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SUMMARY

This report presentn tho results of an analytical and exporimontal
danlgn study animed at the devolepmoent of Improved wolded wmotal belluws
for application in c¢ryogonic soals, Porformance characterinties for tho
full rango of bellows configurations woro investigatod in the lincar and
non-lincar rango of oporation, Thoe major characteristic of intorost wao
tho chango in bollows effoctive diametor ovor the operating range, Othor
charactoristics of major intercst were the beollows spring rate and the
maximum operoting strosses,

The analytical wnrk culminated in the selection of opposed and
nested torcidal bellows plates stiffencd by means of alternating stiffener
rings as thec most promising bellows configurations, Opposed toroids
appear to have the capability of maintaining constant effective diameter
within 0, 3 percent for the conditions of interest, Radial corrugations in
the plates inay further improve this, Nested toroids, because more
convolutions are possible, appear capable of meeting the 0,1 percent
goal, Thus, the theoretical work res.*ts in the high degree of con-
fidence that significant advancement may be made in the state of the
art,

However, fabrication problems arose concerned with the joining
of the flexible bellows plates and stiffener rings trequired for the
promising configurations, These problems prevented the experimental
verification of the analytical results within the scope of effort available
to the program,

Thus, while the program has not resulted in final experimental
conclusions regarding performance of the promising designs, it has
accomplished a significant systematic evaluation of a wide range of
bellows configurations from the standpoint of their ability to provide
constant effective diameter, Moreover, it has provided considerable
experience with the problems invo.ved in joining of mixed bellows
stacks consisting of flexible plates and stiffener elements where there
are significant variations in plate thickness among the elements,
particularly where there are large diameter to span ratios involved,
This type of structure is felt to be inevitable in achieving substantial
improvement in the state of the art and, thus, the experience gained
in this program will be helpful in’ deve! ‘ping successful fabrication
techniques, Finally, the test methods .nd apparatus developed and
built for the accurate measurement of effective diameter under
cryogenic conditions, and the tooling available for producing experimental
bellows plates are important tools in the eventual development of
constant effective diameter bellows,

It is recommended that these accomplislments be used as the
basis for a continued program to improve the state of the art in
bellows seals, Specifically, the next tasks should be aimed at
developing improved element configurations and joining techniques to
overcome the fabrication problems,
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INTRODUCTION

This veport prescnts tho roaults of an analytienl nnd exporimontal
deatgn study almed ot the dovelopment of improeved wolded metal bellown
for application in eryogonic nealo, Porformancoe characteriaticn for tho
full ronge of bellewo configurations wero invontigated in the lnear and
non-lncar range of eperatien, The major characteristic of interont wob
the change in bellows atfoctivo dinmotor over the oporativ~ rango,

Other charactoristics of major intercet were tho bellown spring r.to
and the moximum operating stressos,

The analytical work culminated in the selcction of bellows con-
figurations having a high probability of substantial advancement of the
state of the art with regard to maintaining constant effective diameter
over a wide operating range. However, fabrication problems associated
with the joining of flexible elements and stiffencer rings having disparate
section thicknusses prevented experimental verification of the analytical
vosults within the scope of the program,

The program did attain siguificant technical accomplishments
in terms of the systematic ovaluation of a wide range of bellows con-
figurations, fabrication experience with the type of structure 7 .rec
to achieve a constant effective diameter bellows, and tke ¢ . nent
of test methods and apparatus for the accurate meatnw it Of
effective diameter under cryogenic conditions,

This work, which it is noped will form the basis for future
development of improved bellows seals, is covered in this report,

Background

Face contact seals are used to separate the propellant from
the turbine drive gas in rocket engine turbopumps, The useful
operating life of these face seals is highly dependent upon the face
loading, This load must be maintained above a minimum value,
determined by the allowable seal leakage, throughout the operating
pressure range of the seal. Thus, the degree of control that can be
maintained over the face loading throughout this pressure range
determines the maximum face loading and, consequently, the life of

the seal,

The common method for controlling the seal face load is to
balance the force due to the pressure distribution on the seal face
with an equal and opposite force due to the pressure acting on a
gecondary metal bellows seal. In theory, since these forces are both
functions of the differential pressure across the seal, the seal face
load can be maintained constant throughout the pressure range of the
seal, and is determined by the value of the axial spring force present

in the bellows,
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Thie ideal situation, however, cannot be achieved in practice
since the effoctive diameter or area of a hollows can vary considerably
with diffcrential pressure and oporating tomperaturc, Effoctive diameter
variations of 1 to 5 porcent arc common over the operating pressure
range within the present statc-of-thc-art in bellows technology, Thie
factor represents a major limitation to the development of improved
balanced scals for advanced rocket propulsion systems,

Objective

The overall objective of the program is to develop configurations
for welded metal bellows which will minimize changes in effective
diameter while providing acceptable nominal characteristics throughout
the desired operating range. The immediate objectives of the study
reported here are the identification of promising design concepts to
meet the overall objective, the analysis of these concepts to determine
their feasibility, and the experimnental verification of this analysis using
special test bellows,

Method of Approach

The method of approach used in this study consisted of the
following major steps:

Conceptual Design. - The identification and classification of
promising bellows configurations.

Screening Analysis, - Linear analysis and preliminary non-
linear analysis to screen out concepts which are not capable of meeting
nominal operating requirements or which are not promising for providing
constant effective diameter,

Non-linear Analysis, - To predict the non-linear operating
behavior of the most promising configurations and to select the final
design configurations for subsequent experimental evaluation.

This approach provided ecortomy in the analysis of the concepts
since the most detailed non-linea» analysis was performed only for
those concepts having promise ot success, The preliminary analysis,
however, resulted in a tabulation of the salient features of the whole
range of concepts and, thus, provides convenient future reference
material, Furthermore, the systematic approach followed helps
ensure that no important concept categories were overlooked.
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DESCRIPTION OF THE SYSTEM

A typical balanced-preossure, faco-contact scal with a welded

metal bellows sccondary secal is illustrated in Figurc 1, The nomenclature

and terminology for the following technical discussion are prosented in
Table I,

Considering the axial free-body diagrams of Figure 2, axial
force equilibrium gives the following result for the contact force, F _,
at the face seal, s

= a 2 2
Fs- Fb- y (Do -DB)AP (1)
where
AP = IJ'o - Pi (2)

It should be noted that it is assumed that the nature of the hydraulic
pressure distribution across the face seal is known to a sufficient
degree, either theoretically or by experimental measurement, to
establish the effective sealing diameter, D . For example, if a radial
pressure distribution P (r) exists across tRe face seal, the effective
sealing diameter, Dj, can be shown to be given by,

D_/2 1/2
D, = [—A—l— (p_D % - p,D” - 8 f P(r) rdr)] (3)
Di/Z

The reaction force, F,, between the bellows and the seal ring
consists of a component due Po the axial compression of the bellows
from its free length, and a component due to the net axial pressure
force acting on the bellows,

This can be expressed as,

F,o= kA £+ (2 - b2 aP (4)

where De is the effective diameter of the bellows. Combining
Equationg (1) and (4) gives the result,

ro= kAL + T @2 - b AP (5)

for the contact force on the face seal,
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Facc-Contact Bellows Sccondary
Seal

5 Figure 1, Schematic Diagram of a Face-Contact - Bellows
|
! Shaft Seal
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D e =
Di =
D =
o
D s =
F s =
Fb =
Al =
Pi =
° t—4
S =
t =
core =
convolution
pitch =

TABLE 1
Table of Nomenclature and Terminology

Effective diameter of the hLellows

Inside diameter of the bellows

Outside diameter of the bellows

Effective sealing diameter of the face seal
Contact force at the face seal

Reaction force between the bellows and the seal ring
Bellows spring rate

Bellows free length

Axial compression in bellows

Inside pressure

Outside pressure

Do - Di

——— - span of the bellows

Thickness of the bellows plates

Flexible element of a bellows assembly without
the end fittings

= Two bellows plates joined at the inside diameter

Axial distance between adjacent weld beads

-
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Figure 2,

Idealized Axial Free-Body Diagram for the Face-Seal Ring

and the Bellows
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In designing a balanced prossure peal, it is attempted to sot
D cqual to D, Thus, for the idcal case, the contact force will be
independent of%the difforontial pressure, Tho spring force kAL is
designed to providoe the minimum force neccssary for adequate scaling
with the minimum operational value of &%, as dctormined by the possible
gshaft motion and scal wear,

In practice, however, even though D_ and De are balanced with
no pressure differcntial across the bellows, the efféctive diameter will
change with pressure differential, A P, unbalancing the seal, It should
be noted that, in general, the spring rate, k, and the bellows free
length, £, will also change as 2 function of A P, However, if these
quantities are considered constant in Equation (5), then any nonlinearity
between seal force, F_, and AP can be attributed to a variation in D
with AP, This is the® convention adopted in this study. ¢

From a design point-of-view, changes in D have the effect of
increasing the maximum force which occurs on thé seal face, decreasing
its life, For example, if D_ increases with A P, then the second term
of Equation (5) will become ® negative as AP is increased, This
requires a larger initial load, kAL, as AP increases.




DESIGN GOALS

The major bollows design criteria for this program arc
summarized in Table II, These arc discussed as follows,

The specificd ranges for outside diameter, span, and iree length
are commensurate with thc space envclope available for the bellows in
the typical application,

The m: :num spring rate specified is consistent with values
attainable in this envelope within the bellows state-of-the-art, It may
be seen from Equation (5) that the seal face load is directly proportional
to the spring rate times the bellows compression, Af, The com-
pression will vary during operation due to seal wear and axial shaft
motion, Thus, the seal load variation during operation can be
minimized by proving minimum spring rate, For a given preload,
however, the initial bellows compression is inversely proportional to
spring rate, Thus, the minimum spring rate, while maintaining a
reasonable value of initial compression, is a desirable design goal,

The specified axial compression ensures that the seal will not
become unloaded with expected values of seal wear and shaft motion,
Pressure capability of 500 psi is sufficient for the turbopump
application under consideration, The ability of the bellows to withstand
this pressure differential in both directions would provide maximum
flexibility in the application of the bellows to various situations,
However, a bellows design which is capable of providing the desired
linearity but with pressure capability in only ome direction would also
be useful,

The 300 cycle life is adequate for the limited life applications
of interest,

The seal material specified is Inconel 718 for its excellent pro-
perties at cryogenic temperatures,

The ultimate cryogenic fluids will be LH, and LO,. For test
purposes, however liquid and gaseous nitrogen will be used.

The specified allowable variation in bellows effective diameter of
0.1 percent ensures that the variation in seal face load due to pressure
variations will be consistent with the nominal seal load, For example,
typical values of the spring load, kAf, in Equation (5) are of the order
of 100 1bs, (444, 8 newtons),

If D is assumed to change by an amount AD_and D_ is
initially eqdal to De, then Equation (5) may be rewritten in the form,

™ 2 ADez ADe
Fs-kAf+—-4-De AP(De)+2—5:— (6)




TABLE I

‘s,..——-_-—""'""

Dasign Criteria for the Bellows

Outside Diameter 5 to 7 inches
Span not greater than 0,060 inches
Free Length not greater than 1.5 inches
' Spring Rate (ap =0), less than 800 b /in
= oo Room Temperature
= Axial Compression 0.15 inches minimum
Pressure Range 0 to 500 psi, both directions
Cyclic Life greater than 300 pressure
4 cycles
' Material Inconel 718
Medium LH, or LO,, testing in nitrogen
l
" Effective Diameter Constant within 0.1 percent

10
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for the specified conditions of Table II, this results in a possible
pressure force variation of 40 lbs, (178 newtons). Within tho
existing state-of-the-art, howecver, a pressuro load variation of 400
1bs, (1780 newtons) is possible resulting in much more serious socal
face wear,

It should also be noted parenthetically that the bellows is
expectéd to operate over a wide temperature range which alone will
result in changes up to 0.4 percent in effective diameter and free
length. Thus, to preserve pressure balancing consistent with the
above specifications, the ultimate overall seal design must provide
extremely uniform thermal expansion so that D, and De change by an
equal amount,

BELLOWS PLATE CONFIGURATIONS

At the outset of this study, a concept generation task was per-
formed to identify and classify the major bellows convolution shapes
of interest., Table III shows the range of shapes considered, classified
according to family and type.

Within these generic groupings, of course, there are an infinite
variety of specific configurations and it is not intended to illustrate
this range, For example, many specific nested ripple configurations have
been practically applied in the past, Also, useful shapes could be found which
classify between the types shown, For example, the common single-sweep shape
probably lies between the nested toroid and the nested ripple,

It is felt, however, based upon the results of the subsequent
analytical work that the spectrum of performance characteristics for
the range of practical shapes is bracketed by these generic types.

Special mention should be made of the orthotropic* flat plate
and toroidal convolutions, These shapes resulted from preliminary
indications that improved performance might result from increasing
the radial stiffness of the plates without commensurate increases in
the circumferential stiffness, For the flat plates, this can provide
increased pressure resistance without corresponding increases in the
spring rate., For the toroidal configuration, the resulting unbalance
between radial and circumferential stiffnesses offers the possibility
of maintaining the toroidal shape more perfectly under axial deflection
and, thus, a more constant effective area,

Although the bellows plates were analyzed quantitatively in the
range of interest as described in subsequent sections, several generalized
comparisons may be noted here.

* Orthotropic - A specific type of anisotropy where properties

(in this case, section stiffness) differ along locally
orthogonal axes,

11




TABLE LI

BELLOWS PLATE CONFIGURATIONS

i&mﬂv Type Convolution Shane
&
|
Nested Ripple !
Corrugated Plate
Opposed Plate § '
Zero Inclination l |
Flat Plate Inclined Plate |

Orthotropic (Radial
Corrugations)

=
<
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Toroidal

Full, Opposcd

Partial, Opposed

Nested

Orthotropic (Radial
Corrugations)

S-Shaped

Full Toroidal
Segments

Shallow Segments

Inclined

13
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A major distinction may bo drawn betweoen full or nearly full
toroidal plates and the remaining shapos, In the former the atrogsnA
duc to pressurc are largely mombrane atresses and nre nearly conatant
in the plate. In the latior, radinl bending stresses arve typieally the
major component and the mognitude usually varien conniderably acroas
the apan dopending upon the particular shape, The toreid, becauso
of its largely moembranc action, has o comparatively high rosistonce
to pressure load for typical plate thicknosses,

The shallow shapes, however, are typically more compliant
and more convolutions may be fitted into a given core length, Thus,
they typically exhibit a lower spring rate and a groater capability
for long stroke, Of these, ‘hose plates having a substantial portion
of the span with zero inclinatiuu, such as the zero inclination flat
plate and certain specific nested ripple configurations, have the lowest
axial spring rate,

In general, it can be stated that any plate in an opposed or
symmetric convolution will exhibit greater linearity (minimum change
in effective diameter) than its couaterpart in a nested convolution,
Also, the full toroidal plate is theorctically the most linea» con-
figuration under pressure load alone,

The effect of the radial corrugations in the orthotropic plates
is mainly the reduction in circumferential stiffness. This reduces
the axial spring rate of the plates from ine uncorrugated case. Radial
bending stiffness is increased somewhat and the corrugations introduce
circumferential bending stresses not present in the uncorrugated case,
1t is possible that, in some situations, the net effect would be an
increased linearity over the required axial stroke without a reduction
in pressure resistance.

The plate and convolution configurations described in this
section serve as a basis for the detailed analytical work described
in the following sections of this report,

14




ANALYSIS OF BASIC PERFORMANCE

The denign eritorin lated in Table Il conaiat of three major
typen;

(a) Dimennaionnl, Material, and Environmental Critoria
(b) Nominal Performancoe Ciitoria
(¢) Lincarity Critorion

The dimensional criteria specify the range of bellows diamoter,
span, and length of interest in this application, All of the analysis
and experimentation performed in this study was concentrated in this
size range, For the large diameter to span ratios of interest, therec
is no strong variation in performance with diamcter, Thus, the size
of the bellows was fixed at 6 inches (. 152 m) mean diameter which
allows the specified span variation within the specified envelope. In
order to maintain a low spring rate and provide ease in fabrication,
it is desirable to keep the span above 0,25 inches, (,0064 m) Thus,
the extreme cases of 0,25 inches (,0064 m) and 0,5 inches (, 127 m)
were analyzed for their basic performance, The free length specification
places a limitation on the maximum number of a given convolution
that can be used, and also, along with the axial compression require-
ment, sets a minimum of 10 percent axial compression. The plate
thickness represents the size parameter with the greatest possible
range and the performance for each type of plate has been studied
across this range,

The specified bellows material is Inconel 718 for its excellent
low-temperature properties. The main effect of the material on the
analytical results is that it imposes a design stress limit and thus
limits the range of useful application for a given design, Since the
linearity criterion is the predominant one, the design stress limit
has conservatively been set as the minimum Yield Strength in the
temperature range of interest, The specified 300 cycle cyclic life
provides, in general, a less stringent stress limitation for Inconel
718, For reference in the remaining discussion of this report, the
Yield Strength and Ultimate Strength for Inconel 718 are given in
Figure 3 as functions of temperature. (1,2)*

The only environmental condition of interest presently is the
surrounding medium which has the effect of imposing the temperature
level at which the bellows must operate. Of the specified media,
LH; has the lowest boiling temperature at atmospheric pressure,
-423°F (20, 36°F), Thus, the bellows should be capable of operating
from ambient temperature down to -423°F, (20, 36°F),

Numbers in parentheses refer to the list of references,
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The nominal performance critoria described the capability of
the bellows to perform their basic function, That is, to provide a
nominal sealing force and to withetand the combined stresses duc to
axial deflection and pressure differential over a life of 300 cycles, If
a beilows design is inherently incapable of satisfying these criteria,
its linearity is of no practical interest, In general, analysis of the
nonlinear behavior of a bellows is more detailed and costly than linear
analyeis, Thus, the method of approach followed was to screen the
various types of bellows for their ability to meet the nominal per-
formance criteria within the specified size range., This screening
was accomplished by analysis of the linear range of operation, as
described in the remainder of this section for the various plate shapes
considered,

Nunlinear analysis to predict the change in effective bellows
diameter under load was then performed only for those promising
bellows shapes, predicted to meet the nominal performance criteria.

