that there is significantly more variation. among bellows in the dimension
for which F was calculated than there is variation in the same dimension within individual
bellows. * A value of the F-ratio less than unity also means that there is no statistically
significant difference between s- and s. Although the true value of sy must always be

equal to or greater than the true value of s, since it contains the additional item-to-item
scatter, experimental-estimates of the F-ratio may be less than-unity.

As with all statistical statements, the -results of the F-test can only be stated in
terms of probability. F-tables are usualy constructed containing ratio values for 0. 90,
0. 95, and 0. 99 probabilities of Significance. Given a value of the ratio shown by the
F-table to be significant at the 95 percent level, the proper interpretation is that 95 times
out of 100, on the average, the tabular value of the ratio is correct in indicating that a
difference exists between-the standard deviations in question. if one examines an
F-tab]e, Yle will note that as the number of observations, and therefore the number of
degrees )f freedom, is increased, the test is able to distinguish statistical significance

*As has been noted, the values of s-and s obtained in this program also contain the error term, which is small with respect to thex
variations inthe dimensions in most cases, but which cannot be separated.
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when smaller and smaller differences exist between the standirdde*iWtions being com-
pared. Tables P-2 through P-13 include the calculated F-.ratios between 's and a-Isx
for each dimension with their associated significance statements,

Analysis of Nondestructive Dimension Data

The procurement -of test bellows and diaphragm for the program-was different
from the usual procurement. Instead of the bellows and diaphragms- being required to
perform under a set of operating conditions, "standard" items were ordered that were
of convenient size and general performance capability. The closeness with which the
performance of the items coild be predicted by the theory was then determined. The
use of standard bellows and-diaphragms significantly reduced the testing cost in the pro-
gram. Although-there were no tolerance standards aganst which the dimensions could
be compared, the mean values of' ii.. measured dimensions permit a number of conclu-
sions to be drawn concerning the "typical" manufacturing processes. The different di-
mensions will be discussed in turn.

Convolution Outer Diameter. In all of the formed bellows tested the convolutions
were formed radially outward, beginning with a uniform longitudinally butt-welded cylin-
drical tube having the approximate diameter of the finished-beilows inside diameter,
The behavior of the mean standard deviations, 7-, and the standard deviations of the
means, s3, are shown in Figure P-3, as functions of the outer diameter. The mean

standard deviation for the single-ply Type 321 stainless steel formed bellows, the only
program bellows series having three diameters, Was linearly related to diameter. This
indicated that the tolerance on individual convolutions of a bellows is naturally greater,
the larger the bellows when manufactured by the particular hydraulic process used. The
standard deviation of the means for these bellows was not a function of- bellows diameter,
however, indicating that the average outside diameter taken over all the convolutions of
a bellows was likely to deviate -from the average outside diameter for all the bellows in
the group by about the same amount, whatever the size of the bellows. Furthermore,
s-was significantly smaller than a for the 5-inch and 3-inch bellows. For the 1-inch
b lows s--and s were equal. This suggests that if:bellows much smaller than 1-inch)x
outside diameter were made with the same manufacturing process, the resulting bellows
might have s significantly greater than s;.

For the two-ply Type 321 bellows, s was smaller than for the single-ply bellows.
The two-ply bellows appeared to show the same sort of size dependence as the single-ply
bellows, though this cannot be stated definitely because only two sizes of two-ply bellows
were measured. The s data indicate that the convolution-to-convolution uniformity was
better for the two-ply bellows, probably because their doubled wall thickness made them
less critical to form than the single-ply bellows. The two-ply bellows as a group were
not as uniform as the single-ply bellows, as shown bytheir higher values of sg. A pos-

sible reason might be that it was more difficult to control the higher -hydraulic pressures
required to form the two-ply bellows.

The inconel 718 formed bellows showed a greater size dependence of s for the out-
side diameter than did the Type 321 bellows, and these bellows also showed a size de-
pendence of s-, in contrast to the Type 321 bellows.
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As might have been expected, the standard deviations ofthe outside diameters .for
the welded bellows (see Tables P-9 through P- 12) were generally smaller than those of
the formed bellows, reflecting greater uniformity. The smaller welded bellowsap-
peared to have slightly larger standard deviations than did the larger ones, however.
This might have been the result of the weld burn-down being a larger fraction of the
diameter in the smaller welded bellows.

inside Diameter. The standard deviations or the inside-diameter measurements
of the formed bellows are shown in Figure P-4. Behavior was generally similartothe
outside-diameter standard deviations. The abnormally high value for-the standard devi-
ation of the means for the 3-inch Single-ply Type 321 bellows was entirely due-to the
results for bellows JD61 and JD67, If the inside, diameters of these two bellows are neg-
lected s--becomes 0. 0036 -f0r the remaining 10 bellows, and a linear relationship with
diameter results. These values indicate the type of statistical basis on which bellows
could be rejected.

As has already been noted, nondestructive inside-diameter measurements of
welded bell6ws could, be obtained only for the 3-inch Type 347'belowsi Only single ob-
servations were made, so it was not possible to calculate s. The value of sy obtained,

0.0015, fell'below the corresponding formed-bellows .values, as would be expected.

Outer Torus Radius. Standard deviations for the outer torus radii of the formed
bellows are plotted against torus radius in Figure P-5 (note the smaller vertical scale
than that of Figures P-3 and P-4). They ocould equally wellhave been plotted against a
bellows-diameter measurement, since smaller bellows had smaller convolutions and
smaller torus radii. For the single-ply Type 321 'bellows, s showed almost no depen-
dence on torus radius, While sy was erratic. The s value for the 3-inch set of bellows

looks suspiciously low, owing to a remarkably uniform set of' mean values (Table P-3)
Matching of torus radii to the master templates was possibly not, done carefully enough
on this set of bellows;

Pitch. Standard deviations for pitch are plotted-against pitch in Figure P-6. The
mean standard deviation for the 5-inch bellows was markedlyhigh, and on the bellows
themselves, the convolution-to- convolution pitch variations and even variations with
azimuth around adjacent convolutions were visible to the practiced eye. For the 3-inch
and I-inch single-ply Type 321 bellows, pitch Variations along the bellows were-no
greater than pitch variations from one bellows to another, There was very little size
dependence of s- for either the single-ply or the two-ply Type 321 bellows. The two-

ply bellows were significantly'more uniform in pitch'than were the corresponding single-
ply bellows.

The Inconel 718 formed bellows were supplied:by a different manufacturer. Mean
standard deviation of pitch in these bellows showed a strong dependence on size, the
3-inch Inconel 718 bellows being second only to the 5-inch Type 321 bellows in
convolution-to. convolution pitch variation. The situation was reversed for the 1-inch
size, the Inconel 718 being the more uniform in pitch.
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Pitch measurements were made on the welded bellows and are presented in
Tables P-9 through P- 12. The standard deviations ranged somewhat lower than those
for most of the formed bellows and did not appear to show any significant trends.

Bellows Length. Standard deviations for the lengths of the formed bellows, mea-
sured between crowns of the end convolutions._ are shown in Figure P-7. In almost
every case, S-_ was significantly larger than s. This is perhaps to be expected, since
only a gross lack of parallelism between the end-convolutions of a bellows could produce
a large value of s. The amount by which si-exceeds s for the single-ply Type 321 bel-xlows is somewhat surprising, however. It can be accounted for only as the result of ac-
cumulated variations in pitch summed over the bellows lengths.

Diaphragm Dimensions. After visual examination, diameters of the diaphragm
corrugations were measured with the same optical comparator usedthroughout the pro-
gram for measurements of bellows pitch, free length, and torus radii. In the case of the
diaphragm, measurements, however, the comparator was used in the reflected-light
mode, rather than in the transmitted-light or shadow mode. The specular reflections
from the crests and troughs of the corrugations were easily observed, and accurate
measurements were obtained of the corrugation diameters.

Heights and depths of the diaphragm corrugations were measured using a conven-
tional metallurgical microscope having a 4-mm focal-length objective lens and a cali-
brated rack-and-pinion focusing arrangement. The microscope was focused on the crest
of a corrugation, the calibrated drum was read, and the diaphragin Was traversed along
a diameter to the trough of the corrugation. The microscope was again focused, the
drum was read, and the top-to-bottom corrugation height was determined by difference.,
Corrugation diameters and heights were measured across two orthogonal diameters on
each ,diaphragm.

Measured dimensions of the diaphragms appear in Table P- 13 and the associated
figure, P-8. From.the F-tes6t significance statements in the table, it Will be noted that
there are significant variations in the diameters of the innermost av4 outermost corru-
gation crests. The item-to-item variations thus revealed are ,most likely attributable
to minor heating variations associated with making the end fitting welds.

Measurement of Dimensions Requiring Destruction
of the Bellows or Diaphragm

One bellows or diaphragm from each lot of 12 was selected for encapsulation and
cross sectioning upon completion of the nondestructive measurements. Insofar as pos-_
sible, a bellows or diaphragm was selected that had dimensions close to the grand
means of the measured dimensions. The remaining items of the lot were held until the
dimensions from-the cross sections had been obtained, the mathematical model had been
constructed, and the predictions of mechanical behavior had been made using the stress-
analysis procedure described in Appendix B. The items were then released for testing
to verify the predictions,.

To obtain the dimensions required for the mathematical model, the items were
encapsulated in a plastic matrix and accurately cross sectioned along their longitudinal
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axes. The exposed cross-sectioned surfaces were then polished, and indentations or-
bench marks were located on appropriate convolutions. The X-Y coordinates- of each
bench mark were then determined so the shape, of the convolutins--could be reproduced
for-the anthematical model. The instructions presented in this sectibnnot only describe
the procedures followed during the program, but also outline the steps required to ob-
tain dimensions for-the stress-analysis procedure described in Appendix B.

Encapsulation

A hard plastic such as Epon 815* should be used for encapsulation to minimize
metal smearing in the polishing process. If the curing process is exothermic, tWe
proper accelerator must be used or a runaway cure may result in large bubbles, un-
sound plastic, and distorti6nof the bellows. An accelerator that will produce good re-
suits with Epon 815 is DEAPA (diethylaminopropylamine) * . Although.* mixture ratio
of 6 -parts of accelerator to 100 parts of resin by weight, is recommended, with experi-
ence this ratio may be adjusted in accordance with the mass of plastic material required.

