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ABSTRACT

Design charts and systematic design forms are presented for ' v
simplified calculations to check the number of convolutions and
thickness required to limit the deflection and pressure stress
range in three types of bellows: (1) convoluted bellows, (2) con-
voluted bellows with reinforcing rings and (3) toroidal bellows,
The design charts are based on the equations for stresses derived
from an asymptotic solution for the equations of toroidal shells

found in previously published literature.

Proposed stress limitations to be used with the calculated
stresses are based on those of the ASA Code for Pressure Piping.
Data from 108 fatigue tests at 70°F and 18 fatigue tests at 1200°F
for all three types of bellows are presented. These data are
evaluated statistically and justify use of the proposed allowable
stresses, The conclusion is drawn that expansion joint bellows
can be designed to the same stress levels as other components of
a piping system with equal confidence in the reliability of the

design,

The mathematical derivation and equations programmed and
solved by a digital computer are to be presented in Part II of this
report. Limited experimental data with references are also to be
presented in Part II to confirm the accuracy of the analysis for

stresses,
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[. INTRODUCTION

The problem of thermal stresses is especially important in sodium cooled
reactor power plant systems because, while pressure stresses are low, large

temperature changes are associated with the high operating temperatures.

Bellows expansion joints are frequently considered as elements in a piping
system for purposes of relieving stresses induced by thermal expansion of the
system, Methods of analysis for expansion stresses in a piping system without
bellows have been accepted by industry and, while cumbersome, are relatively
convenient, Maximum allowable stresses for expansion and pressure stresses
in:conventional components have been established and accepted in code form.l
However, no such methods of analysis or system of allowable stresses have
been established or accepted for the bellows used in sodium cooled reactor power

plant systems, or for general use in other systems.

This study of bellows stress analysis and application was undertaken as part
of the Advanced Sodium Graphite Reactor (ASGR) Project, under a subaccount
established for thermal stress fatigue studies. The object of this study was to
establish a method of stress analysis and a system of allowable stress for re-

liable application of bellows in sodium cooled reactor systems.

The final goal in developing this system of analysis and stresses is a spec-
ification for the purchase of reliable bellows. A copy of such a specification is
attached as Appendix C. Calculation forms (described in the text) used with the
specification primarily established a chronology for calculations based on the
formulae in the specification. These formulae, based on simple strip beam
relations with correction factors, serve to check proposed designs rather than

to direct design.

NAA-SR-4527
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A. DESIGN APPLICATION OF BELLOWS

Preliminary investigations disclosed that bellows capabilities for reducing
piping expansion stresses are often grossly over-estimated. In one case, bel-
lows were being suggested for installation to reduce piping expansion stresses
from 40,000 psi to 26,000 psi (the ASA code allowable, in this case),whereas the
bellows, as proposed, would have been subjected to calculated stresses of
800,000 psi, Such design practice may be rational where bellows are treated as
an expendable item to be easily replaced with little economic penalty. However,
except where it is established that this is a reasonable design practice, such
inconsistency in allowable stresses should be avoided, or the implications made
obvious. In nuclear power plant installations, where containment of radioactive
fluids is a paramount consideration, good design practice would require safety
factors in a system of allowable stresses in the bellows, or experimentally de-
termined safety factors, consistent with those allowed in the remainder of the
system. If design is based on calculated stresses, methods of analysis for ex-
pansion and pressure stresses in bellows should be as accurate as those used in

the analysis of stresses in the remainder of the system,

The design procedure, including the method of calculating stresses, must be
applicable with sufficient ease and directness as to permit inclusion in standard

design practice manuals and codes.

As presented herein, the method of calculating stresses in bellows uses the
same mathematical formulation and solution for stresses in toroidal shells as
was used to calculate the stress concentration and flexibility factors for piping
elbows. Both bellows and piping elbows are sectors of toroidal shells. Flexi-
bility and stress factors were calculated, relating the bellows to simple strip

beams, and arranged in design charts as shown in Figures 1 through 8.

Three types of bellows commonly used in piping systems were studied:
(1) convoluted bellows, (2) convoluted bellows with reinforcing rings, and
(3) toroidal bellows, Standard design forms were prepared to facilitate calcu-
lation of the stresses induced by internal pressure and deflections, for compar-
ison with allowed stresses in a bellows, The design forms are presented in this
report with directions for use of the design charts which were developed for
each type of bellows. These have been used as integral parts of specifications

for the purchase of bellows,

NAA-SR-4527
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It is recognized that ultimate confirmation of the suitability of this or an

other analytical technique, as with the analysis of stresses in piping elbows,
should depend upon evaluation of the method with a statistically significant amount
of data from fatigue tests and data on the performance of bellows under operating

conditions,

Experimental data were evaluated using the analytical technique discussed
herein, and the design charts. Safety factors were determined, comparable to
those used in the piping code., Accordingly, the principles and basic values of
the system of allowable stresses established by the ASA Code of Pressure Piping1

are proposed for application to bellows when incorporated in a piping system.

Fatigue data were gathered from whatever sources were available; Refer-
ence 19 was the only published source. Bellows manufacturers submitted most
of the data on toroidal and reinforced bellows. Results from the bellows test
program of the Rocketdyne Division of North American Aviation provided the
major source of data on convoluted bellows. Unless otherwise specified, the

tests discussed in this report were performed in air at room temperature,

In addition to assuring satisfactory cyclic life, bellows design problems
other than stresses and spring rate may be handled with increased confidence,
and a more simplified approach may be used when the stresses are limited.
Angular movement and lateral translation of a bellows must be related to eguiv-
alent axial movement for determination of stresses and spring rate, With
stresses limited, a general strength of materials approach is used to equate
these various types of motion, Formulae developed for these relations in

Part II" of this report are included in the design forms.

Bellows as a structure may become unstable or "Squirm'' under internal
pressure, An approach to this problem is outlined in Reference 17, When sub-
jected to angular deflection, the tendency toward instability tends to further in-
crease the deflection stresses at the center of the bellows. Kquations based on
elastic beha.vior17 are used to study this problem (Appendix A)., Theoretical
limitations have been placed on internal pressure to limit increase in stresses
or avoid instability, Formulae outlining these limitations are included in the
design forms, Limited experimental confirmation for these formulae and pres-

sure limitations are available in Tables 1-4 included in Section II of this report.

*To be published
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B, MATHEMATICAL ANALYSIS OF STRESSES IN BELLOWS

The mathematical analysis of stresses and flexibility of bellows has tended .
to follow the same chronological pattern as mathematical analysis of stresses

and flexibility of piping elbows,

The first analyses of piping elbows expressed the distortion of the elbow by
4,5, 6, 7‘ As

in all series approximations, the accuracy of these analyses varied with the num- v

terms of a Fourier Series and solved for coefficients of these terms

ber of terms; the usefulness of the results was limited to a range where the form

factor Rt/rz was not small,

Clark8 attacked the shell theory equations and obtained a solution asymptotic
to the exact solution at very small values of Rt/rz. The overlapping applicability
of solutions based on these two approaches provides a full range of analytical de-

sign capability for piping elbows.

Similarly, stress problems in bellows have been studied by the same two
mathematical techniques of the series solution and the asymptotic solution, The
series solutions are most accurate at large values of Rt/r2 and the asymptotic
solutions being most accurate at small values of Rt/rz.

9

Salzman’ studied convoluted bellows using a three term series approximation
for the shape of the toroidal shell sections. The solutions were applicable only
to deflection stresses for convoluted bellows with an included flat plate section
ranging from zero to full convolution depth, Design curves were presented but

test data were not included.

Turner and Fordl‘o used a five term series for the shape of the toroidal
shell sections, The solutions presented covered deflection stresses in convoluted
bellows with no flat sections and included reversed curve sections with 270° of
arc. The study included test data from static tests but did not present design

curves,

11
Dahl” ~ used a four term series to express the bending deformation in study-
ing toroidal bellows. Results of solutions were compared with the asymptotic
solutions by Clark.lz Solutions were applicable to deflection stresses in toroidal .

bellows only, Design curves were presented in addition to data from one test.