Corrugated Plates

The general convolution shape for corrugated plates was
illustrated in Table III. A The opposed plate convolution is of main
interest in reducing the non-linearity that arises due to differences
chat arise in the reaction moments at the edges of asymmetric nested
convolutions under load. For evaluating the capability of a given plate
shape to rneet the nominal performance goals of Table lI, however,
the nested configuration is the most favorable case, This arises
from the fact that more convolutions can be included within the
allowable core length, thus, minimizing the spring rate and the stresses
due to the specified axial compression., For this reason, the nested
configuration was analyzed in this study,

Because the nested ripple plate is in common use as a bellows
seal element, considerable performance information has been
accumulated, For example, it is known that the predominant stress
components in these elements are the radial bending stress and the
tangential direct or membrane stress, The distribution of these
stresses is quite dependent upon the diameter to span ratio, For g
small values of this ratio (i,e. up to about 10), the magnitudes of '
these components are comparable and the distribution follows the i
plate ripples, often having large amplitude of variation across the span,
In this range, considerable variations in performance can occur as v
the detailed shape of the plate is varied,

For large values of the diameter to span ratio, which is the
range of interest in this study, however, the bending stress becomes
predominant as shown in Figure 4. This approaches a straightline
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variation across the span which is characteristic of flat plate
behavior. In this range, the major factors that affect performance
are the overall plate inclination and the degree of coning or
inclination ncar the edges rather than the details of the ripples near
the center of the span,

For this reason, the analysis discussed in this ssction is
based upon a standard plate shape developed by Sealol Inc, for seal
applications. It is felt that this represents a typical well -designed
bellows plate of thc nested ripple configuration,

The solution of Figure 4 and those upon which the rcmaining
data of this section is based were obtained using the computer program
described in Appendix A, This computer program solves the generalized
shell equations as applied to bellows elements in the linsar range,
1t, thus, provides an approximation to the nominal performance of
a bellows, Significant errors would be expected for the actuul mag-
nitudes of the stresses under loads which produce large deflections
and, of course, this program is not capable of predicting nonlinearity
of the bellows, However, the predicted spring rates have been found
empirically to hold over considerably large deflections.

The nominal performance of the tested ripple plates in the
size range of interest is shown in Figures 5 and 6. In Figure 5,
a mean diameter of 6 inches (. 152 m) and a span of 0.25 inches
(,0064 m) is assumed. The curves plot the peak maximum stress
intensity as a function of plate thickness. This stress intensity
combines the effects of a 500 psi (3.445 x 10 newtons/mz) pressure
load and an axial stroke of 0,15 inches (. 00381 m), Figure 6 plots
the same thing for a span of 0,5 inches (, 0127 m).

Two curves are shown for the nested ripple plate in Figure 5,
One represents a bellows core consisting of 30 convolutions regardless
of plate thickness. This would provide sufficient stroke within the
allowable length of the core only for plate thicknesses up to
approximately 20 mils (5,08 x 104 m). The other curve allows the
number of convolutions to vary according to the maximum that can
be fit into the core length for each p‘iate thickness between 10 and  ,
20 mils (2,54 x 10-4 and 5.08 x 10°% m). Below 10 mils (2.54 x 10
the number was held at 60 which is felt to be a practical, althcugh
arbitrary limit,

m)

In both figures, the performance of the corresponding flat
disk bellows is shown for comparison, This will be discussed in the
next section,

Figure 7 shows the bellows spring rates for each of the cases

given in Figures 5 and 6 as a function of plate thickness. The
discontinuity in the 60 convolution case of Figure 7 results from the
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fact that, with a plate thickness beyond 10 mils (2, 54 x 1078 m) 60
convolutions can no longer be fitted within the allowable core length,
Thus, beyond this point, the maximum numbcer which can be fitted
in is used., This number, of course, changes as thickness is
increcascd,

-
e

The limitations in the capability of ncsted ripple plates for
meeting the nominal performance goals can be seen by considering
the data shown in Figures 5, 6 and 7. Remembering that the
maximum allowable stress intensity is approximately 150,000 psi
(1, 35 x 104 newtons /m2) as shown in Figure 3, it can be seen from
Figure 5 that the plate thickness for a 0,25 inch (,0064 m) span
would have to be approximately 9 mils (2,285 x 10-4 m) or larger.
Figure 6 shows that the 0.5 inch (. 127 m) span is virtually precluded
from this application since the stress does not get down to the allowable
range until the plate thickness reaches 20 mils (5,08 x 104 m), No
further reduction in stress can be achieved through additional con-
= volutions since 30 convolutions is the maximum that can be f{it into
the available space for this thickness,

Figure 7 and Figure 5 show that, for the 0,25 inch (, 0064 m)
span, a spring rate of 800 lbs/in (1.4 x 10° newtons/m) or less can
be obtained in the acceptable stress range only for plate thicknesses
between 9 and 11,5 mils (2.285 x 10-4 m and 2.92 x 10-4 m),

A1 G5 WO

S

Thus, it may be concluded that the nominal performance goals i
could be met only for the minimum practical span, 0,25 inches ?
(,0064 m), with a plate thickness of approximately 10 mils (2.54 x
: 10-4 m) and greater than 30 convolutions, This is a very narrow
i range of acceptable parameters and consequently must be concluded
i to be a marginal situation, Any slight variation from the predicted
values of either stress level or spring rate could eliminate the acceptable
range entirely, For example a 27 percent error on the low side in
the predicted stress value, which is easily possible for the methods
used, could preclude the use of the 0.25 inch (.0064) span bellows,

ARXELIE LN

S

i For this reason, it is not felt that the nested ripple bellows
configuration is suitable for this application,

Ao SR WL D

Flat Disks

As noted in the preceding section, membrane stress effects are
» small for the corrugated plate shape in the diameter to span ratio
range of interest, This implies that the corrugations and plate tilt
3 have a relatively low importance in this range., For this reason,
flat disks were analyzed for their basic performance,

[
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Accurate rclationships are aveilable in the literature for the
linoar behavior of flat disks (3). Solutions arc also available for the
behavior of coned flat plates (i, e. Belleville washers) (4), Theso
arc somowhat unwieldy howevor, and it was found that, for the large
diamecter to span ratios of intercst, the rcsults arc approximated
within 10 porcent by considering thc plates to act as a wide straight
bcam with the same span, thicknces, and cdge conditions, This is
sufficient accuracy for the purposcs of this scroening analysis. Thus,
these approximate formulae, which are summarized below, were
used to obtain the flat disk data ploiied in Figures 5, 6 and 7 for
comparison with the nested ripple plates,

A schematic diagram showing the initial precompression and
pressure loading for the straight beam model of the flat disk bellows

is given in Figure 8,

The force per unit circumference, F, required to produce the
axial deflection, AL, is given by,

F= KA L (7)

where the spring rate per unit circumference, K, may be approximated
by,
3

K= 3 —E_:tf 5 (8)
s” (1 - v7)
where
E =  Young's Modulus
4 = Poisson's Ratio
t = plate thickness
S = sgpan

The maximum bending stress produced by this initial precompression
may be approximated by the relation,

-
&

o
f t

1f the bellows is then pressurized with pressure, P, an additional
bending stress is produced according to the relation,
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Superposition of the two strcss components given by Equations (%)
and (10) at the point of maximum stross whore they add was used to
calculatc the bohavior shown in Figures 5 and 6, Thc spring rates
shown in Figurc 7 were calculated using Equation (8).

The salient conclusions that may be drawn from these results
arc that the flat plate bellows have a lower spring rate for the same
number of convolutions than the corrugated plate bollows, Also, the
bending stress due to axial compression alone is lower, However,
the total stress due to both axial compression and pressure is
significantly higher than that for the corrugated plates, For plate
thicknesses where the stress due to pressure is acceptable, the spring
rate is increased to the point where no advantage is gained in com-
parison with the corrugated plates, Thus, the flat plate bellows is
also concluded to be unsuitable for this application.

Finally it should be noted that the performance superiority
gshown in Figures 5 and 6 for the corrugated bellows does not con-
tradict the observation, made in the previous section, that corrugations
near the center of the span have little effect in this size range,

Rather the advantages of the corrugated plate are believed to be due
to the more favorable edge conditions produced by the corrugated con-
figuration and the resulting smaller effective span.

Orthotropic Plates

As depicted in Table III, orthotropic plates contain corrugations
around their circumference, lined up along the plate radii.

As noted in the preceding section, the major drawback for flat
disks was that increasing the plate thickness to obtain pressure
resistance resulted in spring rates which are too high,

This can be mitigated by radially stiffening the center of the
span while leaving the region near the edges of the span, where most
of the bending under axial deflection occurs, unstiffened, The
stiffening of the central part of the span reduces the reaction moments
and the resulting stress due to pressure loading as well as the stress
in the central portion of the span. At the same time, the bending
stress and spring rate under axial deflection are only slightly increased
since the central part of the span primarily tilts with little bending
under axial deflection.

Radial corrugations are a convenient way to achieve this
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atiffoning uaing stamped platea, and they allow for the posaibility of
nesting the plates in a stack, The radial corrugations also provide
a docreased circumferential atiffnoss which alds in the desired action,

As for flat plates, this configuration was analyzed using the
straight bocam approximation, The achomatic diagram of Figuro 9
shows the model used, The angularly fixed boundary condition is
imposcd as for tho flat plate by the convolution symmotry,

It is assumed that the conter of the span is corrugated to
provide a section moment of inertia, I, which ie n times that of the
uncorrugated plate, 1 It can be shown from the properties of the

sections that, °

n = ‘iz_hi (11)
where
h = amplitude of the corrugations
t = plate thickness

Thus, a moment-of-inertia ratio of 100 can be achieved for a
corrugation amplitude to thickness ratio of four,

Formulae for the spring rate, K, and the stress due to pressure,
0y, may be computed from energy methods using the method of
C%stigliano. The relation for spring rate per unit circumference is,

Et3

1
12
s -v? [(8x3-1zx2+ex>(1-%)+§] (12)

K=

which is similar in form to that of Equation (8) for fiat plates with
the addition of the correction term, In this relation, x represents
the fraction of the span which is uncorrugated at each edge of the
span,

The stress due to the axial compression remains as given by
Eqguation: 9) of the preceding section where the force, F, is computed
from Equation (7) using the spring rate given by Equation (12),

The maximum stress due to a pressure loading, P, is given
by, 3,

2 1 1
2 (3 x -2 x (l-n)-w—

(13)
P 24 (-2—1;1- tx -2

27




A
sl iR

28

L LLL
T

N N N\

P—a_—.. a8 il 4

t —il-l .
S AR > —F =g

Section A-A

Figure 9. Schematic Diagram of the Straight Beam Model for

The Orthotropic Plates,




which agnin is of the form of the flat plate relation, Equation (10),
with a correction term, For the typlcally large values of n of intorest
for this configuration, Equation (13} reduces to,

Y.
~ DP§ 2
5 s > ‘tz (3 x -2x"7) (14)

Equations (7), (9), (12) and (14) worc uscd to predict the porformance
gshown in Figures 10 and 11, The number of convolutions assumeod
for these solutions was 30, Since there is no oxperience in stacking
this shape, this number is open for argumcnt, However, the
minimum number used for the solutions of the previous shapes was
30 and this number represents the maximum number that can be
fitted in with a plate thickness of 20 mils (5.08 x 10-4 m), It is
probably a reasonable maximum, oven at the lower plate thicknesses,
due to the fact that stiffening rings would amost certainly need to be
provided with this shape.

Comparing the stresses of Figure 10 with the corresponding
flat plate solutions of Figure 5 and 6, it can be seen that the radial
corrugations indeed improve performance in this respect, For example,
a 50 percent reduction in stress results for the 0,25 inch ( 0064 m)
span with a plate thickness of 10 mils (2,54 x 10-4 m), For a
0.5 inch (,0127 m) span, the reduction is even more pronounced,
almost an order of magnitude. However, the reduccion in stress
is achieved only at the expense of a considerably increased spring
rate as may be seen from a corparison of Figures 7 and 11, The
net result is that, based on the nominal characteristics of Figures
10 and 11, there is a small useable range of plate thickness for
each span. This is approximately 2 mils wide for the 0,25 inch
(,0064 m) span and 5 mils wide for the 0,5 inch (,0127 m) span,
Above this range, the spring rate is above the 800 lbs /in (1,4 x 105
newtons /m) limit of Table II; below it, the stresses exceed the
150,000 psi (1.35 x 107 newtons/m2) limit,

Although the nominal stresses are indeed lower than those for
both the nested ripple and flat disk plates of Figure 5 in this thickness
range, the design is still felt to be extremely marginal, In no case
does the predicted stress level fall below approximately 80,000 psi
(0.72 x 10? newtons/mz). Local stress concentrations near edge
fixtures and at the transition points between the radial corrugations
and the unstiffened edge region could easily raise the stress beyond
the 150,000 psi (1,35 x 107 newtons/m¢) limit,

Finally, the reduced circumferential stiffness of the plates
due to the corrugations will require stiffening rings to achieve the
desired degree of linearity just to resist diametral growth under
pressure, Although thie is a common requirement for most of the
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shapes considered, it becomes moat critical from a fabrication point
of view when a large numbor of convolutions arc required as in this

casc,

Thus, the net cffect of the orthotropic flat platc bellows is to
provide a marginal design similar to that of the normally corrugated
platc only with a gsmaller plate thickness, For this rcason, it was
not carried further for evaluation in the nonlinear range,

Full Toroidal Plates

The use of toroidal convolutions is well-known for high pressure-
carrying capability., The welded version would consist of two opposed
semi-toriods, welded together at one edge and connected to adjacent
convolutions at the other edge by stiff spacer rings,

Solutions for the behavior of toroidal convolutions are given in
the literature. (3,5). The schematic diagram of Figure 12 shows the

major variables of importance.

The following formulae may be used to compute the deflection
and stresses under both precompression and pressure loading in a
manner entirely parallel to that discussed in the preceding sections
for flat disks and orthotropic plates. The formulae are limited to
regions where the following inequalites are satisfied among the bellows

dimensional parameters (5).

S
T>40
2
S- >1
2tR

In this region, the spring rate per unit circumference is given by (6),

£t

~
)

10,88 R S V1 -V

The maximum bending stress due to a force per unit circumference,
F, is,
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The maximum stress due to pressure loading, P, becomes,

_ Ps R,~ pS
o= Ewo 1+ 5= IZ)t (19)

The latter stress is a membrane stress and the approximate result
applies within 5 percent in the size to span region of interest in this

study.

Although stability and buckling of be ~ws elements is always
a consideration in bellows design, it is of sp.cial concern for toroidal
elements which often require only relatively small plate thicknesses
for pressure resistance. When externally loaded, these elements
could undergo large deformations due to buckling. Since the present
application has as a goal the capability of pressure loading in both
direction, buckling limits were studied to determine whether they
impose practical design criteria,

No previous analysis was found for the local buckling of a
toroidal convolution, However, it is obvious that circumferential
effects and complex curvature will make the toroid more stable than
its corresponding straight tube. Available solutions for a straight
tube with external pressure can be used to set an upper limit on the
required plate thickness, t, as follows (3).

2375 4p
) > = (20)
Substitutin% the design pressure loading, p, of 500 psi6 (3.445 x 106
newtons /m?) and the Young's Modulus, E, of 30 x 10° psi (2.07 x
1011 newtons/mé®) into this relation gives,

t

+— >0 04 (21)

A more conservative mode of collapse is the local buckling of the
crest of the toroid, Using, as a conservative approximation, the
buckling of a 90° straight arch, a lower limit for the required plate

thickness (3),
5 2E ¥ 0.02 (22)
E
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for the above numerical valueas, Thus, the range for realistic buckling
limits lies betwoen the valucs of Jiquations (21) and (22), Above this
range, the toroid is almost certainly stable and below, it is likely

to be unstable,

The relationships of Equations (17) through (19) were uscd to
predict the combined stresses for toroidal bellows having spans of
0. 25 inches (,0064 m) and 0,50 inches (,0127 m) in Figures 13 and 14,
respectively, The stability limits discussed above are also indicated
on the graphs, The spring rates for these bellows are shown in
Figure 15,

It can be seen from Figures 13 and 14 that the combined stresses
for both spans are within_the Yield Stress for the material (150,000 psi
or 1,35 x 104 newtons/m?2) in the thickness range between 3 and 10
mils (7.62 x 10°5 m and 2,54 x 104 m), The stresses are most
favorable for the 0,25 inch (, 0064 m) span where more convolutions
can be accommodated within the core length and the pressure stresses
are smallest, This span, of-course, also provides less restrictive
stability limits, Figure 6 shows that virtually all combinations of span
and number of convolutions give a spring rate within the design goals
in the plate thickness range of interest.