The bellows can be encapsulated in any convenient rigid container. For a large
bellows, e. g., 5 inches OD, a water-cooled polyethylene bottle may be inserted inside
the bellows to reduce the mass ofplastic material and minimize the possibility of a run-
away cure.

The resin must be thoroughly mixed with the accelerator, using a power stirrer,,
just prior to encapsulation. After mixing, the plastic should be degassed in a vacuum
before casting. Degassing should take only a few minutes. A second degassing should
be performed immediately after the plastic is poured into the mold. Epon 815 will re-
quire from 1 to 3 days to cure at room temperature, depending on the mass of -plastic
and the ambient temperature.

Preparation of the Cross Section

After' the plastic matrix has cured sufficiently (the exposed surfaces are no longer
tacky), it can be removed from the mold. Then it is necessary-to section the plastic
block along the longitudinal axis of the bellows. This can be accomplished readily with a
resin-bonded abrasive- cutoff wheel. It is important that the exposed surface be parallel
to the longitudinal axis of the bellows, and that the surface be slightly-off center (about
0. 005 inch) to allow material for the subsequent grinding and polishing operations. Care
must be exercised during the casting process so that both diarhetral ends of the bellows
are exposed or are visible. This makes it possible to locate and scribe the true center-
line of the bellows on the plastic mass. The centerline then serves as a guide for cross
sectioning the mass,

I

The base of the plastic block should be machined parallel to the cross-sectioned
surface, If it is desirable to square off the plastic block all over to facilitate subsequent
polishing and measuring operations, this can be accomplished in a standard milling ma-
chine with a fly cutter or end mill. In any case, it is advisable to grind the surface

1 A product of the Shell Chemical Corporation.
**Experience hasrshown that this accelerator should be stored In a refrigerator since erratic and runaway curing may occur if the

accelerator ages on the shelf.
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exposed by the cutoff wheel to give an initially fiat surface and to reduce the amount of
polishing required. This can be done with a standard surface grinder using a large-grit,
open-face grinding wheel.

1I the final step of preparation, the crosi-sectioned surface is polished. A mirror
finish, free of grinding scratches, is required. This is accomplished by first polishing
the surface with a rotating disk of felt cloth charged-with a i-micron diamond paste.
The final polish is achieved with an aluminum oxide abrasive of 0.03 micron size. Ph6-
tomacrographs of polished, bellows and diaphragm cross sections are shown in Fig-
Ures P-9 through P-14.

Locatidn~of Bench Marks

As a part of the stress-analysis procedure, a series of X-Y coordinates is used
to draw the enlarged portion of the bellows. To obtain X-Y coordinates, it is first, nec-
essary to establish the midplane-of the shell of the selected convolution(s) on the bellows
cross section. This can be done with a Tukon nicrohardness tester. Diamond pyramid
hardness impressions (bench marks) are indented into the shell along the idplane at
regular intervals using a Vickers diamond penetrator and a 300-gram load. Generally,
an experienced operator can visually place an indentation within 0. 0005 inch of the mid-
plane, especially with materials approximately-0. 005 inch thick. For thicker materials
it may be necessary to locate the midplane by making measurements from the edges of
the material.

Measurement of Bench Marks

After hardness impressions have been placed along the midplane of the convolu-
tion, the block containing the sectioned bellows is mounted on a calibrated X-Y microm-
eter stage under a microscope equipped with, a cross-hair reticle. As each hardnesi,
impression is' brought under the cross hairs, its X and Y coordinates are read frorit the
stage drums.

The specimen is then examined under a microscope equipped with a Vickers
image-splitting measuring eyepiece, and the wall thickness is measured at all of the
hardness impressions. Wall-thickness data are also an input to the computer program.

Wardnesis Measurement

Finally, the hardness impressions can be read' to determine the hardness number
associated with each impression. It was found that there is a noticeable increase in
microhardness of the bellows wall material that is approximately proportional, to the
amount of wall thinning. Although not much use can be made of this observation within
the state of the art, it. is mentioned because of the relationship that exists between the
tensile strength and hardness of metals. The gain in limiting material properties with
hardness acts to offset at least partially the increase in membrane stress that accom-
panies wall thinning.
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Metallurgical Examinations of Bellows
and Diaphragm Cross Sections

After the convolution shapes had been dete.mined from the bellows and-diaphragm

cross sections, they were examined microscopically in the unetchedan&etched condi-

tions. Unetched examinations showedthat inclusion contents of all bellows, diaphragm,
and end-fitting materials were satisfactorily low. Etched examinations showed that
grain size relative to wall thickness was small in all cases, signifying good control by
the metal fabricators. Examples of typical microstructures are shown in the photo-
micrographs accompanying the, following discussion of the end fittings and convolution
welds.

End Fittings - Formed Bellows

All formed bellows tested during the program had their end fittings attached by

overlapping spot-resistance seam welding. One manufacturer first seam-welded inner

and outer reinforcement rings to the ends of the bellows and then gas-tungsten-arc
welded the flanges to the rings (Figures P-9 and P-10). The other formed-bellows
manufacturer made the inner reinforcement ring an integral part of the machined end
fitting (Figure P- li). Figure P- 15 shows an enlarged view of a cross section of a
formed-bellows end-fitting weld. The weld nugget is properly sized and'is symmetri-
cally located. Note that the small amount of distortion of the reinforcement rings ac-
companying seam welding tends to separate the rings fromthe bellows slightly. This

separation may be beneficial, sinceit makes it less likely that the edges of the rings
could cause a stress concentration in the bellows wall. The -gap between the bellows
and the reinforcement rings is a potential point of contamination entrapment, however,

and would be very difficult to clean.

No difficulties were encountered during the program with either leakage or me-

chanical failure of a formed-bellows end' fitting. It must be stated, however,, that the
program specimen requirements did not impose any serious restrictions on end-fitting
design or attachment. 'Manufacturers were therefore able to employ their best practice
in attaching the end fittings.

End Fittings - Welded Bellows

Two sizes of Type 347 welded bellows were obtained from one manufacturer, and
two sizes of AM-350 welded bellows were obtained from aiother manufacturer,. These

bellows were examined in detail and the results are presented in the following section.
Welded bellows from two other manufacturers were obtained late in the program. Al-
though the fatigue results for these last bellows are included in Appendix N, the exami-
nations of the bellows were very brief and the results are not included here.

The welded bellows that were examined in detail had end fittings that required an

edge burn-down, gas-tungsten-arc weld to attach the outer circumference of the last
diaphragm to a portion of the end fitting that had been previously machined to about 3 to
4 times the diaphragm thickness. The manufacturer of the Type 347 stainless steel bel-

lows favored a conically tapered fitting, as shown in Figure P- 12.
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The manufacturer of'the AM-350 bellows used an end-.fitting design requir'ng a
machined flange as shown in Figure .:P- 13. The use by the latter manufacturer of a tilted
inner edge on his convolutions made it necessary for him to increase the end-fitting
clearance on the female (flange-side), end fitting. An etched photonticroggaph of one of
the AM-350 end-fitting welds is shown in Figure P- 16. The amount of'burn-down ap-
pears adequate andthe weld microstructure is fine rather than coarse. A rather sub-
stantiat heat-affected zone is visible in the end fitting, but the section size is sufficient
to keep the stress low in that region. Mofachining marks are visible on the mating sur-
face of the end fitting. These marks were not present on all of the end fittings sectioned.
Also visible in the end-fitting microstructure are stringers of delta ferrite, which are.
to be expected in the AM-355 end-fitting alloy. These stringers, which are oriented
parallel to the plane of rolling, are not known to be harmful in themselves. When the
stringers are accompanied by large inclusions -in the rolling plane, as in a dirty heat of
AM-355 (which this one is not), it is easy to see from Figure P- 16 how a brittle inclu-
sion that opens because of the heat of welding can create a leak path through the flange
portion of the end, fitting. The manufacturer has some control over the orientation of the
ferrite stringers and inclusions, if any, by his design and his materials selection. For
example, in some cases there is a choice between making end fittings from bar or from
plate.

Convolution Welds. An etched photomicrograph of a typical' outer-diameter weld
in a 3- 1/2-inch Type 347 welded bellows is shown in Figure P-17. The weld bead is
symmetrical and well formed. The diameter of the bead, about 2- 1/2 to 3 times the
diaphragm thickness, is of a size-that offers sufficient reinforcement to avoid failure
through the bead. The diaphragms are approximately tangent at the edge of the fusion
zone of the weld. The edge of the fusion zone is not the edge of the columnar region,
but is defined by the intersection points of the circular weld bead with the outer dia-
phragm surfaces and the point of initial tahgency of the inner diaphragm surfaces, A
small amount of epitaxial grain growth occurred before solidification proceeded far
enough into the bead to establish the unidirectional heat-flow pattern necessary for
columnar solidification. The grain size of the columnar portion of the fusion zone is
relatively fine. There was also. very little grain growth in the heat-affected zone. In
short, the weld in Figure P- 17 was a good one, and was typical of the inner- and outer-
diameter welds on the 3- 1/2-inch Type 347 'cross section.,

On the 1-1/2-inch Type 347 bellows welds in thinner material, however, the
manufacturer appeared to have had some difficulty in maintaining a close fitup between
diaphragms, so there was sometimes, though not always, a gap such as that visible in
Figure P-18. Whether the geometrical effect of such a gap is good or bad is debatable.
In cases where the notch at the base of the weld is its weakest point,, the blunting of its
end might be beneficial in reducing the stress concentration. Insofar as the gap between
the diaphragms may represent a nonuniformity in the manufacturing process, however,
it is bad.

An example of an outer-diameter weld in a 3-inch AM-350 welded bellows is shown
in Figure P- 19. The weld uniformity in both sizes of the AM-350 bellows, both inner-
and outer-diameter,, was excellent. Fitup was good on all welds examined in cross
section. The particular photomicrograph presented in Figure P-19 was selected be-
cause one of the diaphragms happenedto have its rolling direction very near the plane
of polish, revealing the stringer-like nature of the delta ferrite regions. A small "tail",
presumably surface oxide that has been entrapped in the weld, is visible at the base of
the notch in this figure, and in the Type 347 stainless steel in Figure P-17. Tails of this
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size are not reported to be harmful, though the presence of excessive amounts of such
oxide as could result from poor cleaning or welding practice can cause a plane of weak-
nessin the weld bead.