Cla.rklz extended his asymptotic solution for curved tubes to both toroidal

and convoluted bellows., The solution for convoluted bellows did not include

NAA-SR-4527
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flat plate sections, Deflection stresses were studied for the convoluted type of
bellows. Design formulae are presented for each case, applicable with small

values of the form factor.

Laupa and Weil13 used a five term series to express the bending deformation
in analyzing toroidal sections of convoluted bellows, applicable with large values
of the form factor. The method of forming the matrix of equations to obtain
solutions is outlined in the reference. Convoluted bellows, with and without flat
sections, subjected to both deflection and internal pressure are included. A

sample problem is solved but neither design charts nor formulae are presented.

Welded disc bellows were studied by Feeley and Goryl, 14 The geometry
and range of commercial sizes of such bellows allowed a beam concept to be
used in a simplified analysis, Stresses due to axial and angular deflection forces
and pressure stresses were studied, Design formulae and limited test results

were presented,

A study of welded curved disc bellows was presented by Hetenyi and
Timrns,15 based on the work by Cla.rk.12 Design formiilae for deflection, de-
flection stress and pressure stress were presented for the range where Rt/rz is
very small, Ha.ringx16 presented analytical and experimental results on similar

types of bellows.

The need for a comprehensive study of piping expansion bellows and readily
applicable design charts becomes apparent from a review of the previous refer-
ence studies. Results of the study presented herein attempt to satisfy that need.
The mathematical solution utilized is based on the asymptotic soluiion by Clark12
and is presented in Part II with some of the modifications introduced by
Hetenyi and Timms.15 Review of the mathematical approximations made by
Clark, to obtain a solution valid only at small values of Rt/rz, indicated that
compensating corrections could be introduced after a solution was obtained,

which would result in reasonable accuracy over the full range of geometric

parameters,

Geometric parameters considered were: (1) the form factor taken as
a.2/0.778 Rt; (2) the ratio (a/h) of the crest radius "a' to the sum "h" of one-half
the flat plus the crest radius; and (3) the three types of bellows, To limit the

range of geometric parameters to be covered by the calculations for the design

NAA-SR-4527
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charts, it was decided to exclude the effect of the following:

1) variations in thickness,
2) variations in crest radius between ID and OD,
3) the ratio of OD to ID, and

4) sloping or shell curvature of the annular disc between crests.

Item 3) of these is compensated for in the calculation form. Wahl and Lobo18

showed that an approximation considering a radial strip of a circular plate as a
beam, yields satisfactory results. This approximation is valid for values rang-
ing from 1,0 to 1.5 for the ratio between OD and ID. Further examination of
Reference 18 shows that similar approximations can be made for peak bending
moments. These approximations are compensated for in the design forms to
reduce the error introduced by excluding item 3). The effect of item 4) has
been evaluated separately. Reference 23 contains design charts for annular
shells which show that shells with slight curvature can be treated as flat strips

with minor corrections,

The mathematical analysis of stresses is presented in Part II of this report.
Matrices of four equations were formed, expressing the boundary conditions of
only the toroidal shell sections for each of the various types of bellows, All
equations were nondimensionalized to relate results to the behavior of simple
geometric forms, namely a flat strip of uniform width with guided support at
each end.

A digital computer program was devised for the following:

1) To set up the coefficients for, and solve, the boundary condition

equations,

2) Calculate the distribution of moments, forces and deflections for the

toroidal sections, plus deflections for the flat annular section.

3) Correct the calculated moments to compensate for the mathematical

approximations,

4) Print out the results and also plot graphically the bending moment

distributions in the toroidal sections.

Results provided by the computer program were again cross plotted to pro-

vide design charts for spring rate, deflection stresses, and pressure stresses

NAA-SR-4527
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for the three types of bellows, Results of this method were compared with those

of References 9, 10, 11 and 12, to confirm the existence of reasonable accuracy.

The computer program which was devised can be used to solve equations for
bellows which include the effects of the four parameters not included in this
study. This can be done by forming of the proper boundary condition equations
and values of parameters describing the geometry. The validity of the simpli-
fied approach was checked with sample calculations for certain cases of these

additional parameters,

Results of static loading tests, to study stress distributions, are included in

Part II of this report for comparison of analytical and experimental results,

NAA-SR-4527
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ii. DESIGN OF BELLOWS

A, CONVOLUTED BELLOWS

Convoluted bellows with undisturbed semi-toroidal sections are more ame-
nable to stress analysis, both mathematical and experimental, than either of the
other types of bellows discussed in this report. Data on stresses for this type

of bellows has been made available from both static and fatigue tests.

Examination of a few sample problems will indicate that convoluted bellows
appear best suited for low pressure applications, Exceeding the yield stress at
the root of the convolution by applying internal pressure can result in plastic
instability (squirm) due to local yielding., Reinforcing this area with root rings
prevents local yielding and raises the pressure at which instability occurs,
Conservative design requires that pressure bending stresses without these re-

inforcing rings be limited to the elastic or low-creep-rate range.

In the following design analysis, using design sheet Form 1 pressure bend-
ing stresses determine the minimum thickness required for a given bellows con-
volution, The number of convolutions required are based on the design thickness,
required deflection and remaining allowable stress range. Spring rate and sta-
bility factors are calculated after the number of convolutions is established. The
coefficients Cp » C¢, and C4 from Figures 1, 2, 3 used in these calculations re-

late the behavior of a convolution segment to a simple strip beam,

In this report one convolution is considered as the length from one inner
crest to the next inner crest. KEach convolution is separated, for calculation
purposes into four segments, each of which has a projected length, '"h', and a
developed length [ am/2 + (h - a) ]. Flat strips of length ""h'' simulating each of
C

Y f H
and Cd serve to adjust the easily predicted behavior of the flat strips to the cal-

these segments provide the basis for the design formulae. The factors Cp

culated behavior of a bellows convolution segment.

Special consideration in analysis for stresses must be given to the effect
of ""squirm'', Limiting the ratio of operating pressure and critical pressure to
a value less than 0.1 also limits the value of Cps (stress increase factor) to
less than 1,18, This factor could result in a similar reduction of the safety

factor for bellows used as hinges when bending stresses are increased by this

NAA-SR-~-4527
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amount, due to squirm, Therefore, the value of equivalent deflection due to

angular rotation is multiplied by 1,20 to maintain an equal safety factor for all
loadings., Limiting the ratio of operating to critical pressure also provides a

margin for the effect of yield strength on squirm pressure.

It must be pointed out that, theoretically, the peak bending stresses induced
by pressure need not coincide geometrically with the peak bending stresses in-
duced by deflection. For most bellows they will coincide, but if more refined
analysis is desired which would more accurately determine the combined peak

stress, the graphs of bending moment distributions in Part Il may be consulted.
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DESIGN SHEET FORM 1

BELLOWS
CONVOLUTED BELLOWS IDENTIFICATION
(REFERENCE FIGURES 1, 2 & 3)
DESIGN CONDITIONS
INTERNAL PRESSURE P osig TEMPERATURE __ =~ °F NUMBEROFCYCLES
AXIALDEFLECTION M,» . LATERAL TRANSLATION & ______ = s, ANGULAR MOVEMENT & = ______ radian
TORSIONAL ANGULAR ROTATION ALLOWED BY TORSIONAL MOMENT OBTAINED BY PIPING STRESS ANALYSIS
CLEARANCES IN HARDWARE IF HARDWARE DOES NOT OFFER PROTECTION AGAINST TORSIONAL ROTATION M= ___  inth
OFRESTRAINTS ® » ___~~ wdian

MATERIAL PROPERTIES

ALLOWABLE STRESS AT ROOM
TEMPERATURE S .

pst

ALLOWABLE STRESS AT DESIGN
TEMPERATURE Sp* — opsi

YOUNG'S MODULUS AT ROOM
TEMPERATURE E .

psi

YOUNG'S MODULUS AT OPERATING
TEMPERATURE Ep* —— . psi

ALLOWABLE STRESS RANGE
FOR COMBINED STRESSES
¢ 1'25'(5(: + Sh) L L 1]

f STRESS RANGE REDUCTION FACTOR

BELLOWS DIMENSIONS AND PARAMETERS (SEE FIGURE ABOVE)

he - — in,

(%)

ame

NUMBER OF PLIES ”D -

NUMBER OF CONVOLUTIONS N

use {I5] avo [ To

DETERMINE FACTORS Cg . C‘ Gy

in.
ReR+h= in, T
in.
OVERALL ACTIVE LENGTH OF BELLOWS L= —
x-0778 VOO x [ « i,
— FROMFIG.1

Cd' —_— . FROMFK. 2 IC" _————— FROMFK. 3

STRESS CALCULATION

E MEMBRANE STRESS DUE TO INTERNAL PRESSURE

x

o
S 0 x 23 <@ '
MUST NOT EXCEED (30)

).