The location of the peak combined stress is also of interest for
the toroid, The stress due to pressure loading is nearly constant
throughout the toroid., The bending stress due to axial loading is
maximum at an angle of approximately 45° along the toroid from ite
mid span, Thus, the maximum combined stress does not occur at the
edges of the span where stress concentrations due to the weld joints
may be expected,

Modification of the toroidal plates to add radial ribs similar
to those studied for the orthotropic flat plates was investigated, The
purpose of this modification in the toroidal plates was the mitigation
of shape changes which tend to bring about nonlinearity under axial
deflection, and, as such, will be discussed in a subsequent section
treating nonlinear considerations, It should be mentioned here, however,
that in the orthotropic toroidal bellows, the nonuniform stresses caused
by axial deflection of the bellows are expected to be relieved in addition
to the provision of greater linearity,

In summary, the full opposed toroid appeared to offer basic
performance which was within the desired design goals. From a
practical design point of view, fewer convolutions were required and
did not appear to present outstanding fabrication difficulties, Although
stiffening rings would be required to achieve the desired degree of
linearity, their number and cost is minimized due to the small number
of convolutions, Thus, it was recommended that this configuration be
further evaluated as one of the most promising for this application.
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Stroke - 0,15 inches (, 0038 m)

400

L

2 Convolutions

200 A R

Stress Intensity (psi x 10'3), (ncawtons/mZ x 1,45 x 10"7)

—— 3 Convolutions
/
100
80
60
' Probably
) Stable
; 40 Likely
' Unstable <:-_—(/ —> Stable

1 2 4 6 8 10
- { Plate Thickness, mils (m x 3, 939 x 104)

Figure 14, Combined Maximum Stresses for Toroidal

Bellows with 0,5 Inch Span,
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Partial Toroids

The advantages of the toroidal shell for preasure-~carrying
capability arc apparcnt from the results of the previous section, These
advantages arc due to the membranc action which only depends upon
the fact that the radius of curvature of the shell is constant across
the span, Except for boundary effects near the points of attachment
similar advantages would bc expected for partial toroids wherc each
platc consists of a section including less than 180°, These have
the advantage that more convolutions could be fitted into a given core
length if the plates were nested rather than stacked symmetrically.
Thus, the basic performance of the partial toroid was investigated
as described in this section.

Partial toroids can be assembled in various configurations, both
with and without stiffening spacer rings as shown in Figure 16, The
angular stiffness of the spacer rings is extremely important,
especially for the nested configurations.

' Qualitatively, the performance of the partial toroids can be
understood by considering the normal toroidal membrane action coupled
with the resultant reaction forces produced at the boundaries or edges
of the span. The membrane stresses due to pressure loading act
along a direction tangent to the plate. Thus, in Figure 16(a), the
reaction forces, Fpa and Fpg, are almost equal in magnitude but have
a small resultant force, Fg, due to their difference in direction,

This reaction force tends to tilt the convolution and expand it radially
away from the centerline, The effects of the reaction force which is
always present for the configuration where the plates are joined
directly to each other can be reduced by providing a stiff spacer

ring to resist the deformation as in Figures 16(b) and (c). This will,
of course, produce local bending stresses near the stiffening rings, In
Figure 16(d), the convolution is or.ented so that the tilting moments
due to the reaction force at each end cancel each other. The con-
volution, however, would still tend to deflect radially outward,

By attaching the plates to either side of the stiffening ring as
in Figure l6(e), the plate tangents, and thus the direction of the
resultant forces can be made parallel, In this way the reaction
loading on the stiffener can be reduced to a moment or couple which
would have to be resisted by the stiffener if tilting is to be avoided,

If the plates are stacked in a symmetrically opposed configuration
as shown in Figures 16(g) and (h), there can be no section tilting but
the resultant force, Fp, tending to deflect the convolution radially
is much larger. This can be resisted, of course, if sufficient
radial stiffness is provided by stiffening rings as in Figure 16(h).
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The partial toroids wore analyred in dotail, using the linear

computer solution deacribed in Appendix A, for two limiting configurationas

(n) The case whera the platos are attached togother by
means of sufficiontly stiff apncer plates ao that the

span cdges can be considered angularly and radinlly
fixed,

(b) Tho simple nested configuration of Figure 16(a) with
no auxiliary stiffening,

The variation of the total combined strcss and spring rate for
six convolutions as a function of the arc semi-angle, ¢ , are pintted
in Figure 17 for the fixcd edge conditions with a plate thickness of
5 mils (1.27 x 10=4 m), The results show that the combined stresses

are acceptable for this whole range of angle, ¢ , with a minimum
in the range of 70°,

The variation of performance with plate thickness for a given
arc segment ( @ = 60°) is shown in Figure 18, Here it can be seen
that the stresses are at a minimum in the range of 3 to 4 mils
(7. 62 to 10,16 x 10-5 m) plate thickness,

Both Figures 17 and 18 show that the maximum stress
intensity and the spring rate for six convolutions are acceptable
within the design goals for this program provided stiffening rings are
used so that the edge condition for the bellows plates approach the
angularly and radially fixed case., The plates could be stacked
symmetrically opposed as shown in Figure 16(h) or nested as shown
in Figures 16(c), (e) or (f). In the latter case, many more than 6
convolutions could be used, further reducing the spring rate and the
stress due to axial stroke,

Nested partial toroids without stiffening rings as shown in
Figures 16(a) and (d) were also analyzed, The results showed that
severe shape distortions occur under pressure loading and the combined
stresses are intolerable,

Referring to Figures 16(a) and (d) for the definition of
variables, cases were run with:

¢ = 60°

o

Il

0.1 radians

o< B < 0,} radians
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A typleal canvolution distortion is shown in Figure 19, Variation of
the moan cone angle, f , was found to have little offect on the
stresses, 'The major strosses, on tho aother hand, are approximately
in direct proportion to the pitch angle,

For o span of (.25 inch (,0064 m) and o pitch angle, ,
of 9,1 dogroos (pitch =50 mils (1,27 x 10-3 mz)).the combinced stress
intensity prodicted is 400,000 psi, (2,76 x 10 newtone{mz) with a
pressure differential of 500 psi 3,445 x 106 newtons/mé), This
aesgman; 10 convolutions and a strolke of 0,15 inches (3.8l x
102 m),

In order to reduce the stresses to the level of those for the
stiffened ring as shown in Figure 18, the pitch would have to be
reduced by a factor of about 5, :That is, approximately 50 couvolutions
would be required, For this case, plate clearance would be a problem
and fabrication would be costly, Although span and thickness could
be increased to reduce the stress or allow fewer convolutions, in-
dications are that the basic performance would not be significantly
better than the corrugated or flat plate shapes,

In summary, the partial toroid plate shape are attractive if
stiffener rings are used to provide angular and radial fixity at the
edges, This configuration is recommended as the most promising
nested design. Without the stiffener rings, the partial toroid does
not appear attractive for this application,

S-Shaped Plates

The final family of plate shapes shown in Table III to be
analyzed for basic performance was the S-Shaped family. Preliminary i
consideration indicated the possibility that, in the nested con-
figuration, the reaction moments of successive plates would tend to
cancel due to the difference between the sign of the curvature for the
two plates with respect to the pressure load., This would provide a
convolution resistant to the large convolution defoitnation of the type
shown in Figure 19, When stacked symmetrically opposed, it was
not expected to offer any advantages over the previous configurations
analyzed, ,

The dimensional parameters used to define the S-Shaped plates |
are defined in Figure 20, The range of these parameters considered :
were as follows:
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Figure 20,

Definition of Dimensional Parameters for the

S-Shaped Plates,




N

4

Plate Thickncss, t: 5 mils and 7 mils (1.27 x 107" m and

1,778 x 10-4 m)
Conc Angle,«t 90°, 120°, 180°
Wave Length, A ¢ % to —%—- ﬂ
Arc Angle, ¢ : 90°, 120°, 180°
Span, S: 0,25 inches (,0064 m)
Mean Diameter, D: 6 inches (. 152 m)

The various shape classes formed by varying these parameters
are shown schematically in Figure 21,

These shapes were gnalyzed for stress and deflection under
both a 500 psi (3,445 x 10 Eewtons/mz) pressure loading and an axial
stroke of 5 mils (1,27 x 10-% m) per convolution. This stroke is
consistent with achieving the specified bellows stroke of 0,15 inches
(3.81 x 10-3 m) if 30 convolutions are used, This, of course would
not be possible unless the plates were nested but represents the most
optimistic assumption.

The stresses and spring rates were computed with computer
program, NONLIN, developed by Battelle Memorial Institute (6). This
computer program which is described in Appendix 3 is capable of
predicting the nonlinear behavior of a bellows and was also used in
this study for that purpose as discussed in a later section, It is also
capable of predicting the linear performance, however, and is con-
veniently designed for ease in treating various plate shape inputs,
Thus, #t was used to investigate the basic performance of the
S-shaped plates.

The plates were assumed to be angularly fixed at the edges.
This is again an optimistic assumption. It represents closely the case
where the plates are stacked symmetrically opposed but would require
stiffening rings for a nested configuration. However, it will be seen
that, even under the optimistic assumptions, the pressure stresses
for these plates are too high, Thus, their analysis was not carried
further under more realistic assumptions.

The results of the computer analysis are plotted in Figures 22
and 23 where the results for the nested ripple and the flat disk shapes
are also given fur comparison, Figure 22 shows the predominant
stresses as a function of plate thickness for each of the plate shapes
treated under two separate loadings:
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(a) 500 pei (3,445 x 109 newtons/mz) pressure loading with zero
deflection,

(b) 5 mil (1,27 x 1074 m) per convolution deflection with zero
pressure load,

It can be seen that the general behavior is similar to the nested
ripple and flat disk bellows, The stresses for the S-shaped plates under
pressure are higher than those of the nested ripple plates and fall on
either side of the flat disk shape depending upon detailed configuration.
The stresses due to deflection are all greater than those of the nested
ripple plates and flat disks,

The spring rates, given in Figure 23, also have a similar
variation with thicknesses to the nested ripple plates and flat disks, but
are much higher, even assuming the optimistic 30 convolutions,

It can easily be seen that, for plate thicknesses where the spring
rate approaches the acceptable 800 lb/in (1.4 x 105 newtons/m) range,
the stresses in the S-shaped plates are far above the design stress limit
of 150,000 psi (1,35 x 109 newtons/m2), Thus, the basic performance
of the S-shaped plate does not warrant its further consideration for this
application,

It might be noted parenthetically that Figures 22 and 23 provide
a convenient reference, summarizing and comparing the basic linear
performance of bellows plate shapes where bending stresses predominate
over membrane stresses in the large size to span range, Although
these families of plate shapes are not promising for the present high
pressure application, they are generally useful as bellows seal elements
in less demanding situations,

Summary of Basic Performance

The basic performance of bellows plates includes their pressure
carrying capability and force-deflection characteristics. The analysis
performed in this study shows that there are basically two categories of
such performance characteristics:

(a) Bending Plates - where the plates are relatively flat across
the span including multiple waves about the chord line,

(b) Membrane Plates - where the plates form a significant
part of a semi-toroid,

The predominant stress in the bending plates under pressure is
the radial bending stress, For a given span, this stress is relatively
large and the plates must be thick to withstand it. This, in turn, leads
to. large spring rate and deflection stresses or, conversely, a large
number of convolutions,
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In the diameter to span range of interest, diameter was not
found to have a strong effect on performance,

Both categories were found to be susccptible to large angular
deformation or coning of tho convolution scction under pressurc loading
when the plates arc nested rather than being stacked symmetrically
opposed, This is most serious for thc thinner membrane plates and
for cases wherc the pitch is large and requires, in general, the use
of stiff spacer rings to withstand the load,

The major conclusion drawn on the basis of the analysis of
basic performance is that the membrane category offers the besi
combined ability to meet the pressure and spring rate requirements
of Table II within the specified dimensional constraints, These can
either be symmetrically opposed full toroidal plates or nested partial
toroids with stiffening rings.

The corrugated plate bellows was the best of the bending plate
category. It appears capable of providing marginally acceptable
performance with a relatively large plate thickness and a large number
of convolutions, However, its performance is inferior to both of the
promising toroidal configurations and, thus, it was not svaluated
further for this application,
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NONLINEAR CONSIDERATIONS

The most promising bellows platc configurations for moating
the pressurc and spring rate requircments of Table II within the
specificd dimcensional constraints were found to be symmotrically
opposcd toroidal platcs and nested toroidal plates, each with stiffcning
rings, In the following scctions, their lincarity or stability of
effective diameter is studicd analytically in order to sclect tho most
promising test configurations,

The design goal for the bellows is that it will maintain its
effective diameter constant within 0.1 percent at a given axial com-

pression or stroke over the entire pressure range, 0 to 500 psi
(3. 445 x 106 newton/m2),

The method of approach followed was to conduct parametric
studies to predict the effects of the various design parameters for
each shape on the change in effective diameter. The optimum com-
bination of parameters was then selected for further consideration in
fabrication and experimental studies.

Symmetrically Opposed Toroidal Plates

The basic element of the symmetrically opposed toroidal bellows
is shown schematically in Figure 24 where the principal nomenclature
for this study is defined, Because of the symmetry, theplate may be
assumed to be angularly rigid or fixed at the edges as shown. Also,
it was determined in the preliminmary study that sufficiently rigid
stiffener rings can be provided so that the edges may also be con-
sidered to be radially fixed. Thus, the model used for parametric
analysis as illustrated in Figure 24 is free to deflect axially under
an applied loading but is fixed radially and angularly at the edges,

In addition to the parameters defined in Figure 24, the following
variables will be used in the discussion,

(a) Effective Diameter

Defining an axial bellows force per unit circumference,

N, by
P _ Fb
Np * TD

(23)
)
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P - pressure

é - axial deflection

S - span

t -  plate thickness

r - radius of curvature

Ri -  inner radius

R - mean radius

R, - outer radius

') = included angle of the toroidal segment

Figure 24, Schematic Diagram of the Symmetrically Opposed

Toroidal Plate Element and the Definition of Principal Nomenclature,
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where
Fb =  renction forco hetwoon the bellows and the scal ring

Da = offective scaling diamoteor of the facc Aeal

and combining with Fquation (4) allows tho definition of an effective
diamcter as follows,

4 DN
2 2 4 KAL 8
by pf s+ AEM .2 (24)

where P is used to denote the differential pressure across the bellows,

(b) Nonlinearity of Effective Diameter

A small nonlinear perturbation, A D , of effective
diameter about its nominal value, D _, may be rellted to a perturbation
in bellows force, AN _, by differentiting Equation (24). Assuming
that KAf and Do arc? constant, this gives,

4 D
8
P

2p AD, = - AN, (25)

which may be used to define a percentage change or nunlinearity in
effective diameter, Defining the percentage change in effective
diameter as,

A De
% A De = ' ) x 100,
e
and combining with Equation (25) gives,
2 D, _ AN
%ADe= 5 Apr100= -——115 (26)
P D
e
where
P = 500 psi (3,445 x 108 newtone/mz)

(P

D, = 6 inches (0. 152 meter)
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It ahould he n-.ed that the above definition assumens that apring forco,
KAL, is a constant under proasure lead, In other words, any change
that might oceur in tho spring load under pressure ia lumped into

AN_ and thus, by definition, inte AD, This {s in accordance with
tho Peonvontien dincusnod under "Donefiption of the Syatem, ' This
convention is rcosonable from a design point-of-view bocausc any
chango in spring force with prossurc appoars ans an cffective nonlinecarity
betweon prossure force and pressure, or as a chango in cffoctive
diameter, Morcover, thero is no mothod for separating tho various
contributing cffocts to a nonlincarity detocted in a solution for N

at a given prossure level and initial deflection, P

Thus, Equation (26) was used to interpret the nonlinear computer
solutions in the following discussion,

The only paramcter fixed for the parametric study of non-
linearity was the nominal or mean diameter, D , which was taken
to be 6 inches (0,152 meters), The other parateters were varied
in the ranges shown in Table IV,

A total of 50 computer runs using computer program NONLIN
were made to study these parametric variations as well as the effects
of the boundary stiffness and certain shape modifications, The
detailed numerical results from these computer runs are tabulated
in Appendix D, Typical stress distributions are also presented in
Appendix D for plates having 60°, 120°, and 180° included angles,

The effects of the variation of each of the major parameters on change
in effective diameter over the desired pressure range are discussed
in the following paragraphs,

Effect of Axial Deflection, - The percentage change produced
in the effective diameter between small pressure loads and a pressure
loading of 500 psi (3,445 x 106 newtons m2) as a function of the axial
deflection of a single plate, 6, is shown in Figure 25 for various
included angles, (Reference Run Nos, 1, 2, 3, 4, 15, 18, 19, 20,
21, 22 and 34 of Appendix D),

It can be seen that the percentage change in effective diameter
is approximately linear with the axial deflection for a given included
angle and that there is a marked change from a large included angle
approaching a full semni-toroidal and a small toroidal section, For
the large included angles, it can be seen that to achieve the desired
goal of 0.1 percent or less change in effective diameter requires
an axial deflection less than 5 mils per plate, Thus, for the total
maximum axial compression of 0,15 inches (3,81 x 10-3 meters),
at least 30 plates would be required, This is more than can be
fitted into the core length available for the symmetrically opposed
configuration, which is less than 1,5 inches, It appears, in fact,
that only about 12 plates can be used, Thus, the % AD can be no
smaller than approximately 0, 26, €




TABLE 1V

Range of Paramater Variation for tho Nenlinear
Rehavior of the Symmetrically Opposed
Toroidal Plates

Axial Deflection, 6 0 to 15 mils
(0 to 3.81 x 10°% m)

Thickuess, t 3 to 7 mils
(7,62 x 10°% to 1,77 x 10°% m)
Pressure, p 0 to 500 psi

(0 to 3,445 x 10° newton/m?)