Hardness. Microhardness traverses across convolution welds in the welded-bel-
lows showed that there was only slight hardness variation across the-welds in the Type 347
stainless steel (Figure P-20). The Type 347-welds were all within a 50Wpoint band of
Knoop Hardness Numbers (KHN). Therewere no apparent differences between traverses
of inside- and outside-diameter welds. Ih general, the hardnesses of tht fusion and,
heat-affected zones of the Type 347 welds were slightly less -than the base-metal
hardness.

Convolution welds in the AM-350 welded bellows, hardnesses of which are also
shown in Figure P-20, 'had a spread of 100 points of hardness, about twice that of the
Type 347 welds. However, hardnesses of the AM-350 welds and base metal were at a
muc.h higher level than were those of the Type 347 stainless steel. There appeared -to
be a slight, drop in hardness across the heat-affected zone and into the. fusion zone, but
in AM-350 the peak hardness in the fusion zone equalled or exceeded the base-metal
hardness by a small amount.

Examinations of Fatigued Bellows and Diaphragms

Following fatigue testing, the bellows were visually examined, and certain bellows
were subjected ,to destructive examinations of the fracture regions.

Posttesting Visual Examination

As described in Appendix Q, the approximate locations and lengths of fatigue frac-
tures had already been determined using internal pressurization and soap solution im-
mediately after the testing. Visual examinations were made later at 15X of the entire
visible exterior surfaces-of all fatigue-tested bellows, and this was found to be the pre-
ferred method of posttest examination. There were several cases in which the soap-,
bubble tests gave misleading results, despite the care used in making the tests. In a
few cases, fractures were observed with the soap solution that could not be observed
visually. These difficulties occurred on the I-inch formed Inconel 718 bellows, which
had dull gray-black oxide surfaces, and on two or three of the welded bellows, where
the convolution geometry prevented good observation. In these cases, locations of the
fractures were confirmed by dye-penetrant tests in which the dye was sprayed on the
bellows inner surfaces and the developer was sprayed on the outside surfaces. Dye
seeping through the fractures revealed them in-all but three or four cases, in which
pressure had to be used to force the dye through the very small cracks. The fracture
locations and lengths are summarized in Appendixes L, M', and N, which treat the fa-
tigue results.

With the exception of two ,corrosion-initiated failures and possibly some failures in
formed-bellows longitudinal welds, points of initiation of the fatigue fractures could not
be located or associated with any visual or microscopic surface features. It is reassur-
ing that the minor scratches, nicks, die marks, oxide films, stains, etc., observed
visually did not contribute to failure, since their entire elimination from commercial
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bellows would be very difficult. Significant details of the fatigute fractures will be dis-
cussed for each group-of test bellows.

Type 321 Stainless Steel Formed Bellows. With three eineptions, the fatigue fail-
ures were at the points of highest stress as predicted by the theory, viz., at the convolu-
tion roots. The remaining three failures Were in the crowns. 'Of these, two were small
cracks that probably initiated in the weld. The third, in a 5-inch bellows, JD89, was at
a corrosion pit. A similar corrosion failure occurring at a root was observed in an-
other 5-inch bellows, JD98. The cause of-the corrosion was determined to have been
stress corrosion due'to the soap solution. The 5-inch bellows were the first series
tested, at which time the manometer system was not available to determine which of the
two test bellows had failed, so the procedure was to soap both bellows. The unfailed
bellows was left on test with no attempt being made to remove the soap. This procedure
resulted in extensive pitting. Fortunately, in both cases where this occurred, the bel-
lows were very near the end of their cycle lives before the bellows in the Other test
chamber happened to have failed, so there was no noticeable effect on the fatigue results
obtained from JD89 and JD98 This experience is cited as a reminder that soaps and
detergents can be highly corrosive to mechanically stressed stainless steels, and that
such a routine procedure as using soap solution repeatedly during a bellows test may
vitiate the test results by introducing an extraneous mode of failure.

Figure P-21 shows a typical fatigue fracture in a .1-inch single-ply Type 321 bel-
lows. Inclusion content of the material is also typical. The presence of two parallel
cracks growing fror the bellows inner (convex) surface is not unusual in fatigue. The
fatal crack can also be observed'to have branched near the center of material, also not
unusual. The sudden change in direction of the, fatal crack might have been passed by
without comment if it had not been for the occurrence of an unsuspected condition in the
root of the adjacent convolution, shown in Figure P-22. Here it is seen that there were
separate fatigue cracks growing from both the inner and outer surfaces. The change in
crack direction in Figure P-21 was in all likelihood the intersection of'two oppositely
directed cracks.

It'was observed during the posttest Visual examination that single-ply bellows failed
at a single convolution, although the fractures sometimesappeared to be composed of
smaller cracks that had linked up at, or just prior to, failure. The presence of an unde-
tected crack such as the one in Figure P-22 suggests that there were probably other
cases among the single-ply bellows where more than one convolution was very near
failure.

The presence of secondary cracks in several ccnvolutions of the outer ply of the
two-ply bellows was very common. Some, if not all, of these cracks were entirely
through the outer ply. Failures were at the one point in each bellows Where both the
inner and outer plies had fractured at the same location. Rupture of the outer ply over
a substantial arc (fractures in two-ply bellows were significantly longer than those in
single-ply bellows) may have increased the loading on the inner ply, which then failed.

The prevalence of fatigue fractures in the vicinity of the longitudinal seam welds of
the 3-inch single-ply Type 321 bellows (Appendix L, Table L-8) suggests that there was
something amiss in the manufacture of this series. Failures in the other Type 321 bel-
lows showed no tendency to occur in any fixed relation to the weld. A possible cause of
the localization of the failures in the 3-inch bellows might have been a slightly excessive
amount of planishing, since there was nothing about the appearance of the welds to sug-
gest a cause. P-15



Inconel 718 Formed Bellows. With one exception, JDIZO, all fatigue failures in
the Inconel 718 bellows-occurred in the roots. The failure in JDIZO was a small crack
or hole in a crown not associated with the weld. Since the cycle life of the bellows fell
within the range of bellows havingnormal failures, cause of the crown failure was not.
determined. Fractures in the Inconel 718 bellovs were very similar to those in the
Type 321. bellows, and the same comments apply.

Type 347 Welded Bellows. There were three failures in the heat-affected zones
of the end-fitting welds. Out of a total of 18 failures in the Type 347 welded-bellows
test items, three end-fitting failures is probably not excessive. Of the remaining fail-
ures, 13 were in outer diameters of the convolutions. Only two failures occurred along
inner diameters, and both of these were in the smaller., 1-1/2-inch bellows. Three of
the outer-diameter failures in the 3- 1/2-inch bellows were through the weld bead itself.
The others were classified as heat-affected-zone failures..

A ph6tomicrograph of a typical failure in a Type 347 welded-bellows convolution
weld is shown in Figure P-23. The fracture path was either in the very high-
temperature edge of the heat-affected zone or at the fusion line., A comparison of this
figure with Figure P- 17 shows that the welds were very similar. Both show tails of
about the same size. There is no evidence of any deformation associated with the notch
formed by the incoming diaphragms.

Figure P-24 shows a photomicrograph of one of the three fractures through the
weld beads. It is obvious from-the configuration that there was insufficient melting to
produce an adequate weld bead in this case. Failure to have discovered the existence of
such regions of reduced burn-down in the pretest inspection must be partly attributed to
inexperience of the inspecting personnel, but it is also true that inspection of these
small welds is difficult. The regions might have been discovered if the i5X stereo mi-
croscope used in the posttest inspection had been used on the pretest inspection. They
would not have been discovered on either inspection if they had, been on the inside dia-
meter. Cause of the regions of insufficient burn-down may have 'been momentary varia-
tions in welder power-supply output, an increased arc-path length due to radial motion
of the torch or the welding fixture, or slightly undersize diaphragms.

A limited fractographic study was conducted on several of the fatigued Type 347
welded bellows. The fractures were confirmed to be due to fatigue. Figure P-25 shows
a photomicrograph of the fracture surface of bellows JD145, a heat-affected zone fail-
ure. The fracture surface is neatly divided into two zones by a line running parallel to
the diaphragm surfaces some distance from the presumed neutral axis. The larger
portion of the fracture surface was the zone of fatigue fracture, while the smaller zone
was the region of final shear fracture that occurred at the terminatioi. of the test, pos-
sibly over a single load cycle. This change in fracture mode is. very commonly observed
in fatigue- specimen fractures.

The nature of the fractures was further confirmed using electron fractography.
Replicas of a similar fracture surface of Bellows JD148 were made and examined in the
electron microscope at much higher magnifications than are possible with the optical mi-
croscope. Figure P-26 shows the nature of the fracture in the fatigue pi,rtion of the frac-
ture surface. The striations, or "beach marks", are characteriistic of fatigue fractures,
They are caused by the stopping and restarting of the crack that takes place on the re-
versal of the load cycles. For comparison, a portion of the shear fractureregion is shown
in Figure P-27. It gives the impression of having been torn apart, which in fact it was.
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The beach marks visible on the fatigue fracture surface were found to be parallel
to the diaphragm surface, showing that the fatigue crack propagated perpendicularly
across the diaphragm thickness rather than spreading circumferantially around the outer
diameter from one or two crack nuclei. The perpendicular propagation direction is
further confirmed by the demarcation line in Figure P-25, which Shows that at the mo-
ment of transition to the shear fracture mode, ti.e fatigue crack front was straight and
parallel to the diaphragm surface. These observations explain-the existence of very
long fractures in a few-of the bellows such as JD148. If the crack growth had been, cir-
cumferential, it was difficult to see-how the fracture could have grown so large without
the failure detectio., system's having shut down the testing machine (see Appendix Q).
Having recognized the propagation direction of the fracture to be perpendicular to the
diaphragm surface, however., it is clear that there was no perforation of the diaphragm
until the moment of final shear fracture. The presence of a long fracture under such
conditions is actually a sign of uniformity of manufacture that resulted in a uniform
stress over a large region of the outer diameter.