BENOING STRESS DUE TO INTERNAL PRESSURE

2x (I8 x M x 03 x @ x 07

psi Sip

W x 2 x R x 03

COMBINED PRESSURE STRESSES

EQUIVALENT TOTAL AXIAL DEFLECYION

s,° 23 ¢ -
MUST NOT EXCEED 1.25 X [10)

psi A 3] + %}@+ lexMxE) - —— i

BENDING STRESS DUE YO DEFLECTION

COMBINED MEMBRANE AND BENDING STRESSES

0412 x (@) x 28 x B2 x 07
W Tmmx @ x @ A3 x 0@

Sg* 9+ 3+ 05 x @33

pst

pst

E TORSIONAL STRESSES

(] x 07 x 07 &3]
oSt . psi R DR B psi
. 10.4 x 221 x (8] 2z x [ x M@ x 20 x @D
ITEM ) MUST NOT EXCEED 0.5 X [1Q]
TOTAL COMBINED STRESSES
s+ A3 x B3} + (s x B8 x 3E) - psi MuST NOT EXCEED (IT)

SPRING RATES

AXIAL SPRING RATE

0.431x 07 x O3 x Y x 28] x 20 x ZD

K R R YR ER)

ROTATION SPRING RATE

k05 x 07 x 07 x B2

Ib/in.

5

. lb/radian|

STABILITY

FACTOR OF STABILITY

MUST BE GREATER THAN 10 FOR COMBINED MOVEMENT

. %‘E’ * e MUST BE GREATER THAN 5 IN CASE OF AXIAL DEFLECTION ONLY

Design Form 1
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Figure 1. Maximum Moment/Pressure '""C_"
for Convoluted Bellows P
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DEFLECTION MAXIMUM MOMENT (C )
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Figure 2, Deflection/Maximum Moment ”Cd"
for Convoluted Bellows

NAA-SR-~4527
19






B. RING REINFORCED BELLOWS

The wide use of ring reinforced bellows, especially inthe intermediate pressure
range, requires their inclusion in this report even though inherent problems in
the analysis of stresses have not been resolved, As pointed out in the dis-
cussion of convoluted bellows, the presence of reinforcing rings adds to
the stability of bellows when subjected to internal pressure. With bellows
under test, one can observe that reinforcing rings eliminate any tendency
for the bellows to collapse at the root due to internal pressure. One can also
observe that deformations due to internal pressure tend to produce a modified
shape of convolution more capable of resisting internal pressure forces by mem-
brane stresses. Ring reinforced bellows generally find application in the inter-

mediate pressure range of 30 psi to 500 psi,

A major question in the analysis for stress in ring reinforced bellows con-
cerns the effect of contact of the convoluted sheet material with the reinforcing
ring. The location of the line of initial contact and the effect of the movement
of this line of contact on flexibility stress and fatigue life are parts of the prob-
lem, For this analysis, one primary assumption considers the radius is iden-
tical at both crests of the convolution, Further assumptions made for deflection
flexibility and stresses were that (1) the peak bending stress at the initial point
of contact of the ring and the convolution is equal to maximum at the exterior
crest of the convolution, and (2) the slope at the initial point of contact is that
which provides geometric compatibility for changes of slope around the con-
volution, For pressure stresses, similar assumptions were made, matching
deflections and moments near the center of the flat span and allowing whatever
moment and slope is necessary at the initial point of contact with the reinforcing
ring. Assumption (1) is the most optimistic which can be made concerning peak
stresses for a given deflection. In evaluating results from fatigue tests this
would result in the lowest calculated peak stress for a given cyclic life and would
result in the lowest allowable stresses being derived empirically., This assump-
tion, while it may be in error, has a logical conservative basis since any im-
provement in analytical method will probably predict higher stresses and when

used with the proposed allowables, will give a more conservative design,

As with the convoluted bellows, the peak pressure bending stresses are
taken to coincide in location with the peak deflection bending stresses, The actual
combined peak based on the assumption mentioned, can be derived from bending

moment distribution curves of Part II of the report,
NAA-SR-4527
21



It is assumed, and should be specified, that forces in the reinforcing rings
shall compensate for the circumferential membrane stress in the convolutions,
In Design Sheet Form 2 for reinforced bellows, thickness requirements are
based primarily on pressure membrane stresses. The combined pressure
stresses are subtracted (after reduction of the pressure bending stresses by an
empirically deduced factor of 0.25) from the total allowable stress range. The
required number of convolutions is based on the remaining stress range. Spring
rates and stability factors are determined as in the calculation forms for con-

voluted bellows. The coefficients Cp, Cs and C 4 from Figures 4, 5 and 6 re-

d
late the behavior of a convolution segment to the behavior of a simple strip beam.
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DESIGN SHEET FORM 2
RING REINFORCED BELLOWS
(REFERENCE FIGURES 4, 5& 6)

BELLOWS

DESIGN CONDITIONS

IDENTIFICATION

INTERNAL PRESSURE b psig n TEMPERATURE ___ oF NUMBER OF CYCLES
AXIAL DEFLECTION A~ w, LATERAL TRANSLATION &  _____ . ANGULAR MOVEMENT ¢ = radian
TORSIONAL ANGULAR ROTATION ALLOWED 8Y TORSIONAL MOMENT OBTAINED BY PIPING STRESS ANALYSIS
CLEARANCES IN HARDWARE IF HARDWARE DOES NOT OFFER PROTECTION AGAINST TORSIONAL ROTATION M‘ - o, Iy
OF RESTRAINTS & » radian
MATERIAL PROPERTIES
ALLOWABLE STRESS AT ROOM ALLOWABLE STRESS AT DESIGN n ALLOWABLE STRESS RANGE
TEMPERATURE Sc' —_— e pS} TEMPERATURE S)* — . o5t FOR COMBINED STRESSES
. F(S_+5) =
YOUNG'S MODULUS AT ROOM YOUNG'S MODULUS AT OPERATING Sac 7 1-25115, ¢ 5, P!
TEMPERATURE E * . psi TEMPERATURE Ep= —___  pa f STRESS RANGE REDUCTION FACTOR
BELLOWS DIMENSIONS ANO PARAMETERS (SEE FIGURE ABOVE)
R= in, hx L in, as n,
RaR+ns in (_’;_1),‘,,. o arh -
te an, NUMBER OF PLIES Ng = NUMBER OF CONVOLUTIONS N
OVERALL ACTIVE LENGTH OF BELLOWS L+ n,
USE anp [F3 To
x-0778 JAO X (@@ + ——_ in. ax- 18/ [ - DETERMINE FACTORS C_,Cy.C
FROM FIG. 4 €t ——  FROMFIG.S m ¢ FROM FIG. 6
STRESS CALCULATION
MEMBRANE STRESS DUE TO INTERNAL PRESSURE BENDING STRESS DUE T INTERNAL PRESSURE
1) x 05 2x x 10 x O3 x x
5 psi s, " psi
" D x [0 I T x20x & x 03
MUST NOT EXCEED  [T0]
COMBINED PRESSURE STRESSES EQUIVALENT TOTAL AXIAL DEFLECTION
s, @ + B9 - s
° pE s @ . u%x——o 1.2x @ x (&) - in.
BENDING STRESS DUE TO DEFLECTION COMBINED MEMBRANE AND BENDING STRESSES
. . 0412 x 12 x @ x 32 x OB o .0 @)+ 0.25 x (30 + 0.5 x (3 - osi
b 08l x 08 x @& x x (14
TORSIONAL STRESSES
M x @3 x
2 s psi or SRR e psi
104 x 27} » 03 2v x (14} x 013 x & x 30
ITEM b) MUST HOT EXCEED 0.5 X [10)
TOTAL COMBINED STRESSES
s+ 3@ xBA) + (4 x 33 x 38) - psi MUST NOT EXCEED (T3]
SPRING RATES
AXIAL SPRING RATE ROTATION SPRING RATE
‘- 0.431x 00 x 02 x 8 x B9 x G x B0 . x+0.5 x @@ x @D x 32 - in. \b/radian
° 2 x 13 x 03 x 33 x @& 1o/in.