Included Angle, ¢ 60° to 180°
Span, S (Approximate) 1/8 to 1/4 inch
(3.17 x 1073 to 6,35 x 107> m)
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Figure 25, Effect of Deflection on Change in Effective Diameter,
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Effect of Plate Thickness, - The effect of variaticn in plate
thickness on effective diameter for various included angles is shown
in Figure 26, (Reference Run Nos, 3, 5, 6, 7, 8, 21, 24, 25, 26,
27, 34 and 35 of Appendix D),

It can be seen that plate thickness has practically no elfect for
the large included angles, The moderate effect shown for an aagle of
60° is somewhat academic for a bellows where constant effective
diameter is the principle goal in view of the fact that its performance
in this respect is not competitive with the larger included angles.

Effect of Pressure loading, - The effect of pressure loading
itself on change in effective diameter for a 120° plate with a nominal
axial deflection of 10 mils is shown in Figure 27, (Reference Run
Nos, 21, 28 and 29 of Appendix D). It can be seen that, over the
pressure range of 50 to 500 pci, the nonlinear analysis predicts
very little effect on the change in effective diameter due to pressure
alone, .

Effect of Included Angle, - The effect of included angle
variation oca the change in effective diameter is shown in Figure 28
for two plate deflections. (Reference Run Nos, 2, 3, 15, 19, 21
and 34 of Appendix D), This plot again shows that fact that a large
included angle should be used for minimum change in effective diameter
and that the variation is small between angles of 120° and 180°,

. Effect of Span. - The effect of span on effective diameter can
be seen by comparing Run No, 2, having a span of 1/4 inch with
Rut: No. 12, having a 1/8 inch span, in Table D-1 of Appendix D,
Here, it can be seen that the change in effective diameter is
approximately the same for equal axial deflection, all other factors
; constant, » Thus, from a design point-of-view, if more plates of a

; smaller span can be fitted into the available length so that the
- deflection per glate is reduced, the expected percent change in
, effective diameter would be reduced according to the behavior indicated
- o in Figure 25. Thus, it may be concluded that minimum span is
desirable which, of course, is limited ultimately by manufacturing
difficulties,

™ . Effect of Boundary Conditions, - As discussed before, the
soliMSto~ased as a basis for the preceding discussinn assumed edges
which are both angularly and radialiy fixed., The uagular fixity is
provided automatically by symmetry for the opposed configuration,
However, radial fixity depends upon the use of a sufficiently stiff
ring welded between the bellows plates, The actual radial deflection
of an oppused toroidal convolution plus practical stiffeners has been
estimated as approximat.:y 1 mil, To determine the degree of effective
diameter chang=_that might occur due to this actual radial deflection,
a 1 mil radial d'c‘?{lection was imposed at the boundary of both the

£ AR




p = 500 psi (3. 445 x 10° newtons /m®)
5 = 10 mils (2,54 x 10"% m)
.64 S = 0,216 to 0,25 (.0055 to ,0064 m)
' as noted on curve
D = 6 inch (., 152 m) ',
m
0 5--
“ *
8 o= 60°
O — +
g S = 0,26 in
4
uo - .
R 0.4+ .;
q ;
o
9 :
“ B
! i
g s
'd - !
2 0.3 1
[ V]
.g S =0,216 in
é — —p— > —— . ¢ = 120°
K ~i— ~— —- —— ——p= 180°
- 0.21- .
3 S =0,25 in
[ }]
)
s
3
0.1t
|
0.0 % 3 1 3 8 ¥ 3

Plate Thickness, t, mils (m x 3, 939 x 104)

Figure 26, Effect of Plate Thickness on Change in Effective Diameter,

60




® = 120°
t = 5§ mils (l.27x10"4 m)
| 5 = 10 mils (2,54 x 1074 m)
0.34 S = 0,216 inches (.0055 m)
b, = 6 inches (. 152 m)
ki
h &
R ——
g ——
v
A
q
| .0.2 4
i o]
0
o -
: 0
, g
| 8
A
# v
b
o -
' 3
. 0
b
4 2]
i M
: °
: goo.l T
i q
! =
R 9]
:
1 0 -+ ' + 4
0 100 200 300 400 500

Pressure, p, psi (newton/m2 x 1,45 x 10"4)

Figure 27, F.ffect of Pressure Loading on Change in Effective Diameter.




T T e e e e T e

6

p = 500 psi (3.445 x 10 newtons/mz)
o4 t = 5mile(L27x 10"% m)

S = 0,25 inches (,0064 m)

D, = 6 inches (0,152 m)
¥, 4 A

10 mils

0 4 e + + $ wmaned

60 80 100 120 140 160 180
Included Toroidal Angle, ¢, Degrees

Figure 28. Effect of Includecd Angle on Change in Effective Diameter,

62




120° and 180° included angle plate (Run Nos, 13, 14, 30 and 31),
The rosulte of these runs are compared with the identical fixed cases
(Runs No, 1, 3, 16 and 21) in Figurc 29, It can be scen that the
maximum variation of change in effective diamecter occurs foir the
180° plate and is only 0,0l percent out of 0,2 percent, Thus, the
error introduced by assuming a fixed boundary condition is negligible,

Interpretation of Results, - The results of the parametric
computer analysis summarized in the preceding paragraphs indicates
that the smallest change in effective diameter that can be expected
over the desired axial deflection and pressure range is approximately
0,26 percent, within the overall design constraints imposed in Table IIL

It can be seen from Figures 25 and 27 that the nonlinearity
or change in effective diameter is due entirely to the axial deflection
of the plate and that its effects are fully present even at very low
pressures, Two physical effects can combine to produce this type of
nonlinearity:

(a) A nonlineatr force-deflection characteristic or spring
rate at large deflection which would appear in the solution
for combined loading as a change in effective diameter.

(b) Distortion of the shape by the axial deflection or load
so that the reaction forces produced by subsequent
(or combined) pressure loading are distributed
differently than with no axial deflection,

A third possible effect, distortion of the plate shape under the pressure
load itself can be seen by Figure 27 to produce little change in
effective diameter,

However, it can be seen from Run No, 9 of Table D-1
(Appendix D) that the total axial reaction force due to a 10 millinch
axial deflection alone is only 2,6 lbs for the 180° plate. Any non-
linearity in spring force would be small compared with this total
load, Run Nos. 1 and 3 for the same plate, on the other hand, show
that the change in reaction force for this deflection at 500 psi pressure
loading is 5.8 lbs, Thus, it is obvious that this latter nonlinearity
must be almost completely due to Effect (b) above rather than (a).

The same conclusion can be drawn for the 120° plate from Run Nos.
16, 21 and 23,

Effect (b) could be produced simply by the plate tilt due to the
axial deflection, This was investigated by Runs No, 16 and 17 of
Table D-1 where two identical cases were run with no axial deflection,
They differed only in that the plate in Run No. 16 was tilted by 2,3
degrees to simulate an axial load with, of course, no shape distortion,
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The results for the two cases were identical and virtually lincar
over 500 psi, Thus, thc distortion of interest is actual shape
distortion away from the initial toroidal shape due to the bending
stresses cngondered by the axial deflection,

Design Studies, - Several computer runs were devoted to an
attempt to uncover design techniques for the opposed toroidal which
would reduce the nonlinearity due to shape distortion under axial load,
One general technique which was thought to be a possible improvement
was to provide reladvely compliant edges with a radially stiff span
so that axial d:flection is produced by plate till in order to minimize
the plate shape distortion,

One method for approaching the above condition is to vary the
compliance of the plate across the span so that the edges are relatively
much more compliant for bending deflections than the center portion of
the span. This was done in Run Nos, 46 to 49 of Table D-1 where
the plate thickness and moduli were varied across the span in such a
way that the circumferential stiffness was constant, but the meridional
or radial bending stiffness was much greater at the center of the
span that at the edges. For Run Nos, 46 and 47, the circumferential
stiffness was equivalent to a 5 mils constant thickness plate but the
bending stiffness near the center of the span was 9 times greater
than that at the edges. For Run Nos, 48 and 49, the circumferential
stiffness near the edge was equivalent to a 2,5 mil plate and that near
the center to a 5 mil plate but the central bending stiffness was 36
times greater than that at the edges, The salient result was that
the predicted change in effective area was exactly the same as that
for a constant 5 mil bellows plate. The distribution of curvature change
can be casily seen in Figure 30 where the angular deflection, §8 ,
is plotted across the span for these two cases and compared with a
uniform thickness plate., As expected, the major effect was to
concentrate the curvature change near the edges., However, it was
so much greater in this region that any advantage from the stiffened
central portion was offset,

A final concept for a shape change.to approach the ideal dis-
tortionless toroid was the use of a non-isotropic or radially corrugated
plate. Here, corrugations in the radial direction instead of thickness
variation or modulus variation as described above would be used to
make the circumferential stiffness negligible compared with the bending
stiffness near the compliant edges, This would have the effect of
approaching a ''rigid-body" rotation of the ideal toroidal shape and
might reduce the effective area change, This type of configuration,
however, cannot be treated using available nonlinear analytical techniques.
Thus, it is recommended that a critical experiment be performed to
check its effect on linearity, The basis for the design of a non-
isotropic opposed toroidal plate is given in Appendix F.
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Another shape parameter that might be used fto reduec the change
in effective dlameter is the solection of an optimum initial shape se
that the nonlinear cffects duc to distortion compensate cach other,
This, in essence, means varying the initial curvature of the plate
away from a perfect toroid in an optimum way, It might bo expected
that variation of the shape so that the deflected shape would approach
a perfect toroid might reduce the nonlinearity in reaction force under
pressure load, This was tested by Run Nos, 42, 43 and 44, The
results showed that tho effective area change was identical to that of
an initially undistorted plate, In fact, as might be expected, the
nonlinearity is due to the shape change alone and minor changes of the
starting point have no effect,

A second curvature change aimed at producing a relatively stiff
central portion similar to that produced by the variable thickness
cases discussed in preceding paragraphs was tested by Run No, 45.
Here a peaked plate with a relatively stiff central portion was produced
by reducing the radius of curvature in the central region. As before,
this concept produces no advantage in terms of linearity and has, as
its main effect, the increasing of the peak stress in the plate,

Nested Toroidal Plates

The principal advantage of the nested toroidal bellows is that,
although the individual plate behavior is not expected to improve over
the opposed plate case, many more plates can be stacked into a bellows
core having a given length, Thus, each plate is required to undergo
a smaller plate deflection which has been shown in the preceding
section to be the major variable affecting change in effective diameter,

Another fundamental difference is that the convolution is not
symmetric about a plane perpendicular to the axis as is the opposed
case, Thus, the pressure load is expected to cause a rotation of the

elements with a corresponding change in effective diameter even at
zero axial deflection,

A series of 50 computer runs were made to investigate the
effects of varying a number of parameters on the performance of the
nested toroid, Two basic configurationes of importance, single and
multiple convolution, were studied as defined in Figure 30 where the
principal nomenclature is also defined,

In order to minimize computer time, the single convolution
(2 plates) case was used to determine the basic nonlinear behavior
of the bellows. The multiple convolution case was then used for the
more promising combinations of variables to study the effect of the

end condition and select the most promising bellows plate and stiffener
configuration,




It can be seen from Figurc 31 that, in general, a stiffener
ring ie provided at oach plate joint and the offect of varying the
atiffnoss of this plate was atudied, In addition, all of the parameters
atudied for the opposed plate were also investigated for the nested
plate, The only paramecter fixed was the mean diameter of the bellows
plate, B_ = 6 inches (0,152 m),

The lincarity of the bellows was computed as cxpressed in
Equations (23) through (26), That is, the change in effective diameter
is proportional to the change in axial rcaction force, N_, betwcen the
linear and the nonlincar solution for a given loading.

The results of the parametric study are gsummarized and discussed
in the following paragraphs., The numerical results of the computer
solutions are tabulated in Appendix E where sample stress distributions
for the plates are also given.

Effect of Axial Deflection and Included Angle, - The percentage
change produced in the effective diameter between small piessure loads
and a pressure loading of 500 psi (3.445 x 106 newtons/m®) as a
function of the axial plate deflection, &, is shown in Figure 32 for
three included angles, (Reference Run Nos. 4, 5, 11, 12, 15 and 16
of Appendix E),

It can be seen that the change in effective diameter is again
proportional to the axial deflection and has about the same overall
sensitivity as the opposed toroid (related to individual plate deflection).
The total change does not vary markedly with included angle in the
range studied (also true of the opposed toroid in this range). The
major effect of varying the included angle is to shift the curve downward
so that the deflection at which there is no change in effective diameter
P from the linear case occurs at a finite non-zero value, This has
i some practical significance since, by selecting the optimum ¢, the
‘ total range of change in absolute effective diameter over a range of
deflections can be halved.

i Effect of Plate Thickness, - The effect of variation in plate
thickness on change in effective diameter caam be seen in Figure 33 for
an included angle of 140°, (Reference Run Nos, 17, 18, 21 and 22

of Appendix E), It can be seen that, for this case, the increase in
thickness from 5 to 10 mils results in a smaller absolute change in
effective diameter over the pressure range.

B Effect of Span, - Although no specific cases were run to

' investigate the effect of span alone, the behavior for one case can be

S seen by comparing Run Nos, 5 and 7 of Table E-2 where the span
decreases from 1/4 inch to 1 /8 inch, all other factors except plate
thickness remaining constant, There was essentially no effect on
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= Span

- Mean Radius

- Plate Thickness

- Toroid Radius

- Included Angle

- Stiffener Ring Length

- Stiffener Ring
Thickness

- Axial Reaction Force

- Axial Deflection

- Radial Defleg:tion

- Number of
Convolutions

- Applied Pressure

(b) Multiple Convolution

Figure 31, Schematic Diagrams and Definition of Nomenclature
for the Nested Toroidal Bellows,
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change in offective diameter which ina the result expocted from the
single plate results of the opposed toroid atudy, This confirms the
previous conclusion that, [rom a dosign point-of-view, minimum span
conaistent with feasibility of fabricatlon is desirable since more
convolutiona, in general, can be fitted into a given core length,

Effcct of Edge Boundary Conditions, - The edge boundary
conditions on the plate arc provided by the stiffness of the stiffener
rings, Thc basic conditions used for reference in the single con-
volution studies assumed radially and angularly fixed edge conditions,
Here, the results are not markedly different from those of the opposed
toroid study in terms of the range of change in effective diameter over
a given range of single plate deflection,

Several cases were devoted to checking the effect of relaxing
the fixed boundary conditions, For example, the angulariy fixed case
for ¢ = 140 (Reference Runs 11 and 12 of Table E-2) is compared with
the angularly free case (Reference Runs 19 and 20 of Table E-2) in
Figure 34, both being radially fixed. This produced very little effect
on the change in effective diameter,

Also in Figure 34, the fixed case for ¢ = 180° (Reference Runs
4 wzd 5 of Table E-2) is compared with one having an imposed radial
deflection of 1 mil (a reasonable value for typical stiffener rings) but
remaining angularly fixed (Refereri:e Runs 2 and 3 of Table E-2). The
total range of A D_ remains ahestt the same for these cases, the main
eftect being a shift downward. This hA% some practical value, as
raentioned before, in that it réduces the maxitnum absolute change in 1
effective diameter experienced over the range of plate deflections. . ' »

The main conclusion from these studies is that so long as :
reasonable radial stiffening is present, the stiffness of the edge
boundary conditions does not have a major effect on the single
convolution behavior,

Effect of Multiple Convolutions, - Because the nested toroid
convolufion 18 not symmetric, plate rotation must occur if the edge
stiffeners are not sufficiently stiff to provide angular fixity. Thus,
if the end fittings are very stiff so that the end boundary condition is
essentially fixed some variation in plate behavior may be expected
for succeeding convolutions away from the end fitting. The effect of
multiple convolutions on the change in effective diameter was tested
for a 160° toroidal plate by Run Nos, 23 through 29 of Table E-1,
The results are plotted in Figure 35, Here, it may be seen that the
two convolution casc gives a result significantly different from the
single convolution but that the difference becomes much smaller as
succeeding convolutions are added. The major effect is to move the
effective diameter versus convolution deflection curve down, thereby
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. etaining the same sensitivity of change in effective diameter with
deflection but decreasing the range of absolute change,

The specific dimensions for the plate and stiffener rings are
shown in Figure E-1 of Appendix E, The decay of the effect of the
enii boundary conditions on the deflection of the plates can be seen
graphically by comparing the plate stress distributions plotted in
Figures E-2 through E-5, The stress distributions in the second and
fourth plates are essentially identical and it may be expected that
succeeding plates will show no differences until the end fitting on the
other end of the core is approached,

Thus, it may be concluded that 4 convolutions are sufficient
for a good prediction of the effective diameter change in a multiple
convolution bellows of this type where edge stiffener plates are typical
of those of Figure E-1 in terms of radial and angular stiffness,

Interpretation of Results, - Comparing the basic single convolution
behavior shown in Figure 32 with that for the opposed toroidal plate
shown in Figure 25, it can be seen tnat they are comparable from the
standpoint of change in effective diameter over the desired pressure
and deflection range. (It is important to note that the plate deflection
scale of Figure 25 represents one-half the single convolution deflection
for comparison with Figurs 32),

The use of a partial toroid (¢ = 120° or 140°) increases the
sensitivity of change in eifective diameter with deflection in each case.
However, this increased sensitivity is accompanied by an adjustment
in the zero change location for the nested plates. Thus, the net effect
is to reduce the absolute change in effective diameter with deflection.,

The major difference between the opposed and the nested cases
is that the latter are inherently capable of closer spacing, thus
allowing more plates within a given core length. This reduces the
required deflection per plate and, thus, the change in effective diameter.
Since it appears that the 15 to 30 convolutions (30 to 60 plates)
required to keep the change in effective diameter below 0.1 percent
for the various ¢'s can be physically fitted into the core length, this
configuration, unlike the opposed toroid appears basically feasible
for meeting the design goal. The analysis, of course, does not
consider difficulties in fabrication which are much more critical for
the nested configuration than for the opposed, These will be discussed
in a later section. It also does not take into account the design trade-
off associated with the variable number of plates for the various
¢'s that may be fitted into the bellows core, Several multiple-
convolution solutions were devoted to this subject in order to select
the most promising configuration as discussed in the following chapter,
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SELECTION OF THE EXPERIMENTAL
BELLOWS CONFIGURA TIONS

The objective of the analytical studins of the preceding sections
of this report was the identification of those bellows configurations
having the best promise for meeting the linearity goal, constancy of
efiective diameter within + 0.1 percent across the specified deflection

and pressure range,

In fact, only the nested toroid appears theoretically capable
of achieving this goal since sufficient convolutions can be used to
bring the nonlinearity within this bound by reducing the individual

plate deflection,

However, the opposed toroidal configuration is theoretically
capable of achieving constancy of effective diameter within the 0,2 to
0.3 percent range with the numnber of convolutions possible. Since
this is still much better than the pvesent state-of-the-art for bellows
seal applications, it was recommended as an alternative test bellows
for this program., Also the opposed toroid is inherently easier to
fabricate and was felt to have a considerably better probability of
surviving this critical step of the development, Moreover, the
radially corrugated version of tbe opposed toroid is felt to be promising
for further reducing the effective diameter change, perhaps bringing

jt within the design goal.