AM-350 Welded Bellows. Of the eight fatigue failures in the 3-inch AM-350 bel-
-lows, five occurred in end-fitting welds, one in an outer-diameter weld, and two in
inier-diameter welds. In the 1-1/Z-inch AM-350 bellows, there were three end-fitting
weld failures, one outer-diameter-weld failure, and six inner-diameter-weld failures.
All failures appeared to have taken place in the heat-affected zones, although this is not
absolutely certain in five of -the cases. In these five, the fractures were too small and
too inaccessible to flex the diaphragms to -reveal the exact crack location. There were
no fractures through weld beads in the AM-350 bellows, however.

Absence of fractures through the weld beads correlates with the excellent
convolution-weld uniformity in these series of bellows that was noted in the -pretest in-
spection. The frequency-of failures in the end-fitting welds was not expected. A cross
section of a-typical end-fitting-weld failure is shown in Figure P-28. Failure was at or
near the edge of the fusion zone. Figure P-29 is an enlarged view of the end--fitting weld
shown in Figure P- 16 and is typical of several such undamaged end-fitting welds exam-
ined in both sizes of AM-350 welded bellows. One feature of the end-fitting welds that
was not observed in the AM-350 convolution welds is a narrow band of enlarged grains
in the diaphragm just at the edge of the weld bead. A hardness traverse of the end-
fitting-weld cross section of Figure P-28 is plotted in Figure P-20. It shows that the
band of larger grains had lower hardness than was typically observed in convolution weld
traverses (KIIN 417). It is possible-that this soft zone was incapable of strain-hardening
sufficiently on cycling to prevent localization of the fractures there. Presence of the
zone of grain growth in the end-fitting welds but not in the convolution welds may have
been associated with the higher heat input necessary to burn down the relatively thick
end-fitting section and the relatively poor heat sinking between the diaphragm and the
warm end-fitting mass.

Diaphragms. Visual examination of the diaphragms after testing to failure con-
firmed that all of the failures obtained at relatively low strain levels occurred at the
inner-diameter-weld heat-affected zone. Figure P-30 shows that the nature of the frac-
tures did not differ from similarly located failures in welded bellows. Diaphragm
JD182, which had been tested at a high strain level, failed by fatigue in the trough of a
center corrugation (Dimension S in Figure P-8). There were no unusual or unexpected
features in the diaphragm failures.
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TABLE P-I. MAJOR MEASURED BELLOWS DIMENSIONS

Dimension Method Remarks

Nondestructive Measurements (all Items)

Outside Diameter Micrometer --

Indide Diameter Micrometer; Optical Inside micrometer was used on formed
Comparator (Ex-Cell-O bellows. Comparator was used on 3-
Model 14-808 Contour 1/2-inch Type 347 welded bellows.
Projector) Other welded bellows could not be

measured.

Pitch Optical Comparator, lOX --

Bellows Length Optical Comparator, lOX Note that length measurements for
formed bellows were from crown to crown
and are not the free bellows length.

Outer Torus Optical Comparator and Formed bellows only.
Radius Radius Template Trans-

parencies, 50X

Flange Thickness Micrometer

Corrugation Diem- Optical Comparator; Used in reflection mode.
eter (Diaphragm) lOX

Corrugation Height Metallurgical Micro- 7ocused successively on tops and
(Diaphragms) scope; 4-mm Ojective bottoms of corrugations.

Destructive Measur'ements (Mounted Cross Sections)

Convolution Shape Microhardness Tester; Locations of hardness impressions made
Microscope; X-Y Stage along convolutions were measured.

Wall Thickness Microscope; Vickers Thickness measurements were at loca-
Image-Splitting tions of hardness impressions.
Measuring Eyepiece

Hardness Microhardness Tester Hardness impressions made to ketermine
convolution shape were read.



TAHI. -- 2. D1 N-EICS CP 5-I2CH, I-PLY, TYPE 321 STADUIESS SMEL FC Z,3=0EJS

Oatside Diamter Inside Diameter Outer Torus-Radius Pitch Bellows Length
Bellowa Sta. No. of std.' No. of Std. No. of Ft. N of- "t. o

No. Mean Dey. Obeery. Mean Dev. Cbseiv. Mean Dev. observ. Mean Dev. Obse -v. Mean Dav. Cbserv.

JD87 5.7367 0.0108 24 4.989S 0.0059 22 0.0657 0.0009 21 0.3467 0.0312 20 3.8023 0.002 4
JD8B 5,7!.44 .0128 2 4,981 0.0057 22 0.0659 0.o07 2 0.3544 0.0303 23 3.7865 0.0570 4
J3D9 5.6993 0.0102 12 4.9735 0.6080 10 0.070 0.0009 6 0.3454 0.0081 5 3.7508 0.0332 4
JD90 5.7070-0.0064 24 4 .9835 O.CO53 22 0.0765 o.0012 6 O.3470 O.C0i4 5 3.80680.0265 4
JD93 5.7023 0.0089 12 4.9860 M004o 10 0.0778 0.ooo8 6 0.3450 0.0038 5 3.8168o.oi76 4
JD92 5.7043 0.0089 12 4.98270.0056 o 0.0760 0.o006 6 0 3385 60118 15 3.8000OO1379 4
JD93 5.7047 0.0054 24 4,9793 0.0056 22 0.0755.O.0014 6 0,3286 O.0063 5 3.5775 0.0364 4
JD94 5.7054 0.0149 12 4.9813 0.0066 1o 0.0767 o.OoL4 6 o.3412 0.O122 5 3.7685 0.0219 4
JD95 5.7058 0.0199 12 4.9829 O.0091 1o 0.0763 O.0012 6 0.3250 0.0310 5 3.7283'0.0243 4
qD96 5.7026 O.O160 12 4.9816 O.0o59 i0 O.O767O.OOIO 6 0.3386 O.0114 5 3.8013 0.0151 4
JD97 5.70-0 0.0099 12 4.9847 0.6037 10 0.0773 0.0010 6 0.3408 0.075 5 3.7695 0.0176 4
JD98 3,7057 0.0058 12 4.9835 0.0033 10 0.0770 O.CO18 6 0.33e; 0.0092 5 3.7688 0.0238 4

Total Cbervations 192 168 102 100 48

Mwan Standard
Deviation, B 0.0111 0.0058 0.0010 0.0223 0.0277

Standard Deviation
of eans, 0.0049 0.0042 0.00o43 mc08S. 0.0634

Grand Mean, R 5.7064 4.9830 0.0749 0.3406 3.7473

Variance Ratio, F <1 <3. 18.49 <1 5.24
Significance Level,
verent N. S. N.S. 99 N.S. 99

(a) No statisticAlly significant difference.

TABLE P-3. DfNSIONS OF 3-INCH, 1-PLY, TYPE 321 STAIZESS STEEL FMI2ED BELLOWS

Otside Diameter Inside Diameter Outer Torus Radius Pitch Bellows Ingth
Bello.s Std. No. of SMd. No. of Std No. of Std. No. of Std. No. of

No. Mean Dev. Cbserv. Mean Dev. Cbserv. Mean Dev. Observ. Mean Dev. Cbserv. 'Mean Dev. Cbserv.

JD61 3.6360 0.0089 12 3.0118 0.0076 6 0.0380 0.0014 0.1963 0.0060 3 1.7575 0.0040 4
JD62 3.6413 0.0072 12 2.9873 0.00m43 6 0.0383 0.0013 4 o.2163 0.0040 3 1.9O4O .0148 4
JD63 3-.6340 0.0057 12 2.9820 0.0036 6 0.0393 0.0025 4 o.205o 0.0078 3 1.8183 0.0373 4
JD64 3.6418 0.0088 1-? 2.9938 0.0038 6 0.0380 O.008 4 0.2060 0.164 3 1.8593 O.0100 4
JD65 3.63P8 0.0109 12 2.9952 0.0033 6 0.0380 0.0008 4 0.2170 0.0070 3 1.9125 0.0152 4
JD66 3.6377 0.0052 12 2.9913 0.0031 6 0.0385 o.0o06 4 O.2147 0.0064 3 1.9383 0.0165 4
JD67 3.6377 0.0069 12 "2.9963 O.084 6 0.0380 0.0008 4 0.2083 0.0091 3 1.8378 o.0188 4
JD68 3.6436 0.0138 12 2.9883 0.0054 6 0.0383 0.0012 4 0.20 0.0039 3 1.8280 0.0264 4
jD69 3.6470 0,0021 8 2.9900 o.026 6 0.0378 0.0005 4 0.2070 0,0024 3 1.8478 0.0059 4
JD70 3.6430 0.0028 8 2.9862 O.0031 6 0.0383 0.0009 4 0.2123 0.0061 3 1.8960 0.0009 4
Jni 3.6301 0.0O44 8 2.9925 0.O008 6 0.0373 0.0005 4 0.2133 0.0065 3 1.9135 0.0152 4
J1272 3.6336 0.0050 8 2.9902 0.0024 6 0.0365 0.0003 4 0.2197 0.0076 3 1.9480 0.0223 4

Total 0bservations 128 72 43 36 48

Mean tSAndXrcd
Deviation, ; 0.OC79 000=46 0.011 0.077 0.O184

Standard Deviation
of Meane, s1 O.c049 0.0074 0.00,7 O.C65 0.0555

Oran Mean, R 3.6387 2.9971 0.0380 O.2310 1.8759

Variance Ratio, F < 1 2-59 < I < 1 9.10

Significant,- Level,
praent .Sa 99 N.S. z.. 99

(, ) R3!ificat 4iff9e.
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ThE! P-4. DI4NMM~ OF 3-PEE, 2-PLY, TMP 321 IP-AhM.S W. FCi MUMS

Outside Diameter Inside Diameter 'Outer Tor'us Radius Pitch sov h-
Bllows Std. No. of Std. No.9 of Ed. K.of 9td. C1 =f.0! O

Nko. Mean Dey. Cbsery. -Mean - Dev. Cbaery. .Mean Dew- Cbser#. Mean -Day. Obinary. Mean Div. Obvery,.