STABILITY

FACTOR OF STABILITY

MUST BE GREATER THAN 10 FOR COMBINED MOVEMENT

L2TX

Fs X

MUST BE GREATER THAN 5

IN CASE OF AXIAL DEFLECTION ONLY

Design Form 2,

Ring Reinforced Bellows
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MAXIMUM MOMENT/PRESSURE (Cp)
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Figure 4. Maximum Moment/Pressure '""C_"
for Ring Reinforced Bellows
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Figure 5, Deflection/Maximum Moment ”Cd"

for Ring Reinforced Bellows
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DEFLECTION/FORCE (C¢)
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Figure 6., Deflection/Force "Cf“ for Ring Reinforced Bellows
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C., TOROIDAL BELLOWS

Toroidal types of bellows considered herein include those of modified
toroidal shape where the cross section is not perfectly circular. Toroidal type
bellows appear to be applied primarily to situations involving very high operat-
ing pressure. Mathematical methods for analysis of stresses have been made
available for pure toroidal shapes. These have been confirmed by experiment
and are readily applicable. In spite of this, probably for economic reasons,
toroidal bellows are seldom used in industry. With the stress limits placed on
the application of other types of bellows, toroidal bellows may receive more

widespread application,

The theoretical stress analysis for both pressure and deflection stresses
has been extended herein to modified toroidal shapes which include a flat annular
area between toroidal half-sections. The analysis presented in Part II of
this report covers the full range of ratio of flat to toroidal section (a/h), How-
ever, for simplicity of analysis and because of the limited range of a/h used in
fabricating toroidal bellows as shown by the test results available, the range of
a/h covered by Design Form No., 3 is taken from a/h = 0.8 to a/h = 1,0. Within
this range of geometry the peak pressure bending stress is very low, The de-
flection stress range is practically that of a pure toroidal section for this range
of a/h., Also, the peak pressure bending stress does not occur in the same area
as the peak deflection stress but may be associated with the point of contact with
the reinforcing hardware and not considered in the analysis, For these reasons
no pressure bending stresses are considered in design analysis of toroidal type

bellows and no provision is made for this in the design forms.

In the design forms, thickness requirements are based on pressure mem-
brane stresses, Circumferential membrane stresses in the convolution are not
considered significant on the basis of shell theory, but the total circumferential
forces induced by pressure must be considered in the design of the reinforcing
hardware. The pressure membrane stresses, after being multiplied by the
empirically deduced factor of 1,5, are subtracted from the total allowable stress
range, The factor of 1.5 compensates for ignoring pressure bending stresses,
The required number of convolutions is based on the remaining stress range. The
spring rates and stability factors are determined in the design forms as for con-

voluted bellows, The coefficients used in these calculations, C, and Cf, from

d
Figures 7 and 8 relate the behavior of a convolution segment to the behavior of a

simple strip beam,
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DESIGN SHEET FORM 3

BELLOWS
TOROIDAL BELLOWS . IDENTIFICATION
(REFERENCE FIGURES 7 & 8) 1
l- hwfah
DESIGN CONDITIONS
INTERNAL PRESSURE §* psig TEMPERATURE °F NUMBER OF CYCLES
AXIAL DEFLECTION 4 ,= in, LATERAL TRANSLATION & in. ANGULAR MOVEMENT © = ________ radisn
TORSIONAL ANGULAR ROTATION ALLOWED BY TORSIONAL MOMENT DBTAINED BY PIPING STRESS ANALYSIS
CLEARANCES [N HARDWARE IF HARDWARE DOES NOT OFFER PROTECTION AGAINST TORSIONAL ROTATION M, = in. Ib
OF RESTRAINTS @ = «adian
MATERIAL PROPERTIES
ALLOWABLE STRESS AT ROOM ALLOWABLE STRESS AT DESIGN ﬂ ALLOWABLE STRESS RANGE
TEMPERATURE  §_= Pl TEMPERATURE S, - psi FOR COMBINED STRESSES
YOUNG'S MODULUS AT ROOM YOUNG'S MODULUS AT OPERATING Sag T1BS ASY 1 psi
TEMPERATURE E_ - osi TEMPERATURE €}, ¢ psi f STRESS RANGE REDUCTION FACTOR
BELLOWS DIMENSIONS AND PARAMETERS (SEE FIGURE ABOVE)
Re _  in h= in, " e n.
ReR+h> i, ah e
- MUST BE 0.8 OR MORE
e i NUMBEROF PLIESN = NUMBER OF CONVOLUTIONS Ne =
OVERALL ACTIVE LENGTH OF BELLOWS L = in.
use (13} AND To
<0.778 VI x e _in v 8/ (2 - DETERMINE FACTORS  ,C,.G;
€4t —— rnounc.rh [ FROM F16. 9

TORSIONAL STRESSES

STRESS CALCULATION
T x I3 « 11 &3]
- psi OR b S -

LA i

PO}

¥ @x 03 x Q2 x20 x 08
ITEM b) MUSY NOT EXCEED 0.5 X {10

TOTAL COMBINED STRESSES

S: B x 3y (¢ x (B x 38 - o MUST NOT EXCEED (11

SPRING RATES

AXIAL SPRING RATE ROTATION SPRING RATE

0.431x 07 x 03 x @@ x (20 x 20 x Z0 x«0.5 x 00 x 07 x 37 -« — in. 1b/radian
.

2 G2 x 03] x 038 x 03 x @ b/in.

STABILITY

FACTOR OF STABILITY MUST BE GREATER THAN 10 FOR COMBINED MOVEMENT

* e MUST BE GREATER THAN 5 IN CASE OF AXIAL DEFLECTION ONLY

2a X

MEMBRANE STRESS DUE TO INTERNAL PRESSURE
I x 08
™ @@ .
MUST NOT ExCEED [I0)
EQUIVALENT TOTAL AXIAL DEFLECTION
a [T+ G—XE—K—E—O Lex OOxE « —
BENDING STRESS DUE TO DEFLECTION COMBINED MEMBRANE AND BENDING STRESSES
s o412 x (03 x 2 x 30 x Q1 . sgr 15 x B ¢ 05 x 39 - o
. . o5
104 x 2 x @D ! 2r x 00 x 03 x @@ x 20

F =
s

Design Form 3. Toroidal Bellows
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DEFLECTION/MAXIMUM MOMENT (Cq)
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Deflection/ Maximum Moment "Cd" for Toroidal Bellows
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DEFLECTION/FORCE (Cy)
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lII. FATIGUE TEST RESULTS AND ALLOWABLE STRESSES

A. CONVOLUTED BELLOWS FATIGUE TEST RESULTS

Available data from fatigue tests on 45 convoluted bellows were analyzed to
correlate calculated stresses with cyclic life. These data are presented in
Table 1. Results of this analysis are demonstrated graphically in Figures 9 (a,
b, ¢) and 10 (a, b). From comparison of Figures 9a and 9b, it can be observed
that pressure stresses have a definite effect on cyclic life. For Figure 9b, peak
pressure stresses were considered, as in the design form, to coincide with the
peak deflection stress. A better correlation exists between calculated stresses

and fatigue life in Figure 9b as compared to Figure 9a.