In summary, therefore, the thrce most p. omising design con-
figurations selected on the basis of the analytical studies for further

experimental evaluation were:
(a) Opposad Toroid
(b) Radially Corrugated Opposed Toroid
(<) Nested Toroid

In addition to the nonlinear analyeis discussed in the preceding,
section, further studies and computer runs were devoted to the selection
of the optimum configuration for each of these 'desiins, These studies
are discussed in the following paragraphs. ‘

Opposed Toroid

The nonlinear analysis of single toroidal plate showed that the
axial deflection per plate and the toroid included angle have the
greatest effect on change in effective diameter, For the multi-
convolution case, the number of convolutions that can he fitted into
the desired core length becomes important, The maxiinum number of
convolutions can be expressed approximately from the geometry of the

bellows as,
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L sin (¢/2)
» < S {T-cos ¢;zl; + L_ sin ($/2)

where

core length

stiffener length per convolutio= in excess of the
toroidal plate height

= sgpan
® = toroid included angle

This is plotted in Figure 36 for a realistic span of 0.25 inches and
two stiffener lengths, In these plots, the fact that the number of
convolutions must be integer is taken into account. Realizing that
the individual plate deflection, §, may be expressed by,

AL
2n

.6 =.

the individual plate data of the preceding chapter can be modified to
reflect the number of convolutions possible in the prescribed core
length of 1.5 inches (0,038 m). This is plotted ‘n Figure 37 for a
0.25 inch (,0065 m) span and a net stiffener len :th of 40 mils

(1,02 x 10-3 m). The corresponding spring rates and combined stress
are also shown in this figure,

It can be seen that, although stress and spring rate are
within the prescribed limits (150,000 psi and 800 lbs/in) across this
range, the stress is minimized in the 120 to 160° range of included
angle, The change in effective diameter increases monotonically in
this range, making 120° the optimum included angle, This is a weak
optimum, however, and the choice of included angle is affected from
a design point-of-view by the fact that the 160° included angle allows
a reduction in the number of convolutions from 8 to 6, making the
bellows significantly easier and cheaper to fabricate, The increase
in change of effective diameter is felt to be small enough so that
the fabrication advantage is warranted,

Thus, the 6 convolution 160° toroidal plate is recommended
as the best compromise for the opposed toroidal bellows. The
change in effective diameter is nearly independent of plate thickness
in the realistic 4 to 6 mil range., The recommended span is 0,25
inches and the mean radius is 3 inches. For the opposed toroid,
the angular stiffness of the stiffener rings is not critical because of
the symmetrical load placed on them, They must only be stiff
enough to resist radial deflections, This is tvue with stiffeners having
a net increase in convolution length of 40 mils as assumed for the
data of Figure 37,

(28)
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Maximum Number of Convolutions within Prescribed Length

—
o

S = 0,25inches (.0065 m)
L = 1,5inches (.038 m)

L = Netincrease in Convolution Length
due to spacers
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Figure 36, Maximum Numkter of Convolutions that can be Fitted

Within the Prescribed Length for Two Typical Spacer Lengths,
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. For the corrugated opposed toroid, the 10 mil amplitude
corrugation with a half wave -length of 50 mile described in Appendix F
is recommended as providing significant stiffness ratios for experimental
evaluation,

Nested Toroid

Selection of Stiffener Dimensions, - The results of the nested
toroid analysis showed that, providing sufficient radial stiffening wesre
present, the angular stiffness of the stiffening rings was not critical,
Radial stiffness is provided by using the maximum cross-sectional area.

From a design point-of-view, a maximum number of plates
having minimum span is desirable to minimize change in effective
diameter. The minimum practical span was selected to be 0,25 inches,
Since the maximum allowable span, including both toroidal plates and
stiffeners, is 0, 6 inches, the radial dimension or width, A R_ of the
stiffener rings should be approximately 0. 15 inch, This was used as
the nominal value for the recommended design.

For the nested configuration, the stiffener ring length, Ls" can
be related to the total core length, L, by

L, (2n - 1) = L = 1,5 inches (29)

To ensure that adjacent plates still have an axial clearance, Bc, after
bei:g compressively deflected through AL, the stiffener length Mmust
meet, ’

t AL

Lszcoscpz * 3 *+ 8 (30)
where
t = plate thickness
¢ = included angle

Taking t = §_ = 5 mils, Equations (29) and (30) may be solved for
various ¢ to give L and n, These are tabulated in Table V.

Selection of Included Angle, - Using the stiffener length tabulated
in Table V and a width, R_, of 1°" mils, the change in effective
diameter was predicted for stacks of four convolutions, (Reference,

Run Nos, 27 to 39 of Appendix E). The results of these computer
solutions are plotted in Figure 38,




TABLE

v

Acceptable Corabinations of Stiffener Length and

Number of Convolutions for Various Included Angles

Included Angle, Stiffener Length, Number of Deflection per
) L 8 Convolutions, Convolution,
degrees milli -inches n milli-inches
120 25 30 5
140 30 25 6
150 35 21 7
160 40 19 8
180 55 14 10,7
t = 5 milli-inches
] c = 5 milli~inches
AL = 0,15 inches
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It should be noted that a stack of four convolutions was used
instead of the actual number corresponding to cach included angle as
shown in Table V in order to save computer time and fit within the
conveniently available memory capability, Also the preliminary
multi -convolution solutions showed that four convolutions was sufficient
to predict the basic behavior of the bellows,

Also plotted in Figure 38 is a locus of the single convolution
displacement corresponding to the total deflection of 0,15 inches and
the selected maximum number of convolutions for each included angle.
This convolution deflection is tabulated in Table V.

It can be readily seen by the points of intersection of the
performance locus with the curves for various ¢ s that the goal of
0.1 percent absolute change in AD is only met for plates having an
included angle in the range of 140 % 160°,

The combined stress and spring rate for these bellows plates
are plotted in Figure 39, Here it can be seen that the stress decreases
with increasing ¢ and that the spring rate, although increasing, is
always well below the 800 1lb/inch limitation, Thus, it appears that
the optimum choice for included angle is 160°.

Selection of Plate Thickness, - In order to test the effects of a
significant thickness increase on the performance of the bellows, Run
Nos. 40 through 42 of Appendix E were made using 8 mil plates. The
results showed slight improvement of effective diameter change and
stress but a nearly five-fold increase in spring rate, Since it is
felt that this spring rate increase more than offsets any advantage
gained in constancy of effective diameter and that the increased thickness
may lead to increased fabrication difficulties, it was decided to use
the 5 mil plate thickness.

Effects of a Welding Flange, - Later fabrication studies
indicated the desirability of providing a lip or flange at the edge of
the toroidal plate for welding onto the stiffener rings. Two versions
of this type of flange are shown schematically in Figure 40,

These were treated analytically by Run Nos. 43 through 50 of
Appendix E. . '

The circular flange of Figure 40(b) would not conveuge to a
solution having acceptable accuracy on the computer, Thus, a flat
flange model as shown in Figure 40(c) was used and valid solutions
were obtained,

The general results indicated that there is no significant effect
on change in effective diameter from this type of flange. Also, the
spring rate is not affected,
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Spring Rate, K, lbs/inch (newtons /meter x 0. 57 x 10

P = 500 psi

AL = 0,15 inches
t = 5 mils

Rm = 3 inches
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Figure 39, Maximum Combined Stress and Spring Rate Versus Included

Angle for Acceptable Combinations of Stiffener Rings

and Maximum Number of Convolutions,




(a) No Flanges

(b} Flange with Radius

0.075 inch

Figure 40, Definition of Edge Welding Flanges Investigated Analytically,
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However, the peak atress is increased by a factor of over four

i (from 40,000 psi to 172,000 psi) putting it beyond the design limitation,

: Morcover, it is felt that this type of configuration will also impose a
stress concentration further increasing local stresscs beyond the
analytically computed values,

Thus, it is recommended that the use of this type of flange be
avoided if at all possible within the state -of -the ~art in welding.

. In Summary., - It is recommended that the parameters used for
the experimental nested toroidal bellows be as follows:

included angle, ¢ = 160°
plate thickness, t = 5 mils
number of convolutions, n = 19
‘ stiffener ring size, Le = 40 mils
ARS = 150 mils
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FABRICATION STUDIES

A specific objoetive of the study waa the experimental
verification of the performance predicted by the analytical studies for
the most promising bellows configurations, Thus, with the completion
of the analytical work and selcction of the opposed and ncsted toroidal
configurations, effort was turned toward the fabrication of special test
bellows,

The design of the bellows plate forming dies, welding fixtures,
and chill rings (heat sinks), as weli as the detailed design of the
bellows plates, their flanges, and the mating surfaces of the inter-
connecting stiffener rings and end fittings was accomplished at the
outset to produce optimum hardware implementing the basic designs
resulting from the analytical work,

Because cach of the selected configurations described in the
preceding sections requires the incorporation of stiffener rings into
the bellows core to achieve the desired linearity, they presented a
common fabrication problem, the joining of thin gage bellows plates
with relatively heavy stiffener rings as shown in Figure 41, These
configurations incorporate some modifications from the recommended
configurations of the preceding section designed to facilitate fabrication.
In each case, however, the modification was not felt to significantly
affect the baszic performance of the bellows.

Several joining techniques were attempted to solve the problems
associated with the plate to stiffener ring joint, but each was
unsuccessful within the scope of effort possible in the program.

This work is summarized in the following paragraphs in order to
provide a basis ifor future development efforts, It is felt, at this
time, that the stiffened toroidal bellows can be produced using welding
techniques, but modified tooling in order to implement revised bellows
plates and welding fixtures would be required to overcome the problems
experienced.

Inert Gas Welding

The preferred method for joining the bellows elements was
iner . g8 shielded-arc, non-consumable electrode fusion welding (TIG
welzing),

Assembly of bellows plates and stiffener rings in welding fixtures

brought problems to light very early in the fabrication effort, A
combination of fit-up requirements and optimum location of metal

fusion resulted in unsatisfactory welds, Inner stiffener rings fabricated
from annealed hot rolled Inconel 718 plate could not be produced flat
enough to result in intimate contact for the full surface of the bellows
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plate flanges within the stiffenar ring contering recesses, Blow-
through was experienced in thosc areas where the parts werec not in
contact. The use of stiffener ringes machined from annealed forgoed
rings in order to offcct radial grain flow and reduce the cffocts of
the orientated grain structure of the rolled material, was indicated,

Bellows plate weld flanges were designed with what was con-
sidered the maximum practical radial dimension since the desirable
characteristics of the toroidal type convolutions were predicated on
close control of the geometry at the juncture of the plates and stiffener
rings, The geometry of the stiffener ring as shown in the detail
of Figure 41 was chosen so as to produce optimum wetting and fusion
of the two elements in order to produce a weld as shown in Figure 42,

With 4 mil (I x 1074 m) toroid plate thickness and 10 mil
(2.5 x 10-4 m) radial flange width, fixturing which would adequately
centralize and bottom the plate within its recess and still allow
adequate clearance between the welding electrode and the fixture
elements, required great attention to detail,

Numerous fixture changes and rebuilds were made and the
effects of increased ring recess depth were evaluated by welding
elements incorporating these various changes. All were considered ineffective
as solutions to the problem. A continuous joint of the quality depicted
in the photomicrograph cf Figure 42 could not be consistently produced
throughout 360°,

In the light of the lack of success as recorded above, it was
necessary to consider alternate means of fabrication by TIG wealding
techniques and the possibility of alternate welding systems.

R 2 e

A design change compatible with the TIG system was implemented
for trial, This involved the addition of an integral lip om the stiffener
ring, so located that it might be mechanically rolled over the bellows
plate flange, retaining the flange in its stiffener ring recess, Figures
43(a), (b) and (c) illustrate the original and the changed design.

TR, ey Feemoii

This innovation gave great promise on the first trial weld,
One plate was satisfactorily welded throughout the 360° pass. This
plate was an opposed %ype toroidal segment plate and was welded to
its .200 inch (5 x 10°3 m) thick inner stiffener, The assembly sequence
required that another similar plate be welded to the opposite side of
the same stiffener ring, In the process of rolling down the retainer
lip on this plate, the clamping action or lip-to-flange overlap was
minimal over part of the circumference of the flange-stiffener ring
interface. This was caused by out-of-roundness developed in the
stiffener ring by localized heating during welding of the first plate,
The actual clamping was not sufficient to retain the plate in position
during this second welding operation, The same end result developed
on parts having both plates lip-clamped in place prior to welding of
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Figure 42,

Magnification 100 x

Optimum TIG Weld
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Figure 43, Stiffener Ring To Bellows Plate Joint
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cither plate, Changen in fixturing werc not effective in the reduciion
of this problem,

Sevoral trial welds were produced with variations in {ixturing
and stiffoner ring deosign, Perfect 3060° welds were not obtained with
any degroc of consistency in the production of acceptable inner stiffepoer
ring and plate assemblies,

Electron Beam Welding

As an alternate welding system, Electron Beam Welding was
selected as most promising for trial, Segmented toroidal bellows
plates and inner stiffener rings for both the nested toroidal assembly
and opposed plate assembly were made available to a subcontractor
for production of specimen welds, Temporary fixturing was fabricated
by the EB Welding contractor and trial welds were produced as
depicted typically in Figure 44, As in TIG welding, parts fit-up was
inadequate with fusion not occurring at the radius joining the bellows
plate flange and the arcurate form of the semi-toroid. However, the
experiment indicated an excellent chance of success with proper tooling
and improvement in the form of the stiffener-ring recess, The sub-
contractor' s estimate of the funding required to fabricate proper
permanent fixturing, setting up the EB equipment and producing the
actual welds required for bellows assemblies was beyond the funding
available in the program at this point in time.

Brazing

Another joining system, brazing, which had been considered
earlier in the program and rejected because of anticipated lower joint
strength as compared to the welding processes was at this point in
the program given serious reconsideration as it was agreed that
evaluation of bellows stability performance ‘at less than the original
test parameters would provide a contribution to the program.,

General brazing experiments were performed by a source
specializing in High Temperature Vacuum Brazing, The brazing alloy
recommended as most suitable for production of a joint having maximum
strength and compatability with Inconel 718 alloy and its final heat
treating temperatures was 82-18 gold-nickel, The first process - '}
specimens consisted of an opposed type toroid brazed to an inner
stiffner ring, Again, the trial of an alternate joining system produced
promising results, Figure 45 is a photomicrograph of an early specimen,

An excess of brazing alloy occurred at the critical point cf the joint,
the juncture of the outer diameter of the inner stiffener ring and the
arcurate form of the semi-toroid. Several joints were produced in '
which the control of brazing alloy in the critical area was given special




Magnification 100 x

Electron Beam Weld.

Figure 44.
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attention, Figure 46 shows the progroas made in this diroction,

Figuron 46 nnd 46 show crosa-aections of the sub-nasombly of
an inner satiffener ring and two somi-toraid platea, The attnehmont
of the roguired number of such sub-nsscmblies to intermediate outer
atiffenor rings as shown in Figure 47 was tho next step in the
fabrication of test bellows, Tho detailoed parts wore deliverocd to the
brazing source for production of toroid-inncr stiffoner ring sub-
assemblies which it was oxpocted would be TIG welded to outer
stiffencr rings, TIG welds in the outer joints were oxpected to prosent

no problem since they were designed geomeirically similar to conventional

Scalol bellows end fitting welds, Reference to the outer joint in
Figure 43(c) will further explain the geometry of these welds where
the weld bead joining the parts are formed by the fusion of elements
having a reasonable ratio of cross-section, This ratio is in the range
of two or three to one,

Sub-assemblies were brazed and tested for leak-tightness,
These units required the repair of minor leaks in the brazed joint,
This reheat, while it was performed in a controlled atmosphere
furnace, produced an oxide layer on the surfaces of the parts, This
oxidized material defied removal by bake-out in the vendor's vacuum
furnace, nor could it be removed by a reverse plating process which
produced unacceptable reduction in toroid plate thickness,

Although the original intent had been to TIG weld at the plate
O, D,'s the brazing vendor suggested bragzing all joints in each
assembly simultaneously as a means of avoiding furnacing the sub-
assembly units more than once. Trial of this suggestion would have
required the production of additional detail parts and the purchase of
considerable labor for pre-brazing preparation and expensive furnace
time which could not be funded by the program at this point in time,

Surface Contamination

In addition to the problems associated with positioning of the
parts and accurate fusion location control as described in the preceding
sections, the quality of the fused metal was less than fully acceptable,
This proved to be due to contamination traceable to tenacious surface
oxides present on the 718 Inconel 4 mil plates fabricated from strip
as received from the reroller supplier, Cleaning, pickling and
storage in evacuated containers would not provide the program with
contamination free plates. Experimentation did develop a successful
electro-chemical reverse plating means for this purpose suitable for
use on small numbers of plates, This process also resulted in a
means of plate thickness contro’ ‘through the removal of surface
material,
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Figure 46 Braze Joint Specimen With Acceptible
Amount Of Braze Alloy
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Figure 48. Improved Weld Construction
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DESIGN AND FABRICATION OF BELLOWS
TEST APPARATUS

A tcot apparatus was designed and constructed for the purpose
of verifying the analytical results under cryogenic conditions, Although
this apparatus was not used for bellows testing in this program, it
is described hriefly in this scction for refcrence purposes.