JT7 3.6183 0.0031. 8 2.903T 0;0034 6 0.037 0.00 14 0.2160 0.0009 3 1.9563-0.0185 -4
m~4, 3.61T5 0.002 8 2.9128 0.0027 6 0.0395 0.002 4 0.2167 0.0015- 3 i.9el8 O.O3e4 14

JDT5 3.6225-0;0028 8 2.9696,6-0035 6 o.o388 0.005 14 0.2120 0.0040 3 l.9085 6-0 14
MD6 3.6106 0.034 8 2.-?74T 0.0031 6 0.03680o.0005 14 0.2143 o0.Z 3 1.9273 0,0112 14
JM? 3.6189 0:0030 8 2.9T20 0.0039 6 0.0368'00005 14 0.21.23 0.0094 3 1.9155 O009 14
JD78 3.6203 0.0-021 8 2.9717T 0.0040 6 0.0375 0.0006 14 0.210 0o=34 3 1.91.00 b.025 14
J~f9 3.6181 0.0073 8 2.9685 0.003 6 0.o0453 0.0009 14 0.2137 0.0015 3 1.9925 0.0251 14
JD6O 3.6403 0.0035 8 2.965T 0.0043 6 0.0930o.009 14 0.213 6049 3 1.9195 0.0513 14
MDB 3,6170 0.0053 8 2.9746 0o0o34 -6 0.0403 0.0013 14 0'2130 0.001T 3 1.9240 0.0037 14

JDG2 36193 0.0026 8 2.9717 0.'0033 6 0.380 0.0008 '0.2130 0.0029 3 1.935o 0.0074 14
JU13 3.663 0.0038 8 2.9727 0.0036, 6 0.036o 0.000 0.2113 0.0011 3 1.922 0.0468 14
Zn81. 3.6206 6=024 8 2.973T 0.0045 6 0.0383 0.=004 14L 0.2193 0.0012 3 1.9493 6=069 14

Total Observations 96 72 148 36 48
Mean Standard
Deviation, i 0.003T 0.0036 0.0009 0.0040 m.261

Standard Deviation
of Means, s2 0.0064 0.0027 0.0039 o=026 0.0227

Grand Mean, 2 3.620f 2.9717 0.0395 0.2142 1.9336
Variance Ratico, F 2.99 15-1 18.74 < I 1

Significance Level,(a
percent 99 .. &i99 N. S. N. S.

(a) No statistically significant. difference.

TABL P-5- DIMENSIONS OF 1-INER, 1-PLY TYP 321 STA321LESS STEML FORMED ELOWvS

Outside Diameter Inside Diameter 'Outer-Torus Radius Pitch Bellows Le h
Bellows Std. No. of Std. No. of Etd. -No. of Std. No. Ofa. o

No. Mean Dev.- Oserv. Mean Dev, Observ. Mean Day. Observ. Mepn Dey. Cbserv. Mean Dev. Observ.

3te3 1.3384 0.009 8 0.9T63 0.0047 6 0.0295 omoog 6 0.1204 0.0019 5 0.9593,'0.0060 4
jD24 1.3473 0.049 8 o.9748 0.022 6 0.0323 o-0008 6 6.1338 0.0029 5 0:9328'0-0039 4
JD25 1.3330 0.0048 8 0.9j800o.0041 6 0.0289 0.0010 6 0.1306 0.0029 5 o.9280 0 0066 4
JD26 1.3330 0.0049 8 0.9788 0.0039 6 0.0297 o.=08 6 0.1298 0.001 5 0.9255 0.0113 4
JD27 1.3329 0.0026 8 0.9743 0.0036 6 0.0292 0.0003 6 0.1330 0;0044 5 0.9435 0.0044 4
JD28 1.3331 0.0026 8 0:9770 0.0018 6 0.0305 0.0009 6 0.1318 0.0058 5 o.9448,00113 4
JD29 3.3295 0.0045 8 o 97.75 0.0058 6 0.0292 0.004 6 0.12600 .0165 5 0.8860 0.0016 1+
JD30 1.3330 0.0074 8 0.9797 0.0037 6 0.0308 o=014 6 0.1316 0.0011 5 0.9010 m.164 4
JD31 1.3310 0.0034 8 '0.9753 0.00222 6 0.0297 0.0013 6 0.128 0.005 5 0.8140o 0.0149 4
JD32 1.3295 0.0037 8 0.9710 0.00M1 6 0.0282 0.0008 6 0.1170 0.0053 5 0.9400 0.0093 4
JD33 1.3318 0.0031 8 0.9773-0.0031 6 0.0302 o-coo8 6 0.1264' 0.0022 5 0.9215 0.0138 4
3TD34 1.3337 0.0031 8 0.9793 0.0025 6 0.0297 0.0018 6 0.111 0.0050 5 0.7930 0.0150 4

Total 'Cbservations 96 72 72 60o4
Mean Standard
Deviation, i 0.0013 0.0037 0.0011 0.060 0.0107

Standard Deviation
of Means. si 0.0048 0.0025 0.0028 0.0071 o.082

Grand Mean, 2 1.3339 o.9766 0.0291 0.1260 0.9100
VAriance R~atio, F 1.25 '16.48 1.40 20.3

Significance Level,
percent N.s a N.S. 99 P.S. 911

(a) No stati-it~cally uignificant diffrence.



TABLE P-6. DDIENSIIS OF 1-332E, 2-PLY TPE 321 ASUM M M=I FOBM MLG4

Outside Diameter Inside Diameter Outer Torus, Rad us Pitoh . Bllows
Belloits Std. N. . of - tSE. No., of Std. No. of - td. -o. of 8tA. No. Of

No. Mean Dev,. Observ. Mean Dev. Ubaerv. Mean Dev. Observ. Mean Day. 0seiev. Mean Div. O(sev.

JD11 1.34o06 o.o37 8 0.9742 0.0030 6 0.0323 0.0009 6 0.129 0.0048 5 0.9017 0.0130 3
JD12 1.3228 0.0037 8 0.9677 0.0o62 6 0.0313 o.0o4 6 o1304 o=.049 5 0.9180 0.0117 4
JD13 1.3433 0.0018 8 0.9767 0.0027 6 0.0337. O.OOi2 6 o.1342 0.008 5 0.908.0.0068 4
JD14 1.3440 0.0015 8 0.722 0.0019 6 0.0330 0.0019 6 0.1328 0.0041 5 0.9338 0.0069 4
JD15 1.3473 0.0032 8 0.9767 0,0022 6 0.0327 0.0005 6 0.1336-0.0059 5 0.946 0.019 4
JD16 1.3525 0.0O26 8 o.97T48 o.o026 6 0.0327 o.0004 6 0.1255 0.002T 5 0.8853 0.0079 4
-D7 1.3524 0.0031 8 0.9773,0.0021 6 0.0327 0.0012 6 O.344 0.0064 5 0.9605 0.0087 4

JD18 i.3469 0.0018 8 0,9758 0.0015 6 0.0322 0.0008 6 0.1336 0.0025 5 0.9293 0.0035 4
JD19 1.347G 0.0028 8 0.97570.024 6 0.0308 0.0008 6 0.1316 O.0010 5 0.9268 0.0080 4
JD20 1.3485 o,oo5 8 0.9760 0.0016 6 0.0316 0.0004 6 o.127 0.0046 5 0.9058 0.0051 4
JD1 1.3448 0.O021 8 0.9787 0.0015 6 0.0323 0.0010 6 0.1358 0.0037 5 0.9555 0.0084 4
J1D2 1.3468 0.0018 8 0.9736 o=024 6 0.0320 O.0015 6 O.1316 0.0029 5 0.9235 0.0058 4

Total Observations 96 72 72 60 7

Mean Standard
Deviaticn, B 0.0025 0.0028 0.0011 0.0051 0.0088

Standard Deviation
of Means, st 0.0077 0.0029 O.0008 0.0031 0.0223

Grand Mean, X 1.3447 0.9749 0.0328 0.1317 0.9273

Variance Ratio, F 9.49 1.07 < I < 1 6.42

Si ,ificance Level,
p ercent 99 N.S.(a) N.S 99

(a) No statistically significant difference.

TPME P-7. DIMENSIONS CF3-NCH, 1-PLY INCONEL 718 FRMED BELLOWS

Outside Diameter Inside Diameter Oter TorusRadius Pitch Bellw th
Bellows Std. No. of Std. No. of Std. No. of Std. No. of No. of
No. Mean Dev. Cbserv. Mean Dev. 0bserv. Mean Dev. Observ. Mean Dev. Cbserv. Mean Dev. Cbserv.

JD119 3.4877 0.0137 3 3 0370 0.0087 3 0.0300 0.0013 6 0.1523 0.069 3 1.8853 O.0194 4
JD120 3.047 0.0058 3 3.0393 0.0050 3 0.0317 0.0025 6 0.1503 0.0071 3 1;8863 0.0115 4
JD121 3.4870 0.0060 3 3.0340 0.0017 3 0.0302 0.0020 6 0.1527 0.0119 3 1.9023 0.0100 It
JD122 3.4977 0.0021 3 3.04,07 0.0040 3 0.0298 0.0031 6 0.1500 0.0175 3 1.9043 0.0337 4
JD123 3.4877 0.0127 3 3.0343 0.0015 3 0.030'2 0.0018 6 0.1613 0.0184 3 1.9383 0,0121 4
JD124 3.4917 0.0093 3 3.0373 0.0021 3 0.0315 0.0019 6 0.1520 .o165 3 1.8W3,0.0107 4
JD125 3.4943 0.0085 3 3.0C53 0.0015 3 0.0300 0.0024 6 0.1570 0-0113 3 1.8550 O.0196 4
JD126 3.4960 0.0010 3 3.0283 0.0035 3 0.0297 0.0010 6 0.1570 0.0157 3 1.9270 0.0058 4
JD127 3.4877 0.0078 3 3.0370 o.oo46 3 0.0302 0.0019 6 0.1467 0.0021 3 1.9248 0.0151 4
JD128 3.4887 0.0180 3 3.0383 0.0038 3 0.0297 0.0020 6 0.1493 0.0021 3 1.9115 0.008 4
JD'29 3.4930 0.0044 3 3.0360 0.0035 3 0.0322 0.0026 6 0.1557 0.0160 3 1.9258 0.0126 4
ZD130 3.4807 0.0025 3 3.0403 0.0038 3 0.0288 0.0005 4 0.1523 0.00O 0 3 1.9063 0.001 4

Total 0bservations 36 36 70 36 48

Mean Standard
Deviation, B 0.0091 0.0041 0.0021 0.0123 0.0155

Standard Deviation
of Means, s 0.0063 0.00 2 0.0010 0.0040 0.0229

Grand Man, X 3,4914 3.0373 0.0303 0.1531 1,9051;

Variance Ratio, F < 1 1.05 < 1 < . 2.18

Significance Level, N.S.(a)
percent N.S. N. S. N.S. 95

(a) No statistically significant difference.
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Outside Diameter Inside Diameter. Outer Torus 'adus Pitch- .31 e
Bellows Std. No. of Std. No. of Std. No. of Stf. No. of .