The tendency of the bellows to squirm due to internal pressure and the re-
sulting effect upon bending stresses is considered in Appendix A. The increase
in bending stresses due to this tendency is limited to bellows undergoing angular
displacement. The effect of this increase is measured as a factor (Cps) which
is a function of the ratio of operating pressure to critical pressure. This effect
is included in the calculated stresses of Figure 9c and appears to result in even

closer correlation between calculated stresses and fatigue life,

It must be pointed out that these calculated stresses exceed the yield strength
by an order of magnitude and therefore must be considered as theoretical elastic
stresses. A correlation coefficient of 0.74 was found between the combined theo-

retical elastic stresses and fatigue life for the 45 bellows tested.

To provide a logical basis for considering the effect of pressure in design,
a statistical evaluation was made of results from tests with and without pressure,
The best method of performing such an evaluation would be to perform a non-
linear multiple regression analysis of the data available. As explained in
Appendix B, this would require a first estimate of the effect of pressure which
would later be corrected with linearized correction forms. The following tech-
nique provided a first estimate which was deemed suitable. Since the exact value
found was not used, there was little to be gained from making small corrections
to the approximate value. First, the results were selected from tests of 24 bellows
wherein the pressure bending stresses were zero or less than 15% of the deflec-

- tion stress. Double the existing pressure membrane and pressure bending

stresses, for those bellows with these lower pressures, were added to the de-

. flection stress. These results were analyzed using techniques of statistical
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mathematics to fit a curve which would relate cyclic deflection bending stress to
cyclic life, with least squared error. The fitted curve, a straight line log-log
relation given in Figure 10a, was then taken as a basic fatigue curve. This

relation could be expressed as

LoglOS=6.36- 0.274 Log,y N ... (1)

where

S stress

N = number of cycles to failure.

Remaining data from tests on 21 additional bellows, which were subjected
to substantial pressure bending stresses in addition to deflection bending stresses,
were then utilized. These data were fitted to the basic fatigue curve by adjusting
the pressure bending stresses by an unknown factor, to obtain the factor for fit
of least error. The mathematicians who were consulted deduced that the factor
for a fit of least squared error could be directly derived. This was done as
shown in Appendix B. Results of this effort showed that, when a factor of 1.726
is applied to the pressure stresses before adding them to the deflection stresses,
the combined stress - cyclic life relation fits the basic fatigue curve with the
least squared error. On this basis, the factor was taken as 2.0 in the calcula-
tion forms and specifications, With the factor of 2.0, the fitted curve of least
squared error was calculated for the combined stresses and fatigue life for all

45 bellows and isillustratedin Figure 10b. This relationcanalso beexpressedas

Loglosz 6.24 - 0,236 LoglON e (2)

Comparison of these two relations at 104 cycles indicates little deviation result-

ing from including pressure stresses.

The results also indicate that a factor of at least four exists between ASA
Allowable Stresses for 7000 cycles and the average of the calculated value of
stress which induced failure. The minimum difference from calculated stress
value in Figure 9c is a factor of 3.35 above the ASA Code allowable stress for
that number of cycles. For this reason a proposed theoretical allowable deflec-
tion stress for convoluted bellows could be two times the experimentally estab-

lished value allowed by the ASA code for piping elbows or, the actual stress
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concentration factor could be taken as one-half the theoretical stress concentra-
tion factor. It should be noted also, that the factor of 2.0 on pressure stresses
was used in combination with the theoretical elastic deflection stresses. Dividing

all the theoretical stresses by 2.0 yields an effective stress of

Smp+pr+0.SOde=S oo (3)

which should not be greater than the ASA code allowable.

As in the piping code, the pressure stresses (both membrane and bending)
for bellows are subtracted from the total allowable stress; the remainder is the
allowable bending stress due to deflection. Overall, this is akin to the technique
used to calculate stresses in piping elbows where the ASA code stress concentra-
tion factor is taken as one-half of the theoretical stress concentration factor and
the pressure stresses are subtracted from the total allowable stress. Modifying
the allowable stress for bellows in this manner still provides a safety factor of
1.67 below the minimum data points., This is considered sufficiently conserva-~
tive, since (1) bellows stresses were calculated on the basis of nominal dimen-~
sions, (2) the bellows were procured from several manufacturers in a wide
range of sizes and material thickness, and (3) the bellows were tested under a

wide range of pressure and deflection conditions.
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Figure 9. Convoluted Bellows Fatigue Test Results

NAA-SR-4527
34



LOG,, COMBINED STRESS (psi)
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Figure 10a. Convoluted Bellows Fatigue Test Results
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Figure 10b, Convoluted Bellows, Fatigue Test Results, Best Fit
Curve — Combined Stress

NAA-SR-4527
36




All Bellows Type 321 SS Test Temperature ~70°F

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
) lAngular Exper Critical | Pres. Pres. Deflec.
Axial Defl. Trans. | Test R a h ¢ L K, K, K. K, Cri?ica'l Pres. | Mem. [Bending |Bending | Cycles
Defl. Degrees D.efl. Pregs (in.) (in.) (in. ) (in.) (in.) Np N¢ Mea.Ls. Calc. Meas. Calc. | pres Cal_c. Stress |Stress Stress to
(in.) AorfC (in.), | (psi) (Ib/in.) |(Ib/in.) | (in.1b/ | (indb/ | (pei) (psi) (psi) | (psi) (psi) |Failure
. deg) deg) der Smp Sbp Shd
- 0-5° - 1795 4.79 0.082 N.255 | 0.020 2.62 4 8 - - 104 1860 22,400 15,730 (114,000 ]133,000 | 2,265
- +10° - - 1.11 0.0425 | 0.140 | 0.020 1.87 2 11 - - 26 52 - - - - 336,000 | 4,698
- £10° - - 1.11 0.0425 | 0.140 | 0.020 1.87 2 11 - - 38 52 - - - - 336,000 | 4,456
- +10° - - 1.11 0.0425 | 0.140 | 0.020 1.87 2 11 - - 24 52 - - - - 336,000 | 5,515
0.80 - 0.70 - 6.375 | 0.074 0.370 | 0.020 8.00 1 27 221 325 . _ - 2,560 640 19,200 }212,000 | 1,133
0.80 ) 0.70 . 6.375 | 0.074 0.370 | 0.020 8.00 1 27 218 325 R B . 2,560 640 19,200 [212.000 896
0.80 - 0.70 - 6.375 | 0.074 0.370 | 0.020 8.00 1 27 257 325 - - - 2,560 640 19,200 {212,000 | 1,032
0,80 - 0.70 - 6.375 0.074 0.370 0.020 8.00 1 27 228 325 - - - 2,560 640 19,200 J212,000 ! 1,026
- £3° - 100 8.925 | 0.100 0.440 | 0.031 4.00 1 10 - - - - - 4,440 |1,420 34,900 |137,000 | 16,065
- £3° - 100 8.925 | 0.100 0.440 | 0.031 4.00 1 10 - . - - - 4,440 1,420 34,900 {137,000 | 12,250
- £7-1/29 - 1160 2.25 0.075 0.220 | 0.020 6.00 3 20 1070 2050 475 90.7 - 2,140 14,230 71,200 ]104,000 620
- £7° - 1200 2.18 0.057 0.155 | 0.020 4.10 2 18 7530 4060 312 168 - 6,220 {4,650 54,100 |201,000 520
- £4.3° - 238 | 2.90 |o.160 | 0.286 | 0.0125]| 3.2 3 5 1400 | 1535 125 112.5 - 3,020 3,050 | 73,500 | 88,400 | 823
~ +9,25° - 100 9.46 0.186 0.900 | 0.040 7.44 3 10 1640 2270 - - - 1,920 750 29,200 |148,000] 5,700
- £9,25° - 100 9.46 0.186 0.900 | 0.040 7.44 3 10 - - - - - 1,920 750 29,200 148,000 | 4,000
- £9,25° - 100 9.46 0.186 0.900 0.040 7.44 3 10 - - - - - 1,920 750 29,200 |148,000 | 1,948
- £9.25° - 100 9.46 0.186 0.900 | 0.040 7.44 3 10 - - - - - 1,920 750 29,200 [148,000} 3,200
- +13° - 100 9.55 0.186 | 1.00 0.050 | 7.44 3 10 - - 12389 100 2660 - 2,820 670 | 23,400 [220,000| 2,125
- +13° - 100 9.55 0.186 1.00 0.050 7.44 3 10 - - %%?8_100 2660 - 2,820 670 23,400 }220,000 | 1,000
+0,125 - - 1050 1.79 0.055 0.150 | 0.016 2.19 2 10 - - - . - 9,800 [4,930 68,900 [146,000 | 1,528
£0.125 - - 1050 1.79 0.055 0.150 0.016 2.19 2 10 - _ _ - - 9,800 4,930 68,900 |146,000 | 3,807
- +9° - 37 4.38 0.054 | 0.306 | 0.010 [ 2.17 3 10 316 430 53.7 72 _ 1,242 377 | 20,500 [144,0001 3 650
- +0,14° - 37 4.38 0.060 0.309 | 0.012 3.35 2 14 344 339 54.2 58 . 636 475 21,600 [186,000 | 2 467
- +0.14° - 37 4.38 0.060 0.309 0.012 3.35 2 14 329 339 45 58 - 636 475 21,600 |186,000 1 3,300
- £0.14° - 37 4.38 0.060 0.309 | 0.012 3.35 2 14 300 339 45.5 58 _ 636 475 21,600 186,000 | 4,711
- 0-8.5° - 300 2.18 0.067 0.191 0.012 1.875 1 7 625 635 - . _ 2,124 4,780 {111,300 {115,200 270
- 0-8.5° - 300 2.18 0.067 0.191 0.012 1.875 1 7 - - , - - 2,124 4,780 [t11,300 |115,200 614
- 0-8.5° - 300 2.18 0.067 0.191 0.012 1.875 1 7 742 635 28.3 26.4 - 2,124 4,780 {111,300 |115,200 543
- 0-7.5° - 300 2.18 0.067 0.191 0.012 1.875 1 7 1483 635 61 26.4 - 2,124 {4,780 (111,300 {101,500 660
+£2.25 2°Cont, - 37 4.38 0.068 0.305 | 0.010 5.48 3 20 189 207 , - - 218 376 19,300 [195,000 | 3,201
. +14° - 37 4.38 0.064 0.302 | 0.0116| 3.33 2 13 382 348 68 58 - 650 482 21,700 |201,000 | 2,131
- £10° - 100 7.07 0.125 1.02 0.050 5.00 3 10 ) - - - - 3,150 680 25,900 [137,000 | 5,462
- £10° - 100 7.07 0.125 1.02 0.050 5.00 3 10 3750 2500 1930 1100 _ 3,150 680 25,900 |137,000| 4,917
- £3° - 100 6.80 0.125 0.790 | 0.025 4.00 3 8 2200 775 - - - 1,216 1,050 59,300 | 37,600 |51 462
6.00 . - . 6.062 | 0.234 0.662 | 0.050 7.5 1 8 1550 2760 - - 440 2,300 - - 708,000 226
TABLE 1