Specifications for the Test Apparatus

The basic purpose of the apparatus is, of course, the measurc-
ment of the change in effective diameter for a test bellows over the
operating range of interest, Since the effective diameter or areas and
pressures of interest combine to produce large pressure forces in
comparison with the change due to nonlinearity, the approach adopted
was to balance the pressure force on the bellows against that on a
fixed, known area built into the apparatus and measure the difference.
Since the expected variation in effective diameter is quite small
(0.1 to 0,3 percent), the apparatus must be quite sensitive to variations
in pressure force and must introduce very little friction force at its
seals,

The pressure r%nge applied to the bellows was specified to be
0 to 500 psi (345 x 10° newtons /mz) applied internally and externally.
The test bellows are to be deflected axially over a range of 0 to

0. 150 inches (3.8 x 10-3 m), The fluid acting on the bellows will
be both liquid and gaseous nitrogen.

In addition to the static tests above, 2 fatigue test consisting
of cycling the test pressure with amplitudes of 0 to 500 psi (345 x 106
newtons /m2) with a constant applied bellows deflection of 0. 150 inches
(3.8 x 10-3 m) was specified,

Description of the Apparatus

The apparatus, which was built and proof tested in parallel with
the development of fabricatior techniques is shown in the photographs
of Figure 49, [Figure 50 shows an overall schematic diagram of the
test fixture. The description in the following paragraphs is keyed
to the element numbers shown in this figure.

The overall structure of Figure 50 consists of the main support
frame, bese plate, and rods supporting a yoke which provides means
for adjusting the axial position of a load cell relative to a basic
pressure vessel in order to obtain load readings at various bellows
test lengths and pressures.
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The pressurc veesel is inpulated from the frame base by
Transite (1) which supports a steel pressure atructure or hasc plate (2),
NDirectly attached to this structure arc a static scparable outor pressure
eylinder (3) and a multi-clement static innor pressurc cylinder (4) and
the lower element of a Bellows Test Spccimen (5), Fill ports (6)
for the introduction of the cryogenic LNy to the inncr and outer surfaces
of the test bellows are provided in the base plate,

Flow spreaders (7) or baifles will direct the flow of the LNZ
to minimize the rate of localized cooling in the test bellows chamber,

Fluid level sensors (8) were designed into the outer cylinder
wall to indicate the level of cryogenic liquid in the chamber outward
of the Test Specimen, The sensors are upper and lower elements
of an ultrasonic system indicating the range of the LN liquid level
and are located to indicate complete immersion of the test specimen
in the LNy and provide assurance that the upper LN, level does not
exceed its design limit, Control of the LN, level in the chamber inward
of the test specimen is accomplished by a similar set of sensors (9)
built into the base (2). In each case, thermal isolation of the external
(16) and internal (17) diaphragms is maximized by insulating elements
(10) and (11). Insulation (12) and (13) is also designed to assist in
the isolation of the upper section of the apparatus. These elements
are attached to cylinders (14) and (15) which transmit the forces
developed by the test pressures on the specimen effective areas to
the strain-gage load cell (25) which is adjustable in vertical position
to effect deflection of the Bellows Test Specimen through elements
21, 20, 19, 18, 15 and 14. All elements of the pressure vessel are
thus to be cooled and temperatures of the apparatus stabilized,
Covering (24) was designed to provide a major means of reduction
of heat input to the cold bellows test chamber.

Figure 51 shows an enlarged schematic diagram of the
differential force sensing elements of the apparatus, The fixed
reference areas for measurement of differential forces are defined by
sealed cylindrical surfaces that allow at least 0,150 inch (3.8 x 10-3 m)
relative axial movement between surfaces without friction loss. Self-
compensating rolling diaphragms (16) and (17) were selected as seals
having the desired characteristics, These elements, to operate properly,
must be isolated thermally from the cryogenic temperature in the
chamber housing, This is accomplished by means of the insulating
elements described in the preceding paragraphs.

Operation
In uperation the upper section of the pressurized side of the

vessel relative to the Test Bellows will be filled with Gaseous Helium
at test pressure to minimize loss of LN2 and for further protection of

103




104

DIAPHRAGMS

TO LOAD CELL

“H 4&

\1__ﬁ
—]
-
INNER HOUSING k —
( FIGID )

OUYER HOUSING
( RIGID )

Figure 6l. Differential Force Sensor




the rolling diaphragm seals, Gaseous nitrogen will be vented to the
atmosphere from the low pressure side of the vessel, These conditions
will, of course, be reversed as the test prossure conditions are ‘
reversod relative to the bellows,

Test Pressurc measurements are intended to be recad on a
precision pressure gage sensing the pressure of the GHe above the LN
on the high pressure side of the test bellows, Loads are to be read
on a digital indicator of the output signal from the strain gage load
cell, Refering to Figure 50, Test Bellows deflection is determined
relative to a Reference Height Pin (23) representing the compressed
height of the bellows., Adjustment of the bellows height on test will
be made by adjustment of the position of the load cell and actual
measurements of the adjustments of the position sensing element
(19) relative to the Reference Height Pin (23),

The apparatus was designed to perform Bellows Fatigue Tests
by cycling the pressure applied to the LN, external to the bellows
over a range of 0 to 500 psi (345 x 106 newtons/mz) at a rate of 2
cycles per minute and with the Test Specimen in its compressed
position, The GH3 blanket above the LNz fluid will be the pressure
control medium handled through suitable valving and timing devices,

Testing

The Test equipment was constructed during the period of bellows
fabricatiog and proof tested. The Apparatus was subjected to 750 psi
(518 x 10 newton/m2) water pressure at room temperature applied to
the inner and outer pressure sections with a solid cylindrical element
installed in place of a Test Bellows to separate the chambers. The
only problem encountered concerned the rolling diaphragms (16) and
(17).  Clamping of the flanges of these parts proved inadequate as
indicated in Figure 52 which is a photograph of a diaphragm which
pulled loose from the clamping surfaces. Roughening of all clamping
surfaces for each of the diaphragms shown in the partial view of
Figure 51 for the upper section of the apparatus proved to be the
solution to this problem, After this measure, the apparatus
successfully passed the Proof Pressure Test,

Calibration Tests were not performed on this equipment as
fabrication of test bellows was not successful, Verification of diaphragm
areas was to be made against a telescoping cylinder having a sealed
sliding diameter comparable to the designed areas of the diaphragms.
Cylinder seal frictional hysteresis was to be obtained as the difference
in forces in compression and extension and removed to correct the
net forces, to be used in calibration of this element., Tests performed
at room and LN, temperatures would indicate temperature sensitivity
of the apparatus and need for the addition of temperature sensing.
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Figure 52.
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CONCLUSIONS

The goneral everall conclusion that may be drawn from the
analytical studies performed in this program is that for the range of
bellows pressure, deflection, and size specificd for this application,
only toroidal bellows elocments appear promising for achieving
significant improvements in holding constant effective diameotor,

Opposed toroidal plates appear capable of holding their cifective
diameter constant within 0,2 to 0,3 percent, Nested toroidal plates,
because of their capability of providing more convolutions within the
envelope appear capable of meeting the 0.1 percent goal. Even the
opposed toroidal performance, should it be attained, would be
significantly better than the current state of the art in seal bellows,
Both configurations require a core made up of alternating flexible
bellows plates and stiffener rings.

The fabrication studies pointed out the difficulty of fabricating
this type of structure in the desired size range. No successful
bellows was produced within the scope of work allowad by the contract,
although several individual welded joints were successfully produced.
The nested toroid, as was expected, proved much more difficult to
fabricate, The main conclusion reached as a result of the fabrication
studies is that the stiffened opposed toroid can be fabricated with
further development of the configuration near the bellows plate-stiffener
ring interface and improved fixturing, Considerable attention must be
given to improvement of the surface quality of the Inconel 718 foil
material and the use of light oxide removal procedures in order to
achieve good welds,

It has been concluded as a result of the test development work
that the pressure forces on the bellows in the desired range can be
measured accurately enough to establish performance capability under
cryogenic conditions, An apparatus for this purpose has been designed
and built,
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The systematic evaluation of the range of possible bellows plate
configurations for this application resulted in several detailed con-
clusions which are summarized below for completeness:

(a) The performance predictions for the conventional
corrugated plate bellows showed that it was
extremely marginal in this application for meeting
the nominal performance goals (spring rate and pressure
resistance), Thus, it was not investigated in detail i
for non linear effects, and it was felt that corrugated
plate bellow: do not offer promise for achieving the
small effective diameter change goal,
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The flat plate hellows suffors from the same factors
that make the corrugnted plate unsuitable in the
specified sizo range.

A wide varicty of S-shaped plate configurations wore
analyzed and shown to have nominal performance
characteristics comparable to, but goenerally inferior
to, corrugated and flat plate bellows,

Analysis of orthotropic plates (corrugations in o

radial dircction) showed that this fcature has some
promise, particularly on toroidal platcs, for improving
their linearity,




RECOMMENDATION

The bellows dasigns doveloped in this program are expected
to significantly improv the state of tho art in achioving small chango
in offective diameter fo. cryogenic seals, Accordingly, it is
rocommended that this work be uscd as a basis for continuing develop-
moent toward this end.

Specifically, the next phase of the work should be aimed at
devcloping improvements in the techniques used to weld flexible
plates and stiffener rings having dissimilar sectional thicknesses.
This will require modifications in both bellows plate and stiffener
ring configuration near the interface, Also, improved weld fixturing
will be rcquired,
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APPENDIX A

DESCRIPTION OF COMPUTER FROGRAM "SEALOL!

Computcr program SEALOL predicts tho strosscs and defloctions
of a pair of motal bellows plates under combined axial force loading
and prossurc differential, It uscs the linear shell ocquations and, thus,
is limited to small deflections if an accurate solution is required, For
the present study, SEALOL was used to conduct the screening analysis
of corrugated and partial toroid plate ghapes in order to establish
their basic performance capabilities.

In this appendix, the capabilities, the programming basis, and
a listing of SEALOL are provided.

Since NONLIN (described in Appendix B) is also capable of
providing a linear range solution as well as a nonlinear one, a brief
user -oriented comparison is given between the two programs in
Appendix C,

Capabilities

SEALOL can treat bellows convolutions consisting of the various
plate shapes shown in Figure A-1 as well as combinations of these
cases, In the case of toroidal arc segments, up to four different
segments having different radii can be treated,

The basic equations allow only constant plate thickness across
the span, Stiffening rings can be represented only by imposing simple
i boundary conditions on the plate. (e.g. radially or rotationally fixed),
\ Both differential pressure loading and axial deflection can be
) treated,

Governing Equations

The program uses the classical first order shell equations
reduced to two linear second order differential equations in terms of
angular rotation, § , and horizontal force, rH, This formulation is

gimilar to the Reissner-Meissner transformation,

The governing equations can be written,
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Pairs of Conical Plates
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(e) Toroidal Arc Segments (outsidc weld)

Figure A-1, Various Shapes of Bellow Elemeuts which can

be Treated by SEALOIL,
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2
z Vita ,: porm YAtE [p (r% . rcz) . Ji] (A-1)

e L D

Nayee:
L, 4t EE— p= o, (A-2)

whorc tho operaters oaro dofined by,

2 tH g
le()aiﬁ_)'*(“l“'z'z) ddg)”i’["l'i"’"g"izl]”“':‘)
! r

P 8 r }ha!

" and q‘/' ie defined as,
q = pl(z + ra") + L. 2z (r 2 )-l
1 ¥ 1+z'?f' J
1 -?-| zll Z 2
"2 T [r " 1+z‘2] [ﬂp(r .rO) '}P’] (h-4)

The nomenclature for these equations is defined in Table A-l
and in Figure A-2,

The various possible prescribed boundary conditions for the
plate edges are:

(a) Prescribed Rotation or Moment

i = =
z ¢ Bo or ﬂi at r r or r

= D v = -
' , m(ﬁ‘+r B) MoorMiatr r, or r
142!
(b) Prescribed Radial Displacement or Force

A 1 VQ' 2 2
I T R LR LN

Vl+z'2

A

2 g oru at r = r or r
o i o i
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TABLE A-l

Nomenclature

Fh
rotation of middle plane
axial displacomont
En® N12 (1-19)
Young's modulus
thickness of plate
radial force
pressure load
Poisson's ratio
rH
inner radius
outer radius
cylindrical coordinates
axial load
radial displacement
axial force
= ()

2
0
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Figure A-2, Definition of Nomenclature,
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y = roHo or riHi at r = r_er r

Method of Solution
The general computational method consists of the following steps:

(a) The computer program uses finite difference equivalents
for the governing differential equations (central difference
in the interior and forward or backward differences at
the edges).

(b) The program determines a set of influence coefficients
for each plate to represent the various deflections as
functions of the imposed loadings and edge reaction

forces,

(c) These coefficients are then used to formulate a set of
simultaneous linear equations for each element of the
bellows,

(d) This set of equations is solved for the unknown

reaction forces taking into account the prescribed
deflections or loads.

(e) The resulting known edge conditions can then be used
to compute the displacements and stresses at any point
in each bellows plate,

The computer program consists of the main program plus six
subroutines. A logic flow diagram, defining the functions of the
subroutines is provided in Figure A-3, The FORTRAN II listing of the
program is given in the following section,
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hd v hid T~ T W T e

Read Input Data

1
Transfcr Design Input to

Computer Input

l

Compute Shape Function

Using Subroutine ZFR

1
Compute Geometric Parameter

Using Subroutine AFR

Set Up Matrix Equation With

Subroutine YBMAT and Solve

Using Subroutine SO LV

\
Compute Derivatives Needed to

Get Stresses Using Subroutine DER

Compute Displacement Using

Subroutine INTEG

L

Compute Stresses and Influence Coefficients

Solve for Final Solution and Print Out

Logic Flow Diagram of Program SEALOL.

Figure A-3.
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MAIN PROHB|.FM

NR&]  PRORLEM nURMALLY CONTYNUE

NRa32 GALCULATIUN FOR FINAL RESULT OF PLATE A ONLY

NOFEe] ELFMENT # UF SEALOL RELLOW PLATE

NGEm2 ELEMLNT b OF SEALOL RELLOW PLATE

NGE33 FLAT BELLUW FOR TESTING

NBCly NHCPR] “AVEN MOMENTe OIVEN MORIZONTAL FORLe

NHC]s NBC282 ©IVEN ANGULAR UISPes GIVEN RADIAL DISP,

NHC)s NHCPa3 LAVEN ANGULAR UISPes GIVEN HOR1Z. FORCE

NBZly NBC2m4 UAVEN MOMENTy GIVEN RADIAL OISP,

HCle HE3I® MOMENI UR ANGULAR VISP,

B8C2s HC4® HORIZe FORCE UR RAVIAL DISP,

NBG1s HCle HCee= INSIDE BUUNUVARY

NHCZ2e BC3y HCH4® OUTSIDE HUUNUARY

NCONTs]s ONLY PUKR GIVEN BUUNUARY CONDITION

NCONT=2y CALCuLATE THE INFLUENCE COEFFICIENYS

NCONT239 CALCULATE THE COMPLETF SOLUTIONS FOR TwO PLAIE

STOP 111 | NhC &RROR

STOP 446 SINOVLAR MATRIX

SP 1S SPAN

SENSE SWITcH 1 U=PRINT OQUT Ngw Y MATRIX, UsCONTINVE

SENSE SWITCH 3 USCIRCULAR ARC, USSEALOL BELLOW

DELTe CORRECTIun LUE To THICKNFESS

CPTaNORMAL TZEL P1ICH

1.0ADs1 INSIUE SUFPORT

LOADE2 OQUTSiLE SUPPORT

LuAD®3 COMPLEILY CLOSEV BELLOW

DIMENSION C(lu9l0)y Z2(150)y DFL{150)s U(1B0)s SRD!150)s SCD(150)
SRB(150) +SCH(15U)3CA(10910)9CB(10010)

R(1DU)y DZLi50) e UPZ(150)y AL(150)y A2
AG{150) e AS(L50)s AR(1500s AT(180)s F(150)s G(150),

AF{lbule DG(ISVU)» ZNEW(1Q0) o
RMOMT (300) s CMUMT (100)s FH(100) ¢ COE1(10+10) CUE2(10910)

19COE(10920) 9PRIL092) sER(IU) 9BD (%) s

$OSP (2502921 9US(D01242) 9RO (SUy202) 0

1RDG (5n9202) 1CUS (S0 292) *RUEG(509292) 1CBS(804292)

1RMMT (509242) sCMMT (509242) 9FHS (B0 242)