No, Mean Dev. Observ. Mean Dev. Cbeery. Mean Dov, Obsery. Ieen De. (Oerv., Mean Day. bserv.

JD10 1.2355 0.0007 2 1.0110.o0000 3 0.0237 0.0oo 6 0.0753 0.002 3' . O14220.OlO6
JD1O8 1.2370 0.0014 2 1.0093 0.0015 3 0.o21O 0.0015 6 0.0783 0.0045 3 1.1558 0.O088 *1
-JM09 1.2365 0.0007 2 l.0100 .00c26 3 0.0233 O.00O0 6 0.077 O .0o06 3 1.1525 O.0158
JM0 1.238o o.o14 2 1.0110 0.0000 3 0.0242 o.oo14 0.787 .0029 3 1.1638 o.oo48 4
JM13 1.2365 0.0035 2 1.0123 0.0032 3 0.0245 0.0022 6 o07T57 0.0094 3 1.1348 o.oo48 4
J12 1.2365 0.0021 2 1.o63 0.0012 3 o.oe48 60022 6 o07-43 0.0091 1 1.1273 0.021! 4
JM3 1.2325 9.0007 2 1.01o30.0006 3 0.0233 .m0o 6 00787 0.015 3 1.1655 0.0097 4
jm14 1.2165 0.0021 2 1.0107 0.0025 3 0.02 o.oon 6 o.8O7 o.0045 3 1.17o 0.0132 4
JDM15 1.2335-0.0007 2 1.0103 0.0015 3 O.02 49 0.0028 6 0.0790 O;0020 3 1.1635 0.00 6 k
Jf6 1.2345 0.0021 2 1.0110 0.0000 3 0.0240 0;0013 6 0.0733 i,.0036 3 1.1215 0.0087 4
JD-17 1.2365 0.0007 2 1.0073 0.0035 3 O.2e42 0.0019 6 0.0760 d.0017 3 1.1513 0.0062 4
JDUS 1.2350 0.0000 2 1.0113 0.0040 3 0;0252 O.0016 6 0.0797 0.0031 3 1.1568 0.0194 4

Total Observations 24 36 72 36 48

Mean Standard
Deviation, a 0.0016 0.0020 0.0019 0.0046 0.0119

Standard' Deviation
of Means, s 0.0016 0.0017 6.0006 0.0023 0.0158

Grand Mean, X 1.2357 1.0101 0.0243 0.0771 1.1504

Variance Ratio, F 1.00 < i < 1 <I 1.76

Significance Level,.
percent N NS. N.S. N.S. N. S.

(a) Nc statistically significant difference.

TAMLE P-9. DIMENSIONS OF 3-1/2-INCH TMP 3147 STA~idU3S STEEL WELDED BLLOWS,

Outside Diameter Inside Diameter Pitch Bellows Length
Bellows Std. No. ofN Std. No. of Std. No. of S

No. Mean Dev. Observ. Mean , Dev. Observ. 'Mean, Dev. Cbserv. Mean Dev. OCberv.

JD131 3.5986 0.0022 5 2.815 - 1 0.0552 0.0053 5 0.4220 0.0055 4
JD132 3.5990 0.0019 5 2.818 - 1 0.0556 0.0051 5 0.1158 0.0015 4
JD133 3.5998 0.0032 5 2.816 - 1 0.0566 0.0027 5 0.4253 0.0017 4
JD135 3.5978 0.0021 5 2.813 . 1 0.0632 0.0034 5 0.4213 O.00h0 4
JD136 3.6030 0.0029 4 , 996(a) - 1 0.0592 0.0044 5 0.4213 0.000 4
JD137 3.5986 0.0021 5 it 815 - 1 0.0510 0.0053 5 0.4253 0.0015 4
JD138 3.5982 0.0025 5 2.816 - 1 0.0492 0.0019 5 0.4235 0.0021 4
JD139 3.5982 0.0023 5 2.814 - 1 0.0516 0.0037 5 0.4225 0.0013 4
JD14O 3.5986 0.0016 5 2.814 - 1 0.0510 0.001 5 0.4230 0.0028 4
JD141 3.5988 0.0020 5 2.815 1 .OO 0.00 1 5 0.4145 0.0013 4
JD142 3.5982 0.0019 5 2.813 1 o.086 O.O14o 5 0.4050 0.0031 4

Total Observations 54 11 55 44

Mean Standard Deviation, 0.0043 0.0029
B ~~~0.0023 0003.02

Standard Deviation of
Means,, s2 0.0009 0.0015 o.04 0.0060

Grand Mean, X 3.5988 2-8149 0.0541 o.4200

Variance Ratio, F < 1 1.05 4.28

Significance Level, N.S.(b) N.S. 99
percent

(a) Measurement apparently in error. Disnarded in calculation of Frand n.,an.

(b) No statistically significant lifference.
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BELLOWS
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500X (a) As Polished lC308

50OOX (b) Aqua Regia I1C309

FIGURE P-21. CROSS SECTION OF FATAL FATIGUE FRACTURE IN
TYPE 321 STAINLESS STEE L FORMED BELLOWS
JD30 - ROOT OF SEVENTH CONVOLUTION

P-36



500OX (a) As Polished IC310

50OX (b) Aqua flegia IC311I

FIGURE P-22. GROSS SECTION OF NONFATAL FATIGUE CRACK IN
TYPE 321 STAINLE SS STEEL FORMED BELLOWS
JD30 - ROOT OF SIXTH CONVOLUTION
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APPENDIX Q

TEST EQUIPMENT AND PROCEDURES

This appendix describes the equipment and procedures used for a series of tests
conducted with representative bellows and diaphragms to verify the accuracy of the com-
puterized stress-analysis procedure and to investigate the applicability of selected
performance-analysis procedures. Other equipment and techniques utilized during dif-
ferent types of investigations are described in those report sections concerned with those
investigations.

Table Q- I shows the representative bellows and diaphragms that were tested
(these items are described in some detail in Appendix P). Three basic types of tests
were conducted: (1) deflection- pressure, (2) vibration, and (3) fatigue.

Deflection- Pressure Evaluation

The primary purpose of the pressure-deflection tests was to verify the accuracy
of the computerized stress-analysis program for predicting elastic stresses and strains
in metallic bellows and diaphragms. Because the analysis program predicts the stress-
es due to deflection and pressure separately, and assumes they can be combined
algebraically, representative strain-gaged specimens were operated under three condi-
tions: (1) axial deflection without pressure, (2) pressure without deflection, and (3)
combined axial deflection and pressure. [Since angular deflection and offset modes of
performance could be estimated by calculating an equivalent axial deflection, tests of
rotational and offset (lateral) displacement were not conducted.]

The equipment and techniques used for the pressure-deflection tests are described
in two categories: (1) those related to the measurement of deflection, pressure, and
axial force, and (2) those related to the measurement of strain. Because the location of
the strain gages on the specimens was a critical factor in the tests, the decisions relat-
ing to the strain-gage locations are included in the second category.

Measurements of Deflection, Pressure,
and Axial Force

The tests were conducted in an Instron universal testing machine. Deflections
were measured to within ±0. 0005 inch, and axial force was measured to within *0. 10
pound. The bellows were pressurized with helium from a tank of helium, and pressures
were maintained within ± 1 percent. The 4-inch diaphragm was pressurized by a column
of mercury, and pressures were maintained within * I percent.

Fixtures. It was necessary to design and fabricate fixtures for operation with the
Irstron machine. Figure Q- 1 shows the major components of the fixtures. An aluminum
adapt-er base plate was fastened to the lower, movable crosshead of the Instron machine.
For internal pressure (the dashed bellows shown in Figure Q- 1), one flange of the test
bellows or the outside diameter of the diaphragm was clamped to the base plate against

' :i 0-1



an 0-ring seal. The other flange of the bellows or the center of the diaphragm was
attached to a rod fastened to -an- extensiof- compression load cell mounted in the upper
crosshead. The tests of deflection Without pressure were conducted by raising and
lowering the lower crosshead in predetermined increments. Readings were taken at
each deflection increment.

For bellows tests with internal pressure, helium was introduced through the base
plate to the inside of the bellows. The tests of pressure without deflection-were con-
ducted by maintaining the, null position of the lower crosshead and raising and lowering
the pressure of the gas in increments by hand-operated control valves. For the-tests
of pressure with, deflection, the lower crosshead was positioned at increments of com-
pression and extension and the gas pressure was varied in increments. The diaphragm-
was pressurized by varying 'the height of, a column of-mercury contained in a manometer
tube.

For bellows tests with external pressure, each bellows was surrounded by the
metal cylinder shown in Figure Q- 1, and pressurized-gas was introduced to the volume
surrounding the bellows. Tests similar to those with internal pressure were conducted
with incremental variations in gas pressure and bellows deflection. By using a low-
speed drive to rotate the. force- rod sleeve bearing, the force, needed to extend or com-
press the bellows under external pressure was more accurately measured than would
have been possible With other types of bearings. This action was similar to the reduc-
tion of friction in hydraulic spool valves through rotation or dithering of the valve spool.
Since it was not possible to pressurize the other side of the diaphragm because of.
strain-gage wires, "external" pressure tests were not conducted with the diaphragm.