CONVOLUTED BELLOWS FATIGUE
TEST DATA
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2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Angular K K Exper Critical| Pres, Pres. Deflc_c.
Axial Defl. Trans. | Test R a h t L K, K, Meas Cale Crilzica.tl Pres. Mem. |Bending |Bending} Cycles
Defl. Degrees | Defl. Press (in. ) (in.) (in.) (in.) (in.) Np N¢ Meas. Calc. (in lb./ (in lb'/ es Calc. Stress | Stress | Stress to
(in. ) of (in. ) {psi) (1b/in.) | (1b/in.) d.e : d(: ) ( si)- (psi) (psi) (psi) (psi) Failure
Arc g & P der Smp Sbp Spd
6.00 6.062 | 0.234 0.662 0.050 7.5 1 8 1710 2760 440 708,000 | 185
3.00 6.062 | 0.234 0.662 | 0.050 | 7.5 1 8 1750 | 2760 440 354,000 | 890
3.00 6.062 0.234 0.662 0.050 7.5 1 8 1600 2760 440 354,000 (1,120
5.50 5.032 0.234 0.662 0.050 7.5 1 8 1570 2150 465 1,830 660,000 149
5.50 5.032 | 0.234 0.662 0.050 7.5 1 8 1580 2150 465 1,830 660,000| 196
3.00 5.032 | 0.234 0.662 | 0.050 | 7.5 1 8 1300 | 2150 465 1,830 359,000 580
3.00 5.032 | 0.234 0.662 | 0,050 | 7.5 1 8 1260 2150 465 1,830 359,000 580
2.00 2.702 0.234 0.419 0.036 7.5 1 8 1210 1970 655 1,640 344,000 589
2.00 2.702 0.234 0.419 0.039 7.5 1 8 1440 2390 655 2,000 372,000 405
4.00 2.702 0.234 0.419 0.039 7.5 1 8 1430 2390 655 2,000 746,000 131

TABLE 1 (Continued)
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B. RING REINFORCED BELLOWS FATIGUE TEST RESULTS

Available data from fatigue tests on 43 reinforced bellows (Table 2) were
analyzed to correlate calculated stresses with cyclic life. One of these bellows
was tested at 1050°F; all others were tested at room temperature. Stresses
for one bellows were normalized to room temperature by multiplying by the ratio
of code allowable stress at room temperature, to that at 1050°F. Results of
this analysis are presented graphically in Figures lla,b, and 12a, b. In anal-
yzing these data, results of two tests where the bellows did not fail were treated
as though the bellows had failed when the test was stopped. From comparison
of Figure lla with Figure 11lb it can be observed that, as with convoluted bellows,
pressure bending stresses have an effect upon the cyclic life of reinforced bel-
lows. The combined stresses of Figure 11b include the effect of internal pres-
sure upon the deflection stresses wherein the tendency to squirm increases the
deflection stresses. Again, as with the convoluted bellows, the total combined
calculated stresses far exceed the elastic limit of the material and must be con-
sidered as fictitious or theoretical elastic stresses. A correlation coefficient of
0.89 was found between the combined theoretical elastic stresses and fatigue life

for the 43 bellows tested,

The same technique that was used for convoluted bellows, presented in
Appendix A, was used to determine the effect of pressure stresses on cyclic
life, Of the 43 ring reinforced bellows which were fatigue tested, 27 were tested
with zero pressure differential between the inside and the outside of the bellows.
A log-log relation with least squared error between calculated stress and cyclic
life was determined for these 27 bellows as the basic fatigue curve and is shown

in Figure 12a. This relation can also be expressed as
Log,,S = 6.41 - 0.284 Log ;N . ... (4)

Data from tests of the remaining 16 bellows were then fitted to this curve using
an unknown factor applied to pressure bending stresses. The combined stresses
utilizing this factor should fit the predicted stresses from the basic fatigue curve
with least squared error, The value of this unknown factor was determined
directly as 0,471 and is taken in the design forms and specifications as 0,50,
With the factor taken as 0.50, the fitted curve of least squared error was
calculated for combined stresses and cyclic life of all 43 bellows and is shown

in Figure 12b. This relation can also be expressed as
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Log,,S = 6.26 - 0.249 Log;,N . ... (5)

Comparison of this with the first relation in the region of 104 cycles indicates
little deviation resulting from the inclusion of pressure stresses with the factor
of 0.50. It should be noted that this value of 0.50 is used with the theoretical

elastic bending stresses,

The value of this factor, however, is strongly dependent on the results of
8 of the 16 tests which were performed with the highest pressure stresses. By
omitting selected bellows from this set of 8 and using the remainder of the 16,
this factor can be varied from 0.2 to greater than 1.0, This indicates that more
test data are required, especially from tests at high pressure, and improved
analytical techniques should be applied in order to verify the use of the factor

of 0.5 in considering the effect of bending stresses induced by pressure.