COMMON Ry UZy DUZy Fy Gy DFy DG CVPy Alr A2+ A3+ Abe ASy Abs ATe

1 XNUe Us As CONSI

READ INPUT TAPE 5913¢ ({GALTeJd)eInl0T)eUm)b)

READ INPUT TARPL 59130 ((CBI(Tod) oIm1eT) sUm)04)

QEAD 1NPUT TAPE 59109SPTeRATAJRATH

READ TNPUT TARPE 5910+EStXNUySY

READ INPUT TAWE 5+109SPIR1¢THDELTICPT

READ INPUT TAPE 5¢129NyNBCY4NBC2oNCONTSLOAD

GU T0 (5sR009bUU) JNCONT

READ INPUT TAKRE 59)0eBCLIBC2YBCIIBCY

READ INPUY TAPK 5e8019DLsPRLU$LCONT 9 IRUN

FORMAT (6EL1245)

FORMAT (2E12+59215)

FORMAT (1019)

FORMAT (TF1045)

PLSe=],00

PILeDd.00

NGEm=)

LK=)

NRs)

WRITE OQUTPUT TAFE 69812911IRUN

FORMAT (/7/716H ##aRUN NUMBER=SIS® //)

TaTM

B d Pt
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PLBPLS
Plupll
E®ES
Gy TO (156189100 1b) WNCE
18 DO 16 Jm)e3
DO 16 Imle7
16 ClTeJ)InCA (eI #0P
D0 516 J®aeb
00 516 Im1¢7
16 ClYsd)uCA(IJ)
PTAI(SPT"CPT)“#P“HATA
60 10 20
18 DO 19 .1m1,3
DO 19 18l47
19 ClleJ)mCB(Ted: #4P
DO 819 J®aed
DO 619 Im1e7
519 C(led)mCBLTs
PTB.-(SPT-CPT)'&P“RATB
WRITE NUTPUY TabPE 6¢2)
20 PTeCPT#SP
ROsRI+SP
As) /7 (E®T)
D1m12e% (LamXNURHZ,)
DaE« (re#d, ) /01
0 1S STIFFNESS VF PLATE
WRITE NUTPUT TAFE b6y 923
G0 TO (90]1+9029903) 9 LOAD
9n1 WRITE NUTPUT 1APE 1y926+PL,PI
pupt
80 10 %920
902 WRITE AUTPUT Take 699259PLPJ
P-PL.PIQ(Roava~R10»2)03.14159
80 10 920
9n3 WRITE OUTPUT 1aPE 699269PLeP1
PaPL=P1#(RO%PZ) #3,14159

60 10 920

923 FORMAT(//20H WUAUING CUNUITIONS)

924 FORMAT (/46H SUPPORTED INSIDE AND AXIAL LOAD 8E15e85/
146H INTERNAL PRESSURE LOADRE1SS)

925 FORMAT(/4TH SUPPURTED VUTSTUE AND AXIAL LOAD =g 18,5/
16TH INTERNAL PRESSURE L0ADSE15,9)

926 FORMAT(/39H CLUSED BELLOw AMD AX1alL LOAD sE15,5/
139H INTERNAL, PRESSURE =E15.5)

920 pLmp

WRITE OUTPUT TAPE 622
WRITE OUTPUT 14PE 69234HOIRTISPIPTITH
3Rll£ QUTPUT TAFE Be24sPLIERNID A
.N-a
WRITE OUTPUT TAPE 693999
21 FORMAT(52H SbabOL BELLUW ANALYS1S UF FOSTER MILLER AgSUs INC,)
22 FORMAT (29H0 PARAMETER USED IN ANALYSIS)
23 FORMAT (SH ROMFbebepH RlasfFd,seBH SPANSFR5e9H  PITCHaFB.5913H
1 THICKNERSSFD.S)
24 FORMAT(GRO LUADBE1S.595H  EmELBeB7H XNURE)SeBe5H  DBEL5e595
{H  ASE}5,8)
49 FORMAT(27TH  huMbEgp OF UIviglONy Ne2al$)
80 NGES®NGE
GO YO (52+8397053) ¢NGE
82 PruPrAsDELY
G0 T0 60
53 PTapTH=DELT
NGE=2
60 CaLL SEALOL (CoR1sROIPTNGE)
NGEsNGES
CALL ZFR(CeNIHIKIZ)
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73

75
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R4
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6l
Qb

60 TN HO
KINmpjm 2
HB&RP/IN

Juiel

AHITE OUTPUT 1aPE 6eT4

FURMAT (328H0 FLAT nebLow PLATE FOK
DO 786 18l

Aiwg

RIJ)mRTe (ATl ¥H

2(1)80,0

LZ{I)mOel

Oliz (110N

CALL AFR(ReZIIIIAIANUIIA)
KONTS

GO TO (B4e9b) enk

GO TO (99enBIud) ¢ NCOMT

8Cla0,

HC2s0.

dC3IO .

B8C4s0.

P=O,

PImQ,

GO TO(469RTBBIB9960991) s RONT
3C1.10

GO TO 99

dce=le

GO TO 99

BC3=l,

G0 TO 99

BCaml,

60 YO 99

Pul,

60 7O 99

Plele

GO TO 99

BCla=RCl

82w

#C3z=RE3

B8Ca==RCé

PIPL .

PisplL

WRITE oUTPUT TAPE 6428

WRITE OUTPUT TAFL 6428

G0 t0 (3003104¢o33).NHCI

WRITE OUTRPUT TaAFE 643598CLleRC2
GO YO 40

WRITE NUTPUT TAFE 6e3698C) eRC2
60 Y0 «0 _

WRITE NUTPUT TabE 6¢37¢0C1 L2
G0 TU &0

WHITE SUTPUY TAPE 6938 e83C1eBC2

G0 10 40

FORMAT (22H sUUNDARY CUNUTITIONS)
FORMAT (21H Al INSTUE BOUNDARY)
FORMAT (9H MONMENTEE1345919H HoRL12

FORMAT (16H ANUULAR DISP®E13,8018

TESTING)

ONTAL FORCE=E12
H RADIAL DISP.SE13,5)

FORMATL16H ANGULAR DISPePE]3eH019H HORIZONTAL FORCE®=EL348)

FORMAT (9H MOUEN{=E13,5015H raDlA
WRITE OUTPUT TAPE 6942

6o 70 133093319332¢333) 'NBC2
FORMAT (19HO OVUTSIDE HUUNDARY)
WRITE OUTPUT TwubPt 693500C3 1500

G0 T0 100

WRITE OUTPUT TAPE 6¢3698C348Ce

G0 T0 100

WRITE OUTPUT TAFE 6437,8C348C4

L OIsP,=E13,5)
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i20

(e MeloNeRoN el

G0 10 100
393 WRITE NUTPUT TRk hedhenlickbea

G0 10 10V
100 SAVERSY

NRITE AUTPUT TAPE 6e0390PIPY
639 FOWMAT (/16H  AX1AL LOAUSE]34Gy21H  INTERNAL PHESSURESE13,5!

Cal.l YaMAT(Fouonohohmu'u'u'uucloNHcacsv'PcPrvncioucaoECScaca,

SVasgAVF

CALCULATION OF VERTICAL DEFIECTION
120 Call IWNTEG(Fonsweptl)

JuN/2

WRITE OyYTPUT THFE 6e122

WRITE NUTPUT TuPE 64123

WRITE NUTPUT TakFE hel2at (R(2%1)sDFL(I) e 1m20J)

DFL(1)=a0,60

ZNEW1Y=2t2)

DO 130 Is24J
190 ZNEw(1)ezZ(P#1)eUFL (1)

WRITE QUTPUT TaPr 6¢132

WRITE NUTPUT TAFE 69133

WRITE OUTPUT 1AFE 691249 (R(2¥T) eZMEW(T) 9 1a10d)
132 FORMAT(25HO /414) AFTER OLFORMATION)
133 FORMAT(100H K INEW R INEW

1 R InNtw R ZNEW)
122 FUrMn(2eH0 VekTICAL DEFLECIION)
124 FORMAY (3(F16.80k13,5))
123 FORMAT (1U9M K nFL H DFL

) -] (4N R DFL)

DFLaVERTICAL LEFLECTION

UtI)=RADIAL D1SPLACEMENT

SRDBDTRECT STH&LS I RAVIAL UIRECTION

SCORNTRECT STHESS IN CIKCUMFERENTTAL OIRECTIONM

SRReBENDING S1KESS IN RADIAL DIRECTION

SCHERENDING SIREDS IN CIRCUMFERENTIAL DIRECTION

HINTSH

HaT

DO 150 182N

ClexNU2G (1) /R(L)

02=A7(t!*(P-Pl*(k(I)““Z-RUﬁﬂd)/(a.’CvP))oPI*R(I)“UZ(I)

Ull)manCvpe (DLIL)aclmC2)/n8tl)

CimAS(TI#R(TI/CVE

Cemu (1) #HeC)

snotx)a(e(1>¢n£11)“cvp¢tP-Ptﬁtn(I)““a-Roﬁ“a)/tz.“cvp)))/Ca

SCO{I =LA =Pida (1I#0DLLE) )/ (HRCL)

H2zMétH

RMOMT (1) D@ (r (1) e XNUSE (L) /RIT))}/C)

CMOMT (1) 8=D® (P (L) /R (I)SANUSRDF (1))/C1

SRB (T} m6e#RrMOr T {]) /HE

SCR{1)m6eerM0~ | L1)/H2

FR{1)Yeg (1) /R (L)
180 CONTIMIE

WRITE OUTPUT 1AFE AelBO

WRITE NUTPIT 1AFE AelB]

WRITE nUTRUT TAPE 6elu2

WRITE NUTPUT labt bclMS’(loR‘I)'U(l)OSHU(Y)QSCH(I)OSRR(1)¢SCH!X)0

11m24N)
1r0 FORMAT (35HD  wablal, DISPLACEMENT aNU STRESSES)

1r) FORMAT(101W LUCATINN RANSNISP, KHADJUIKSSTRFSS
1TANGDTReSTRE S KAULRENDSTRESS TAnSBENN s STHFSS)

12 FORMAT (9BH i k(1) utr) sku (1)
1 §CH(L) srH (1) sCR(T))

123 FORMAT(19ehE 1net)
WHEITE OUTPUT TAPE ke 1BYSe
WRITE OUTPUT tabe BelB60 (LeRIT) sRAUMT L] oCMOMTITIakHIT)I Y FT) 1220

IN)
1R% FORMAT (BTHO i k(1) RVOMT L 1) cruMT (1)

o i e e o ettt ———— it




RSP S . 4

)

HOR, FORCE ANGe OF RUT,)

bRE FURMAT (104RFlae®)

144
190

1n2
199
198
199
61V
820

24V

242
245
246
248
249
280

285

261l
1Y
287
2a3

26%
2n8

830

HaMINT

GO TO (30neldneibn) oNCONT
GO 10O {190e264ur300) ¢NOE
CORY (YeKUMT)EF ()

COEY (P oeKOuT) By

CUEY {AeKONT)EF LIv)

COEY (4eKOMNT)IBLIN)

JuN/2

CUE) (ReKONT)BUF L L)

IF (KOMTwh) 19c9i9bye]98
KONT3 ] eKONT

Q0 T0 A5

WRITE NUTRPUT Thre 6el9A8
WRITE AUTPUY APk 69199
FORMAT ( 38H0 LGP LUENGE COEFFICIENTS OF PLATE a)

FORMAT (T3HD M H) M2 he
1 P (DY)

WRITE AUTPUT TAPL Ay 61U ((CUET (L) 0dale6)e1nleS)

FORMAT (6E)Ye5)

GU TO (300e8sucb) eNCUNT

NGE=z2

PLS=1.0

PS80

80 TO0 6

COE2 () o KUNT)BF (2)

COE2(2eKONT)BU (&)

CUE2 (3eKUNTIEF Liv)

COE2 (6 osKONT)BL LIN)

JaNys2

COE2(5eKONT)® PL(J)

IF (KOMTab) 2429c4Dy24b

KONT®) +KUNT

60 TO a5

WHITE NUTPUT TAPE 6e24H
WRITE OUTPUT TAFE 64199

FORMAT {38H0 INFLUENGE COEFFICIENTS OF PLATE R)
WRITE QUTRUT TAFE 6y 6)Us® ({COE2(IvJ) sdrleb) s Inleb)

GO TO (30043009249) ¢NCONT

DO 250 I=)W4

00 250 Js)e4
COE(ToJ)mCOEL(Lod)+COER (L)
DO 255 Jm1,4
PR{Je1)BCOEL{UsD) *+COER (VD)
PRUJ#P)RCOEL{J9O) +COER (J9b)
DSel,0

Juéb

MBXSIMEQF (109JsECOEIPRIVSIER)
B0 TO (26R+206)9¢062) oM

WRITE oUTPUT T1AFPE 69263

80 710 267

WRITE OUTPUT TAPE 64265

GO T0 267

STop 585

FORMAT (1THO UVBR/ZUNDERPLOW)
FORMAY (1BMO CUk 18 SINGULAR)
BClamCNE (141}

B8C2r=CNE (2017

BCIn=COE(341)

BChnaCOEl40]

NCONTm}

NGE=é

HSHINT

VU B30 Is)eé

8D(])maCOF(19¢&)
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122

an0
3n}

In2
$ne

8nd

4nb

8135
81b

$n6

840

8ag
845

a0
L3R

G0 Y0 A

GO TO (307505650030} ¢NUF
NH®2

NGE=)

PLSmeR| S

PlLu~pll

Ken/2

DEL2®NFL, (k)

Wi m}

60 TO R3S

G0 TO (50264051 9Nk

KMAxmN/2

DELYmNFL (KMAX)

NR(. =2

PLSm=pPLS

PiLs=PIL

NGEm2

AClm=pCl

8C2awhC2

8C3a=RC3

8CamafiCed

G0 10 A35

KMAXEN/2

DEL22DFL (KMAX)

NRL=3

NRu2

GO T0 A35

KMAXaN/2

DEL1anFL (KMAX)

NR=}

NCONT=3

NRL =4

KmAxen/2

00 836 K=)eKMaA
DSP(KeNROLK)BUPL (K)

DO 838 I=mz,4N
JS(1ehRsLKyBULL)

ROT (T eNRoLK)=F (L)

RUS (S oNRoLK)BSRD L)
CS(TonNReLKIBRLDILL)
RES(TeNRoLK)BSHBLL)

CHS (T eNRoLK)mSCB (1)

RMMT (T oNRoLK I BRMOMT (1)

CMMT (1 oNRoLK) BLNUMT (1)

FHS (To vRoLK) ®mPrLL)

GO TO (69695009DU6) ¢NRL
VELaDEL2=DELL

SKeABSRF (1,/0EL)

GO T0 (8&0+842) LR

SKRFrSK

B0 TO R4S

SKPuSK

WRITE QUTPUT TAPE we4losuEL)
WRITE JUTPUT TAFE 649411900EL2
WHITE NUTPUT TaPh 6ekl200EL
WRITE NUTPUT THPE 69013988
FORMAT (20M ODEFL, OF PLATE A
FORMAT{20H Deble OF PLATE B

412 FORMAT(20H DeblLe PER CUNvV,
413 FORMAT(20H SPrING RATE
B49 GO TO (8504H7JI LR
850 LK=m2
880 G0 TO (BO2,862100%) ¢NCOKWT
842 BClu=l(C]

BC2m=HC2

BC3nanC3

of15,9%)
ap18,.5)
sF15e8)
af15.9)

et n A s e




HC4mmRCH
PLEm0LN
Pllem) 00
NGCwl
HEHINTY
NHal
G0 70 A
845 BClatin(l)
HC2=80(2)
8CamBU ()
BCanBN (¢}
PLSE0. N
PILmlenod
NCONTs ]
NGEmb
HBHINT
60 TO A
870 PLSm= (SKF/SKP)¥PRLN=DL®CP T#SHORKF
KMAYX®N/2
WRITE TPUT TaPE ©e8T2PRLDIDLsPLSISKFISKP
872 FORMAT (//32H KL RESSURE LOAD nE12.80 /
132H PRFSE| PHEF LENOTHM CHANGE =El2,8y /
?3eH ReacTiviv axtab LOAD BEL12.8y /
340H SPRIN LUNSTANT FUR AXIAL LOAD ®E12450 /
440K SPRING LUNGTANT FUR PRESSURE LOAD =E124%¢ / )
D0 895 NRul2
SNe1,0
PLaSN®#PLS
PIapRLNOASN
GO TO (BT8¢bTh R
875 WRITE WIPUT 1aPE 64BTH
60 TO AKO
898 WRITE nUTPUT 1aFE AW819
876 FORMAT (//106H #FOR PLALE A )
899 FORMAT (//16H #FOR PLATE B )
8pU D0 HBR2 KS24RMuA
Ba2 OFL (K)2PLUPSP {Rslke1) +PLRUSP IKyNRe2)
00 490 ls2éh
UtT)mUSLIoNRS ) ) *PLOUS([INRep) @pP]
SRD(I)aRDS(IOuN01)0PL0RUS(!oNNo?)°PX
SCH(T)aCUS (1o Ko L) @PLICUSIToNRG2) #P1
SRR (1) aRES (L 2<ho L) PLOIRLS (ToliR2) #PI
SCR{TIACBS (1snRe L) wpLeCUSITINR,2) *P1
RMOMT (1) mRMMT (49N ] ) #PLeFMMT (ToNH2) #P]
CHOMT (1) SCMMT Lok e 1) #PLOLMMT (TN 2) 4P
FHO1)RFHS (ToNre L) #RLeFHD (LyNReD) #P]
89U F(I)MROT(TeNRI LI RPLSROT(TIINRYZ)#PT
SHAXR(,40
DU R9Z 122N
DO K92 L=le2
She2#| «3
S1aSRO (I e SREBLA)#SN
IF (gMAX=ARSF (31)) 7014h02y7V2
701 SMAXBA4SF (S])
IMAXR]
Tre S2ugCL ) esCH L) Py
S3eARSF (S1=52)
Tn3 IF (guax=ARsF (a2)) TU6yUDTVUS
Ire Shaxmause (a2}
Imaxnt
T IF (gUAxmgd) mTlehupenye
#ol Smax=gi
Imaxst
8ae Contlnaf
WHITE WITRUT (Pt AesHY 19 SHAXIR ([MaX)
Bud FORLAY (/70K FAXTMUM gTREGY TNTENGTTva B12,54/
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d9b-

1000

& 1nb

100

gy 106
1n8

115

"
118

io0
121

124

Rl AT LOCat b uF PR
wreltF wteul vt eled
Wity TF agTHNY et Foled

F4Peb)

ARIIE auipitodart PP IR RN AN R SRR LI RL

WHITE ATeud lert el hil
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APPENDIX B

DESCRIPTION OF COMPUTER PROGRAM ""NONLIN"

Program NONLIN was developed by Battelle Memorial Institute,
under Air Force contract, It is generally capable of predicting the
nonlinear bchavior of bellows plates under a wide range of conditions,
It was used in this study for all nonlinéar range analysis and for the
linear range analysis of the S-shaped bellows plates.