Procedures. Because of the importance of obtaining representative strain-gage
readings, the procedures used to deflect and pressurize the bellows were selected to
minimize the effects of residual stress and hysteresis. For all individual and combined
loadings, the stresses were kept Within the elastic limit of the material. (Subsequently,
as described in Appendix L, tests were conducted with some of the bellows to determine
the strain distributions when the loadings were high-enough to create partially plastic
strains. )

To obtain strains due to deflection, a reading was first obtained at zero .deflec-
tion. The specimen was then deflected in one direction to a maximum value with an
intermediate reading. The specimen was then returned to the intermediate position,
and then back to zero deflection. This process was repeated with deflection in the other
direction to obtain a complete deflection cycle. Thus, for each deflection cycle, three
readings were obtained at zero deflection, two readings were obtained at each inter-
mediate position (one ascending and one descending), and one reading was obtained at
each position of maximum deflection. Five such deflection cycles were conducted for
each specimen,

To obtain strains due to pressure, readings were first obtained at zero pressure.
Then the -pressure was increased in 10-psi increments to a maximum value which kept
all strains within the elastic limit. The pressure was then decreased in 10-psi incre-
i-nents to zero pressure to complete a pressure cycle. For each pressure cycle, there-
fore, two readings were obtained at zero pressure and at each 10-psi increment (one
ascending reading and one descending reading), and one reading was obtained at the
maximum pressure. At least three pressure cycles were conducted for each specimen.

Q-2



To obtain strains due to deflection and pressure, the same deflection-cycle , proce-
dure was followed as described above. In addition, at each deflection increment the
pressure was increased and decreased in 10-psi increments as described above. The,
maximum pressure for the combined loading was reducedfrom that-used for the
pressure-only tests in order to keep the combined strains within-the, elastic range.
Only two deflection cycles were conducted for the combined loadirg condition because
of the large number of readings required, and because the specimens had experienced,
considerable "settling in" during the individual 'loading, tests.

Tests conducted for external pressure were identical to those for, internal pres-
sure. However, because the strain readings were generally similar for both types of
pressure, and because the strain-gage wires required special attachments for the
fixture used for external pressure, only two representative gages (one meridional and
one circumferential) were read' during the tests, with external pressure.

Measurements of Strain

Several methods were considered for-measuring, strains occurring in the bellows
and diaphragms. Since the stresses in each specimen were to be analyzed by the com-
puter program as part of the analysis procedure, it was decided that the best approach
would'be to use very small straingages positioned at predetermined, high-stra:in loca-
tions. Because of the high cost of buying and installing small strain gages, the loca-
tions of the gages were carefully selected to minimize the number of gages required.

The gages selected were 1/64-inch-long foil -gages manufactured by Micro
Measurements, Inc. Gages No. EA-'69-015-DJ-120:were used to measure meridional
strains, and Gages No. EA-09-015-EH- 120 were used to measure circumferential
strains. Strain readings were made with a Baldwin Lima Hamilton SR 4 Strain Indicator,
Type N. Dummy gages were used for temperature compensation, andthe readings were
made using a bank of switches to connect each gage in turn (at each deflection and/or
pressure increment) to the strain indicator. The readings were made to the nearest 5
microinches. Figure Q-2 shows a pair of gages attached to a diaphragm convolution.

Location of Strain Gages on Formed Bellows. Each formed-bellows specimen
contained several convolutions. The number of'convolutions was established by each
manufacturer on the basis of the general size, material, and operating conditions
specified by Battelle's purchase order. The number of convolutions ranged from 8 (for
the 1-inch stainless steel bellows) to 16 (for the 3-inch Inconel 718 bellows).

The selection of strain-gage locations was based on two factors: (1) the theoreti-
cal stress analysis was reasonably accurate, and (2) the stresses were not expected to
vary greatly from convolution to convolution. With these assumptions, the strain gages
were placed (1) at the most convenient, high-strain locations, (2) at locations which
would detect any gross lack of deflection symmetry, and (3) at locations which would
serve as checks on other strain gages.

A "middle" convolution was selected for each bellows as the primary convolution.
Because the theoretical calculations showed that the meridional stresses at the convolu-
tion roots and crowns were the largest type of stresses in each bellows, and because the
convolution crown was the most convenient location, three meridional gages were placed
on the "middle" convolution crown 90, 180, and 270 degrees from the longitudinal weld.
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Although the weld was avoided because of the-difficulty of obtaining valid strain readings
in the weld area, the three gages were expected-to reveal any adverse effect ondeflec-
tion symmetry caused by the weld.

One circumferential gage was pairedwith each of the meridional gages placed 90,
and 270 degrees from-the-weld on the middle convolution because these were selected a.
the strain locations of primary interest, and biaxial strain readings were required to
permit the calculation of the biaxial stresses. In addition, one meridional gage was
placed on the crown of the second convolution from each end, 180 degrees from the weld.
These gages were expected to reveal any -significant stress variation occurring near the
ends of the bellows through comparison with the gages on the middle convolution,

Finally, two meridional gages were placed 180 degrees: from-the weld on the inside
of the root of two convolutions: the middle convolution, andthe second convolution from
the flanged~end. These gages-were essentially opposite two of the meridional gages on
the convolution crowns. No circumferential gages were used atthe convolution roots
because of the difficulty of placing the gages on the inside diameter of the bellows. In
the case of one bellows (1-inch Inconel 7-18), no meridional gages were used or. the con-
volution ioots because of the difficulty of installing the gages.

Figures ]t-21 (Appendix E) and F-7 '(Appendix F) show the locations-of the seven
meridional and two circumferential strain gages on developed views of the 3-inch and
1-inch stainless steel bellows, respectively.

Location of Strain Gages on Welded Bellows. Calculations showed that the maxi-
mum deflection andpressure stresses in most of the welded bellows occurred at the
weld beads. It was not possible to place strain~gages at those locations because of the
small radii of the weld beads. Therefore, a location-was sought which Would provide
reasonably high strains and permit the use of good gage-installation techniques. The
only satisfactory location was the flat portion adjacent to the crown weld bead. This
area, which is clamped by the chill blocks during the welding operation, was approxi-
mately 0. 060 inch wide on the 3- 1/2-inch welded bellows and approximately 0. 040 inch,
wide on the 1- 1/2-inch welded bellows. It was estimated that the bellows convolutions
couldbe separated sufficiently for meridional an1 circumferential gages to be installed
properly.

The gages were placed generally in the middle of the flat-width to avoid the
heat-affected zone near the weld bead on the outside, and to avoid the radius of the first
convolution on the inside. In each pair of diaphragms joined by a weld bead, the first
convolution bent toward-the flat in one diaphragm and away from the flat in the other
diaphragm. The strain gages were mounted on that diaphragm in Which the first con-
volution radius bent away from the mounting surface, because the gages could be more
easily held in place on this flat. Gages could not be installed on the flats near the root
weld beads because the working space on the inside diameter of the bellows was too
small to permit separation of the convolutions and attachment of the strain gages.

Two pairs of gages were placed 180 degrees apart on the appropriate flat of the
middle convolution. Because all the welded bellows were ordered with eight convolu-
tions to keep the cost of the specimens to a minimum, the middle convolution for the
welded bellows was selected as the fourth convolution from the flanged end. [Figure
H- 15 (Appendix H) shows the strain-gage locations selected for the 3-1/2-inch stainless
steel welded bellows.] Because the strain increased to a maximum at the weld bead, it
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was necessary tomeasure the distance from the center of each-gage to the edge ofthe
weld bead. This was done with~a calibrated microscopei, with calculations to allow for
the angle of observation.

Although primary reliance was placed on the four gages placed on the middle Con-
volution, two other pairs of gages were placed, on the appropriate flat of the seventh
convolution from the flanged end. These gages were used to determine whether deflec-
tion symmetry was maintained in the bellows.

Location of Strain -Gages ,on the 4-Inch Diaphragm. It was decided'that the 4-inch
diaphragm should be .highly strain gaged for two reasons: (6) it'was not possible to
place a sufficient number of strain gages on the welded-beeUows convolutions. to check the
accuracy of,,the analysis for various locations in the Welded-bellows diaphragms, even
though the comparison of the experimentally determined and theoretically determined
spring rates of the bellows offered a good overall check of the accuracy of the analysis,
and (2) the 4-inchdiaphragm offered an ideal opportunity to compare any geometrically
nonlinear behavior of the diaphragm-with the nonlinear analysis calculations.

Preliminary theoretical stress callations showed that the maximum surface
strains would occur at the 'roots and crowns of some of the convolutions and on the flat
near the outside diameter, as described in Appendix I. Twenty-two strain gages were
placed on one side of the diaphragm at these locations. The gages were located gener-
ally on three radial lines spaced at 120-degree intervals. On the main radial line, nine
pairs of meridional and circumferential strain gages were placed on each root and crown
of the convolutions. To check on the uniformity of response around the circumference,
two meridional gages we-re installed on two crowns on the twoother radial lines.
Although the gages were placed carefully on 'the convolution roots and crowns, a cali-
brated microscope was used to measure the distance from the center of the diaphragm
to the center of each gage as a check on the location of the gages.

Calculation of Experinientally'Determined Stresses. To calculate experimentally
determined stresses, it was necessary to: (1) select representative strain gages, and
(2) calculate the biaxial stresses from the strain readings. For the formed'bellows, the
readings of two pairs of gages placed 180 degrees apart on the middle convolution were
averaged, and the readings of the gage on the root of the middle convolution were used.
Because no circumferential gage was placed on the convolution root and because a cir-
cumferential strain value was needed to calculate the bia rial stresses (see below), an
experimental circumferential strain was determined by assuming that the ratio of the
experimental stresses was the same as the ratio of the theoretical stresses at the con-
volution root. For the welded bellows, both the readings of the two pairs of gages on
the middle convolution and the distances of the meridional gages from the weld bead
were averaged, Because the circumferential stresses were smaller and- the circum-
ferential stress gradient was smaller than for the meridional stresses, the distances
from the circumferential gages Were selected as being the same as the distances from
the meridional gages. This made it possible to obtain meridional and circumferential
strain values at one location.

The equations used to calculate biaxial stresses from measured strains are:
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where

S1 a stress 'in, directionof el, psi

S2 3 stress in direction of -2, psi

F, = strain, in./in.