Again, as with the convoluted bellows, the difference between the allowable
stress range of the ASA Code for pressure piping and the theoretical elastic
stress for a given value of cyclic life, is approximately 4.0. Considering the
effective stress as one-half of the theoretical elastic stress, a safety factor of

2.0 on the mean would result. The effective stress would be computed as

S=3S8 + 0.25 S

mp bp ¥ 05 Spq ... (6)

which should not be greater than the ASA Code allowable,

Table 2 also contains data on measured spring rates and critical pressure
compared to theoretical values of each. Again, substantial differences appear
between theoretical and measured values. In the case of axial spring rate,
measured values are consistently lower than theoretical by a factor as great
as 2.0. Differences betweén theoretical and measured values of axial spring
rate could be explained on the basis of the analytical model used for stress
analysis, wherein it is assumed that the inner crest radius is entirely in con-
tact with the reinforcing rings and does not enter into the flexibility of the con-
volutions, This could and probably would be the situation under high pressures,
However, all the spring rate measurements quoted were obtained at zero pres-

sure differential so that the greater flexibility might be expected.
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The measured value of critical pressure (squirm pressure) is also lower
than the theoretical value by a factor as great as 6 for bellows subjected to
pressure while highly strained above the yield stress with lateral offset deflec-
tion. The values of measured critical pressure range from 81 to 100% of the
theoretical value for bellows with fully restrained ends. Even this small
difference might be expected since the measured values are based on achieving
a complete theoretical buckling load. This theoretical buckling load might be
impossible to achieve on a test due to inelastic behavior of the material. Re-
sults of the tests on bellows with restrained ends indicate that the analytical
model may be sufficiently correct to allow reasonably accurate prediction of
spring rate and critical pressure under the proposed limited allowable operating
conditions of pressure and deflection. In the meantime the factor of 10 required

on stability pressure does not appear excessive,

More data are needed from results of tests conducted under various pres-
sure and deflection conditions. An improvement to the mathematical model is
necessary before analytical design for spring rate and critical pressure under
critical conditions can be performed accurately for reinforced bellows, The
tendency for reinforced bellows to distort to the shape of toroidal bellows under
very high pressure is obvious from photographs of high pressure tests. This
is not accounted for in the theory and may partially account for those cases

where measured critical pressure is substantially above that predicted herein.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
itical res, Pres. |Deflec,

Axial Algilﬁ.ar Trans. Test R a h t L K, K, MIZ;S. CIch. C%’?{)iiz.l C;;t;? II\D/Ie?'rsx. Ben(eiing Bending | Cycles

Defl. [Degrees Defl. Pres. . . . . - N N Meas. Calc. " . Calc. Stress Stress | Stress to
(in) | of (n) | (psy) | U | Gmd o f lind o e ) (in) P ¢ | (brin) | (tb/in, ) | (nadb/ | lindb/pPres. ) oyt | oe” | psi) | (psi) |Failure

Arc Rad) Rad) | (psi) dor Smp Sbp Sba

1] 1.0 - - 150 19.3 0.53 1.3 0.062 8.5 1 4 - - - - - - 3,120 | 91,200 70.003 31,511
2| .63 - .818 520 .12 ] 0.25 0.625 | 0.050 10.0 1 10 - - - - - - 8’288* {}1‘;’888* {3218884. 2,700
3 - +14° - 150 450 | 0.0835| o0.25 0.012 6.68 3 20 - - - - - - 1,040 | 36,100 235999 630
4] 1.5 - - - 3.97 0.234 0.61 0.031 - 1 3 - - - - - - - - 410,000 580
5| 0.375 - - - 3.97 0.234 0.61 0.031 - 1 3 - - - - - - - - 88,000/ 102,192
6| _0.75 - - - 13.0 0.40 1.0 0.050 - 1 3 - - - - - - - - 138,000f 91,628
7] 0.75 - - - 19,3 0.531 1.30 0,063 6,375 1 3 - - - - - - - - 82,500] 148,472
8] 0.75 - - - 7.88 [ 0.332 0.88 0.038 - 1 3 - - - - - - - - 122,000| 38,213
9] 1.50 - - - 7.88 | 0.332 0.88 0.038 - 1 3 - - - - - - - - 200,000] 2,639
10] 1.50 - - - 7.88 | 0.332 0.88 0,038 - 1 3 - - - - - - - - 200,000! 4,008
11| 0.375 - - - 4,03 0.234 0.672 0.031 2.81 1 3 - - - - - - - - 87,500} 400,000
12 - £6° - 350 4.03 | 0.234 0.672 | 0,031 2.81 1 3 1100 1320 - - 2,150 2,950 7,000 154,000,,_%_2;?88 493
13{ 0.563 - - - 4.03 0.234 0.672 | 0.031 2.81 1 3 - - - - - - - - 111,500] 197,463
14| 0.875 - - - 4,03 | 0.234 0.672 | 0.031 3.75 1 4 - - 13,900 | 8,100 | 2,150 | 1,670 - - 130,000] 8,777
151 1.00 - - - 7.88 0.332 0.88 0.038 5.31 1 4 - - - - 1,700 2,130 - - 100,000 24,383
L6l 300 - - 0-150 7.06 | 0.56 1.063 | 0.054 12.8 1 4 - - - - - - 2,960 | 49,000] 312,000 134
171 3.00 - - 0-150 7.06 0.56 1.063 | 0.054 12.8 1 4 - - - - 2,960 | 49,000] 312,000 220
18] 300 - - 0-150 7.19 | 0.56 188 | 0.062 14,3 1 4 - - - - - - 2,870 | 53,000] 282,000 656
191 3.00 - - 0-150 7.19 0.56 1.188 | 0.062 14.3 1 4 - - - - - - 2,870 | 53,000/ 282,000 515
201 300 - - 0-150 7.13 | 0.56 1.312 | 0.048 12. 6 1 4 - - - - - - 4,100 | 110,000/ 197,000 893
21| 3.00 - - 0-150 7.13 0.56 1.312 | 0.048 12.6 1 4 - - - - - - 4,100 | 110,000, 197,000 1,715
221 3.00 - - 0-150 7.19 0.42 1.188 | 0.060 10.7 1 4 - - - - - - 2,960 | 77,600| 275,000 1,207
23| 3.00 - - 0-150 7.19 0.42 1.188 | 0.060 10.7 1 4 - - - - - - 2,960 | 77,600( 275,000 1,886
24| 3.00 - - 0-150 7.25 | 0.56 1.25 0.049 12.4 1 4 - - - - - - 3,820 | 93,600 217,000| 4,095
251 3.00 - , 0-150 7.25 | 056 1,25 0,058 12.4 1 4 - - - - - - 3,240 | 68,400/249.000] 1,875
26| 3.00 - - 0-150 7.06 | 0.45 1.063 | 0.034 9.45 1 4 - - - - - - 4,700 | 146,500 204,000} 5,846
271 3.00 - - 0-150 7.06 0.45 1.063 0.034 9.45 1 4 - - - - - - 4,700 | 146,500 204,000 5,713
28| 6.00 - - - 6.062] 0.234 0.672 0.031 7.5 1 8 500 715 - - %%Sd 598 - - 443,000 740 ]
29| 6.00 - - - 6.062| 0.234 | 0.672 | 0.031 7.5 1 8 500 715 - - Fased 598 - - |443,000 678
30| 3.00 - - - 6.062] 0.234 0.672 | 0.031 7.5 1 8 530 715 - - 598 - - 221,000f 2,053
31 3.00 - - - 6.062] 0.234 0.672 0.031 7.5 1 8 490 715 - - - 598 - - 221,000] 11,875
32| 6.00 - B - 5.032] 0.234 | 0.672 | 0.031 7.5 1 8 440 598 - - fygset 501 - - l435,000] 1,008
33| 6.00 - . ) 5.032] 0.234 | 0.672 | 0.031 7.5 1 8 380 598 - - Figed 501 - - | 435,000 913
341 3.00 - - - 5.032] 0.234 0.672 0.031 7.5 1 8 410 598 - - - 501 - - 218,000 6,098
351 3.00 - - - 5.032| 0.234 0.672 | 0.031 7.5 1 8 420 598 - - - 501 - - 218,000| 10,008