Because NONLIN is describ 4 in detail for the interested reader
in Reference (6) which is available » m the DDC collection, oniy a
brief description will be presented here,
Capabilities

NONLIN can treat any bellows plate or shell which can be
divided into segments having the following basic chapes:

(a) cylinder

(b) spheroid

(c) ellipsoid

(a) parabaloid

(e) conical section i

(£) toroid X
The thicknesses ‘of these elements can vary along the meridional
direction. Thus, it can be seen that virtually any axisymmetric

plate shape can be treated.

The possible applied loadings are as follows:

(a) pressure acting normal to the plate surface (lb/inz)

b

~~

) weight of the shell itself (lb/in’) |
(c) dead weight acting on the shell (lb/inz)
)

(d boundary forces, moments, or displacemen.ts acting

at the initial and final edges of the structure.
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Load (a) can be specified to vary along the radial dircction but must be
axisymmeotric unless it can be expressed by a Fourier harmonic

scries with eight or lese torms, Loads (b) and (c¢) must be constant
over the element and the shell centerline must be vertical,

The elastic propertics of the shell (i, e, Young's modulus and
Poisson's ratio) can vary along the meridionol direction,

Computational Method

NONLIN uses a method developed by Kalnins (7, 8). The
general nonlinear shell equations are reduced to a set of six first
order nonlinear differential equations, These are solved by a multi-
segment model which combines direct numerical and finite difference
methods, This method is coupled with a systematic iteration procedure
to solve the nonlinear equations.

Program Limitations

The program was written in FORTRAN IV for the CDC-6400
computer, It consists of one main program and 15 subroutines and
is self-contained except for standard library functions.

The major inherent limitation is that the total number of
segments which can be treated is 60, For simple plate shapes, this
ijs not a serious limitation, but the number of convolutions for a
complex plate shape becomes limited. This precludes the study of
the effect of edge conditions several convolutions away from the
boundary or the simulation of a convolution in the center of a long
bellows core,

Occasionally, in runs for this study where near 60 segments
were used, the iteration procedure required for the nonlinear solution
did not converge. .

Other than this segment size limitation, the program was
found to be extremely flexible, and economic for predicting bellows
plate behavior.
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APPENDIX €

COMPARISON BETWEEN "SEALOL' AND ""NONLIN"
FOR LINEAR RANGE ANALYSIS

Program NONLIN can also be uscd *o obtain a linear solution
for the stresses and deflcctions in bellow. Thus, for the benefit
of a potential future investigator who requires linear range solutions,
the following user-oriented information is documnented.

For linear solutions, the required computer time for the two
programs is comparable, NONLIN probably being somewhat faster for
most shapes, Preparation of input data is complex for both programs
and requires comparable time, Here NONLIN is probably also more
convenient due to the documentation available in Reference (6).

If the desired solution is for a single convolution in the central
portion of a long bellows core, SEALOL is likely a more accurate
tool because SEALOL treates a single convolution whose boundary
conditions are provided by an adjacent entirely similar convolution,

It, thus, is not capable of predicting the influence of the end fixtures
on the behavior of the convolution, NONLIN, on the other hand, is
capable of treaiing only 3 or 4 convolutions adjacent to the end
fixture. Thus, it is capable of predicting end effects but cannot
represent a convolution far away from the end fixture.

Both programs are capable of treating a variety of basic plate
shapes. Because of the method used for describing plate shapes,
however, NONLIN, is more suitable for treating complex convolutions
consisting of coupled segments of basic shapes or stiffening rings.

It also is capable of treating variations in plate thickness across the
span where SEALOL is not.

Another fundamental shape limitation for SEALOL which does
not apply for NONLIN is that it should not be used to treat any shape
where the local plate inclination approaches 90° (e.g. near the edges
of a full toroidal span) since the form of the equations used has a
singular point in this case, Thus, it is suitable only for shallow
plate elements.

Finally, the programs were each developed for a different
computer although each is written in FORTRAN, Modifications in
control and format statements are often required in adapting a program
written for one machine to another machine, This was found to be
the case for NONLIN which was originally written for a Control
Data computer, Modifications would have been required in the program
to use it on an IBM machine, Thus, for convenience, it was used
on a CDC-6600, The FORTRAN II used for SEALOL is compatible
with the IBM 7090 and 7094 systems,
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Another factor affecting the usc of program NONLIN is the large
memory required, approaching 100,000 words, This again is compatible
with the CDC 6600 system which has a 100K memory, but is too large
for thosc systems which only have 32K available without augmentation,
Thus, a dimcnsion statement modification would be nccessary and the
number of plates treated is limited,

On balance, it is recommended that the Battelle program,
NONLIN, be used for any case where it is suitable, because of the
availablie documentation and its inherent flexibility and generality in
treatment of plate shapes,
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APPENDIX D

TARBULATION OF COMPUTER RUNS AND PLOTS OF THE
STRESS DISTRIBUTIONS FOR THE
SYMMETRICALLY-STACKED TOROIDAL BELLOWS

Computor Runs

A tabulation of all computer runs made on Program NONLIN
to investigate the behavior of the symmetrically-stacked toroidal
bellows plates is given in Table D-1, This data is plotted and
discussed in the main body of this report,

The nomenclature used in Table D-l is defined in Figure D-1,

Stress Distributions

Figures D-2, D-3, and D-4 shows the distribution of the four
principal stress components as predicted for opposed plates having
included angles of 180°, 120° and 60°, respectively. The loading

assumed for these plates was a combined 500 pei pressure differential

and an axial plate deflection of 5 mils, For each plate, a 5 mil
thickness was used,

In Table D-1, the maximum combined stress intensity (twice

the maximum shear stress) is tabulated for the various critical cases.

This value is obtained by taking the maximum local difference between

principal stress components,
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n

L}

n

]

1}

d)f-»(])i = included angle of the toroid, degrees

L divs of the tovoidal arc, inches (2,54 x 1072 m)
plate thickness, inches (2. 54 x 10'2 m)

axial plate deflection, mils (2,54 x 107? m)

5

radial plate deflection at inner edge, mils (2.54 x 1077 m)

5

radial plate deflection at outer edge, mils (2.54 x 107 m)

pressure load, psi (6,89 x 103 newtons/mz)
axial reaction force per unit circumference at the sealing
diameter, lbs/in (5,67 x 1073 newton /m)

the difference between the actual axial force, N , under the
applied loads and that caleulated from a linear © solution
with the applied loads, lbs/in (5,67 x 10-3 newton/m)

change in effective diameter, percent

meridional maximum stress, Kpsi (6,89 x 106 newton/mz)

2
2

meridional bending stress, Kpsi (6,89 x 106 newton/m
combined maximum stress, Kpsi (6,89 x 10° newton/m

Figure D-1, Definition of Nomenclature,
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APPENDIX E

TABULATION OF COMPUTER RUNS AND PLOTS OF
SAMPIT STRESS DISTRIBUTIONS FOR THE
MESTED TOROIDAL BELLOWS

Computer Runs

This appendix presents the data obtained from computer runs
.aade using program NONLIN to perform a parametric analysis of the
nested toroidal bellows, The definition of nomenclature is given in
Table E£-1, Most of the variables are also shown graphically in
Figu.e ?i ot the main body. A tabulation of the computer results if
given in Table -2,

Stress Distributions

In order to illustrate the nature of the stress distributions
which occur in the nested toroidal bellows, the case of Run No, 29
which is close to the final recommended configuration was chosen as
an example, The general configuration of the four convolution stack
used for the computer run is shown in Figure E-1, The shells have
an included angle of 160° and the dimensions of the shells and the .
stiffener plates are shown in the figure.

‘the four principal stress components are plotted in- Figures E-2
through E-5 for four successive plates from the fixed boundary or end.
The stresses are plotted across the span versus angle, ¢, which is
defined as increasing from the inner to the outer edge as shown in
Figure E-l,

Comparing the first shell to the third shell, it can be seen that
some variation occurs near the outer edge which would be expected
since the first shell is at the fixed boundary at the outer edge. The
distributions for the second and fourth shells, however, are
essentially identical, Thus, it appears that the influence of the boundary
dies out quickly and that the results will not vary between the two
gimilar plates of succeeding convolutions beyond the second.
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Definition of Nomenclaturc

pressure, psi

axial deflection, milli~inches

radial deflection, milli-inches

span, inches

mean radius, inches

cadius of toroid, inches

shell thickness, milli-inches

length of stiffener ring, inches

thickness of stiffener ring, inches

included angle of toroid, degrees

angular deflection, milli-radians

number of convolutions

axial reaction force per unit circumference, lbs/inch
radial reaction force per unit circumference, lbs/inch

reaction moment per unit circumference, in-lbs /inch

the Qdifference between the actual axial reaction force
per unit circumference at the sealing diamneter undcy
the applied loads and that calculated from a linear
solution under these loads, lbs/in (5,67 x 10-3
newtons /m)

combined maximum stress, K psi (6.89 x 106
newtons /m?)
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Figure E-4, Stress Distributions for the Third Shell from the Fixed End,

% Run No. 29,
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APPENDIX F

STIFFNESS RELATIONSHIPS FOR THE RADIALLY
CORRUGATED BELLOWS

Introduction

Tho nonlinear analysis of tho simple opposcd toroidal bellows
showed that the change in offcctive diameter over the desired range of
axial doflect’'on is beyond the design goal,

The normal toroidal plate is very stiff circumfcrentially, Thus,
as it is deflected, cach plate fiber resists moving in or out with
respect o the plate centerline, This produces radial bending or
curvature change in order to accommodate the deflection. The
curvatuie change or angular deflection across the span is plotted in
Figure 30 of the main body of this report, The plate distortion
produced in this manner could have the effect of altering the reaction
forces and moments produced by subsequent pressure loading and, thus,
change the effective diameter,

It has been hypothesized that the corrugation of the bellows
plate around its circumfercnce (corrugation peak lines and valleys
lying in the radial direction) would mitigate the plate distortion pro-
duced by axial deflection and, thus, improve linearity or constancy
of effective diameter.

Unfortunately, analytical technmiques within the scope of this
study cannot treat a non-isotropic bellows plate of this type. Thus,
it is recommended that a radially corrugated opposed toroid bellows
be fabricated and tested for linearity compared with a similar
uncorrugated one., In order to arrive at a design for this experimental
bellows which produces significant variations in the relevant plate
stiffnesses, a simplified analysis was performed to determine the
important stiffness ratios as functions of corrugation geow.etry. This
analysis is summarized in this appendix,

Geometry

The geometry assumed for the analysis is shown in Figure F-1,
where the principal nomenclature is also defined, For simplicity, a
flat-topped corrugation was used, However, it is felt that the results
provide a good approximation for the characteristics of any corrugations
having a half wavelength, A , and a mean height, h,
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Figure F-1, Schematic Diagram and Definition of Nomenclature
for the Radially Corrugated Toroid
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Radial Direct Stiffness

The radial direct stiffness per unit length for an uncorrugated
plate is simply

K A E= Et
0

RD

since the area per unit length is

For the corrugated case of Figure F-l, the total area per half
wavelength, A\, is,

A, =t -h+/2h)

Thus, the radial direct stiffness becomes,

(KRD)corr. = _)TL E = Et [1 + (ﬁ' 1) ll)\-]

and the correction factor or ratio of corrugated stiffness to
uncorrugated stiffness is given by,

(K

)
_ RD’ corr, . h
fgp © Ko = 1+(vV2-1<%

Radial Bending Stiffness

Neglecting Poisson effects as an approximation, the radial
bending stiffness for the uncorrugated plate is,

3

= = Lt
Kep = LE® 712

Teking the bending moment of inertia of one half wavelength of the
corrugated plate about its midplane gives, -

(F-1)

(F-2)

(F-3)

(F-4)

(F-5)

(F-6)
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3

-f-é- i(x -h) + [3 (N =h) + \/Z——h] [—‘%] 2% (F-7)

n

Thus, the correction factor for the corrugated case becomes,

1 A 2

f =
o}

Circumferential Direct Stiffness

For the uncorrugated case the circumferential direct stiffness
is the same as the radial direct stiffness or,

KCD = Et (F-9)

For the corrugated case, one must consider the quarter wavelength
free body diagram of Figure F-2 where symmetry dictates that the
corrugation midpoint is equivalent to a fixed boundary and that the
midplane is an inflection point with no moment, At the corner of the
corrugation segment, equilibrium dictates that,

M, = F 5 _ (F-10)
and the deflections can be written at,
s = EQ-h
1 2 Et
(F-11)
MO mow
2 EI 4 El
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Figure F-2, Free Body Diagram of a Quarter
Wavelength of a Corrugation Under
Cirecumferential lLoad
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where

¢3

1= 13 (F-12)

Defining 6, as the deflection at the end under F when the corner is
fixed gives,

3

. F 1, ,h F h 1 1 1
5;" 7—;‘— (&) (-2—)+7—'-2-——J;:) Tﬁﬁ (F-13)

The total deflection, &, can be obtained by adding the effects of the
above according to,

= -
6= zs1+61 5 +62

2 3
= == {[)‘t‘h + \/zlit]+[h 4(:\-1;1,,, 6h 2]—%—} (F-14)

Thus, the equivalent direct stiffness is,

(KCD)corr. = —;F-(-)i—)‘
2)"1
= ET {1 - -—J;—_—) 2y +3 [1 -1 -A%-;l] ["lfz‘]} (F-1%)

and the correction factor is

2y -1
_ 2, bl[n
fep = {1 - Q -7_;—) () +3 [1 - Q@ ‘l;——)‘i‘][?‘] } (F-16)
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Circumferential Bending Stiffness
The corrugations will not have an effect on the circumferential

bendiag stiffness. Thus, the correction factor is simply,

fCB= 1

Numerical Values

If it is assumed that the corrugation .amplitude varies across
the span from zero to a maximum amplitude, H, at the midpoint
according to the relations,

6-60 o
h= 2H (—5) 6_< 0 <3
91-9 T
= — <
h= 2H (—g—) T< 6 <6

then the following values can be found at the midpoint, 0 = — , for

the four correction factors, 2

fRD = 1,083

fRB = 17.5

fCD = 0,056

fCB = 1

where

H = 10 mils (2.54 x 10~% meters)
\ - 50 mils (1.27 x 107> meters)
t = 4 mils (1,016 x 10-4 meters)

This typical case shows that the radial bending stiffness increases
by a factor 17 while the cirvumferential stiffness decreases by a

factor of 18, It is felt that a variation of th's magnitude from the
uncorrugated case should be sufficient for exnerimental evaluation.

(F-17)

(F-18)
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Use of the various relationships of this appendix also allows
prediction of the effect of any other corrugation configuration of this type,.

iy )




REFERENCES

Morten, H. L,, et,al,, Effects of Low Temperatures on the
Mechanical Properties of Structural Metals, Revised
and Enlarged Edition, NASA Spccial Publication
SP-5012 (01), Washington, D, C, 1968,

Schwartzberg, F.R., et, al,, Cryogenic Materials Data
Handbook, Air Force Materials Laboratory, Air
Force Systems Command, Technical Documentary
Report No, ML-TDR-64-280 (AD-609 562), Wright-
Patterson Air Force Base, Ohio, August, 1964,
(Supplement, February, 1965).

Roark, R.J., Formulas for Stress and Strain, Fourth Edition,
McGraw-Hill Book Co,, New York, 1965,

Wahl, A, M., Mechanical Springs, Second Edition, McGraw-
Hill Book Co,, New York, 1963,

Bessarabov, Y.,P., and Rudis, M. A,, On the Symmetrical
Deformation of an Orthotropic Toroidal Shell, Published
in the Proceedings of the Fourth All-Union Conference,
U.S.S.R., October 1962, translated and published for
NASA,

Trainer, T.M.,, et., al., Development of Analytical Techniques
for Bellows and Diaphragm Design; Technical Report
No, AFRPL-TR-68-22; Air Force Rocket Propulsion
Laboratory, Edwards Air Force Base, California,
March, 1968,

Kalnins, A., "Analysis of Shells of Revolution Subjected to
Symmetrical and Nonsymmetrical Loads,! ASME
Transactions, Volume 86, September 1964,

Kalnins, A, and Lestingi, J, F., "On Nonlinear Analysis of
Elastic Shells of Revolution,'!''" ASME Transactions,
Volume 89, March, .1967,

163