'62 = strain, in. in.

E = modulus of- elasticity (29 x 106 psi for staihleSs steel)

-A w Poisson 's ratio (0. 3 for stainless steel).

The problems of'interpretation and approximation were minimized by using strains
to the nearest microinch, and by making the stress calculations to the nearest psi. To
calculate representative stresses, it was necessary to select representative deflection
strain readings and representative pressure strain readings from among the readings
obtainedfrom the selected gages. For both types of strains, value,. were used from
tests that didnot combine deflection and pressure. Average values were obtained'by
averaging the readings of the different cycles as, shown inAppendixes E and F. (The
validity of adding the strains algebraically was checked by adding the individual strains
and comparing them with the strains of the Various combined tests.)

Comparison of Experimentally Determined Stresses and,
Strains With Theoretically Predicted Stresses and.Strains

When-the strains being measured are, the result of bending stresses, and when the
distance to the neutral axis is small, as it was with-the bellows and diaphragm material,
the strain being measured by the gage is greater than the strain at the surface of the
metal. The difference is in proportion to the respective distance of the metallic surface
and the center of the gage foil from the neutral axis. Thus, to compare the experiment-
allydetermined strains with the theoretically predicted' strains, it was necessary either
to increase the theoretical values, or to decrease the experimental values, It was
decided, because the membrane strains and the bending strains were calculated inde-
pendently by the computer program, that the comparison would be made more easily if
the theoretical calculations were -increased for comparison with the gage readings.

The deflection and pressure strains in bellows and diaphragms are the result of
both membrane and bending strains. The membrane strains are constant across the
entire metal thickness,, and the strain gages were expected to measure the membrane
strains accurately. However, since the bending strains increase in proportion to the
distance from the neutral axis, the theoretical- bending strains calculated for the surface
of the metal had to be increased to reflect the thickness of the strain gages. The
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theoretical membrane strains were then added to the corrected theoretical bending
strains to, calculate the 'theoretical" strains at the axis of the strain-gage foil.

To deter,.ine the amount'of correction necessary, the neutral axis for-the bending
strains in each specimen was selected as being at the middle of the metal thickness. A
typical gage was mounted on a metal specimen and cross sectioned. Careful measure-
ments showed that the middle of the foil was 0. 00135 inch from the metal surface. This
dimension was added to the di stance from the neutral axis (half the measured bellows
wall thickness), and the theoretical bending strain was multipliedby the ratio:

distance fromneutral surface to strain- ga'e foil*
distance from neutral surfaca to metal surface

Because of the biaxial nature of the strains, it was believed that a comparison of
the experimentally determined strains' with the theoretically predicted strains was not
sufficient to give a ,cear understanding of the verification of the theory. Therefore,
stresses were calculated from the modified theoretical strains, and these modified
theoretically predicted stresses were compared with stresses calculated from the exper-
imentally -determined strains.

Vibration Evaluation,

It was estimated that formulas from the state of the art would be adequate for
predicting the longitudinal or accordion vibration mode and the transverse or beam
vibration mode of formed and welded bellows for aerospace components. The applica-
bility of' these formulas was evaluated through a theoretical and experimental vibration
analysis of each of the selected bellows types.

Figure Q- 3 shows the design of the fixture for evaluating bellows under longitudi-
nal and transverse vibration modes. For longitudinal vibration, the end fittings of the
bellows were rigidly positioned from a base plate. Although one base plate served for
all bellows sizes, separate shafts and cylindrical stiffeners were required for each of
the bellows sizes and lengths. For transverse vibration testing, the longitudinal vibra-
tion fixture was turned '90 degrees and fastened to an L-shaped bracket. One L-shaped
bracket was satisfactory for all bellows sizes. This arrangement minimized the cost of
the fixture, and simplified the mounting of the specimens for test. The fixture was
designed for use with a Caladyne Model 174.

'Each bellows was subjected to accordion and lateral-mode frequency scans from
100 cps to 10, 000 cps to determine resonant frequencies. Since some indications of
resonance by the acceleration meter-on the shaker console -were produced because of
fixture vibration, each indicated resonant period was checked by means of stroboscopic
observation to verify'that the resonant behavior was associated with the bellows and not
the fixture. In some cases the amplitude'of lateral response was so slight that accelera-
tion indications of resonance were meaningless and a-touch-sensing approach was used
to detect the resonant periods.

'As described in Appendix L, it was occasionally necessary to estimate the strains-at the metal surface from -the experimentally
determined strains. The reciprocal of this ratio was used to make this calculation, even though the answer was not accurate
because of the inclusion of membrane strain in the measured value. However, the membrane strain was usually small compared
tothe bending strain, so the error in the correction was-usually small.
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An -auxiliary test was conductedwith the 5-inch formed bellows to confirm the
results of the lateral- shake tests to determine the effect (if, any) of fixture configuration
on bellows response. The test procedure consisted of mounting the bellows in a fixture
with the axis horizontal, adhesively mounting a ferrous object to the outer edge of the
center convolution, and then striking the center of'the bellows span with a plastic mallet.
Oscillation of the bellows and ferrous target was sensed by means of a stationary mag-
netic pickup and taped by a recording oscillograph. Analysis of the recordedtraces
showed-that the 'bellows response was identical with that obtained in the, Caladyne
machine.

Fatigue Evaluation

The requirements of the fatigue evaluation are described in detail in Appehdixes
K, L, and M. Figure 0-4 shows a layout of the machine that was designed and fabri-
cated for the fatigue. tests. Three bellows sizes(5-, 3-, and 1-inch diameter) are shown
in the two views todepict the types of' fixtures and special features required for mount-
ing different specimen sizes. Figures Q-5 and Q-6 show the completed machine. A
5-inchbellows is shown mounted on the machine. Two specimens of equal size were
usually mounted on the machine during test operation.

The fixture mounting surface,, fulcrum-pin-support assembly, and rocker beam,
together with the connecting rods, fulcrum pin, wrist pins, and bearings, were a self-
contained assembly and were designed to operate with minimum structural deflection.
The major portion of the forces generated in deflecting the test specimens was con-
tained within this assembly. A mounting frame constructed from a weldment of steel
angle and channel supported this assembly. Also, mounted on the frame were a.motor
and speed-reduction unit,. which provided the reciprocating motion for the rocker beam.
A motor-mounted variable- speed pulley drove through a fixed-reduction gear box to
provide a variation in specimen deflection rate. Because the machine was to be operated
for approximately 5000 hours, provisions were made for easy adjustment and replace-
ment of critical parts such as bearings and pins. Standard parts were used wherever
possible to reduce the initial cost of'the machine and the cost of machine maintenance.

The large bellows were tested at 60 cycles per minute, while the small bellows
were tested at rates up to 120 cycles per minute. The rates were selected sufficiently
low that no dynamic amplifications were created in the bellows.

Changes in amplitude of specimen deflection were accomplished through a micro-
meter adjustment incorporated in the adjustable throw- crank arm. The basic design of
the machine assured'that each of the two specimens under test received the same
extremes of deflection and stress. Compensation for manufacturing variations in bel-
lows beight Were accomplished within *0. 005 inch through the use of spacers for adjust-
ing the length of the bellows actuator rod. With careful use of height gages and dial
indicators, the bellows deflections were maintained within *0..O01 inch of the desired
amount.

A leak-detection system was used which permitted the machine to be left in opera-
tion without attendance. A schematic drawing of the system is shown in Figure Q-7, and
the installed system can be seen in Figures Q-5 and Q-6. The system included a source
of ffressurized gas which was used to pressurize the inside of the bellows. When a
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bellows developed a leak during the fatigue test. andgas leaked into the volume betwee-'
the outside of the bellows and the inside of the bell jars, the pressure in this volume
increased and an adjustable pressure switch was actuated,

With the actuation-of the pressure switch, the motor on the fatigue machinewa's
shut off, and two solenoid valves were actuated. One, valve shut off the system from the
source of pressurized air. The second valve-opened the inside volume of'the bellows to
atmospheric pressure so the pressure in the bell jars could' not build up-because of the
leak in the bellows. A test of the system showed that a helium leak of approximately
I X 10-2 atm cc/sec actuated the pressure switch in approximately 4 minutes with the
switch adjusted for 4ounces of pressure. With this setting, the machine would auto-
matically stop the.test approximately 240 cycles (with a machine speed of 60 rpm) after
a leak of this size developed in one of the bellows'

When the first of two'bellows failed, a manometer was conneced-to each bell jar
in turn (with the bellows pressurized). Movement of the water column indicated which
bellows contained the leak. Soap solution was then used to find the location of the leak
in the failed bellows. Each location was marked- for subsequent examination, 'as
described in, Appendix 'P.
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TABE q-1. RE SNNmA E Bm~Lc AND DAPE

Configuration Material

Single-Ply Formed Bellos

5-11/16 in. OD, 5 in. ID Type 321 stainless steel
3-5/8 in. 0D, 3 in. ID Type 321 stainless steel
1-5/16 in. OD, 1 in. ID TYI* 321 stainless, steel
3-1/2 in. OD, 3 in. ID Inconel 718
1-1/4, in., OD, I in. ID Inconel 718

Two-PE Formed Bellows

3-5/8 in. OD, 3 in. ID Type 321 stainless steel
1-5/16 in. OD, 1 in. ID Type 321 stainless steel

Nested-Ripple Welded Bellows

3-1/2 in. OD, 2.812 ID Type 347 stainless steel
3 in. OD, 2.838 ID AM-350
1-1/2 in. OD, 1.055 ID, Type 347 stainless steel
1-1/2 in. 0D, 1.060 ID AM-350

Convoluted Diaphrags

4 in. oD Type 347 stainless steel
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FIGURE Q-2. INSTALLATION OF A PAIR OF STRAIN GAGES - TYPES
EA-09-O15EH-1-2O (TOP) AND EA-09-015D3 -(BOTTOM)
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FIGURE Q-3. FIXTURE FOR VIBRATrION EVALUATION OF BELLOWS
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FIGURE Q-5. FRONT OF FATIGUE TEST MACHINE
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FIGURE~ Q-6. BACK OF FATIGUE-TEST MACHINE,
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