#Corrected to

compensate for

1050°F test temperature

TABLE 2

RING REINFORCED BELLOWS
FATIGUE TEST DATA
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Angular K K. Exper Critical | Pres. Pres. | Deflec,
Axial Defl. Trans. Test _ K, K, Me;s. Calc. Cripticz;l Pres. Mem. |Bending|Bending|Cycles
Defl. |Degrees| Defl. Pres, .R .a _h .t ‘L N N Meas. Calc. (in.lb/ | (in.lb/ Pres Cal.c. Stre.ss StreAss Stre.ss to
(in.) of (in.) {psi) (in.) (in.) (in.) {in.) {in.) P ¢ {(1b/in.) [ (Ib/in.) Rad) Rad) (psi). {psi) (psi) (psi) (psi) Failure
Arc 9er Smp Spp Sbd
Olfiset
36| 6.00 4.032 | 0.234 0.672 0,031 7.5 1 8 320 495 304 415 446,000 502
Tixed
37| 6,00 4.032 | 0.234 | 0.672 | 0.031 7.5 1 8 300 495 350 415 446,000 414
38{ 3.00 4,032 | 0.234 | 0.672 0.031 7.5 1 8 280 495 - 415 223,000 10,620
391 3.00 4.032 | 0.234 0.672 0.031 7.5 1 8 280 495 - 415 223,000 10,261
40| 4.00 2.702 § 0.234 | 0.422 | 0.031 | 7.5 1 8 980 1860 Offset | 1550 730,000 238
ixed
41| 4.00 2.702 | 0.23¢4 | 0.422 | 0,031 | 75 1 8 920 1860 Fixed 1550 730,000 241
42| 2,00 2,702 | 0,234 | 0.422 0.031 7.5 1 8 940 1860 - 1550 365,000 250
43| 2.00 2.702 | 0.234 | 0.422 0.031 7.5 1 8 990 1860 . 1550 365,000 1,000

TABLE 2 (Continued)
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All Bellows Type 321 SS Test Temperature ~70°F

2

16 17 8 19 20 21

‘ Angular Exper. Critical| Pres. Pre;. Deﬂgc.

Axial Defl. Trans. Test r a h ¢ L K, Ka K K Critical] Eres. Mem. | Bending|Bending | Cycles

Defl. Degrees Defl. Pres. (in.) (in.) (in.) (in.) (in.) Np NC Mea}s. Ca%c. Me;s. Calrc. Pres. Calf:. Stre_ss Stre.ss Stre_ss to

(in.) of (in.) {psi) (1b/in.) [(1b/in.) (psi) (psi) (psi) (psi) (psi) Failure

Arc A, (Smp) |  Sbp Sbd

'] 0.750 - - - 7.25 | 1.081 | 1.081 {0.036 - 1 2 - - - - - - 0 - 124,500] 12,805
2| 0.50 - - - 7.25 | 1.133 | 1.133 | 0.036 - 1 2 - - - - - - 0 - 96,000} 52,371
a| 0.375 - - 0-520 7.25 | 1.062 | 1.156 | 0.046 - 1 1 - - - - - - 13,100 - 157,000 8,072
al 0.375 - - 0-520 7.25 | 1.078 [ 1.203 |0.045 - 1 1 - - - - - - 13,900 - 150,500] 9,733
s| 0.25 - - 0-850 7.25 | 1.055 | 1.196 | 0.043 - 1 1 - - - - - - 23,600 - 98,000f 11,251
s| 1.00 - - 0-150 7.25 | 1.062 | 1.156 | 0.041 - 1 1 - - - - - - 3,800 - 408,000 522
71 0.375 - . 0-535 | 12.0 1.407 | 1.773 | 0.051 - 1 1 - - - - i - - 18,600 - 85,500] 11,487
s | 0.375 - - 0-205 | 12.0 1.400 | 1.844 | 0.050 - 1 1 - - - - - - 7,600 - 82,300 88,614
s | 0.50 - - 0-205 | 12.0 1.500 | 1.844 | 0.051 - 1 1 - - - - - - 7,400 - 112,000] 79,007
o] 0.750 - - 0.205 | 12.0 1.360 | 1.797 | 0.050 - 1 1 - - - - - - 7,400 - 166,000] 8,201
n| 0.625 - - 0-205 | 12.0 1.391 | 1.822 |o0.052 - 1 1 - - - - - - 7,200 - 142.,0001421,375
2] 0.75 - - 0-150 | 12.0 1.400 | 1.773 | 0.0505 - 1 1 - - - - - - 5,300 - 169,500 16,075
3] 0.50 - - 0-205 | 12.0 1.400 | 1.789 | 0.049 - 1 1 - - - - - - 7.500 - 109,000} 49,757
sl 10322 - - 0-300 | 12.0 1. 48 [ 1.757 10.051 - 1 1 - - - - - - 10,300 - 300,000} 1,730
s 1,322 - - 0-150 | 12.0 1.43 1.757 | 0.050 - 1 1 - - - - - - 5,300 - 294,000) 1,576
| 0.75 - - 0-300 | 12.0 1.40 1.757 | 0.051 - 1 1 - - - - - - 10,300 - 170,000 7,037
7| 0.50 - - 0-300 | 12.0 1.375 | 1.773 | 0.052 - 1 ! - - - - - - 10,200 - 116,000 | 26,856
10 - +3° - 550 | 3.28 | 0.552 , ..52 |0.015 3.50 1 3 1,100 1053 . - - 1890 | 20,300 - 1349681 1,065
19 - £2.1° - 550 3.28 | 0.552 | 0.552 | 0.015 3.50 1 3 1,100 1053} - - 1890 20,300 - 12%’@80 2,000
2| 225 . - 135 | 19.72 | 1.45 1.62 0.049 - 1 3 1?2388%32;)4750 - - - - 4,500 - 132,700 ]41,570

21

22

23

24

25

26

27

28

29

30

31

32

33

34

LY

FORM N 79-Y

TABLE 3

TOROIDAL BELLOWS FATIGUE
TEST DATA
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C. TOROIDAL BELLOWS FATIGUE TEST RESULTS

Available data from fatigue tests on 20 toroidal bellows were analyzed to
correlate calculated stresses with fatigue life. These data are presented in
Table 3. Results of the analysis are demonstrated graphically in Figures 13
and 14. It can be observed from comparison of Figures 13a and 13b that pres-
sure stresses have a definite effect upon fatigue life of toroidal type bellows.

In Figure 13b, a better correlation exists between calculated stresses and cyc-
les to failure than in Figure l13a. The pressure membrane stresses shown in
Figure 13b have been added to the deflection bending stress at twice their cal-
culated value; the C S factor has also been applied to increase deflection bend-
ing stresses because of the tendency to squirm under internal pressure. As
with the other types of bellows, the calculated bending stresses far exceed the
elastic limit and must be considered as fictitious or theoretical elastic stresses.
A correlation coefficient of 0.82 was found between calculated theoretical elastic

stresses and cycles to failure with the data treated as for Figure 14.

Since 18 of the 20 bellows tested were subjected to substantial internal pres-
sure during the test, and only 2 were not subjected to internal pressure, the
technique for evaluation of the effect of pressure stresses on cyclic life could
not be repeated for toroidal type bellows. Instead, a least squares curve fit
was made to the data in several cases, with a different factor applied to the
pressure membrane stresses for each case. It was hoped that a reasonable and
distinctive case with the least value for the standard deviation from the fitted
curve would determine the factor which should be applied to the pressure stres-
ses. This was in lieu of a non-linear multiple regression analysis of the data
available. No distinctive case appeared, however, so a reasonably conservative
case with the pressure membrane stresses multiplied by 3 and added to the
theoretical bending stresses was taken as the rule. The results of this are
shown directly from the digital computer output (Figure 14). The log-log rela-

tion can also be expressed as

Log,4S = 6.11 - 0.216 Log, N . e (7)

At 104 cycles this results in approximately the same value of S (stress) as the

expression for the other two bellows types. The factor of 3, which was applied
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to pressure membrane stresses, is greater than the factor of 2 which was ap-
plied to membrane stresses with the other two types of bellows and thereby
makes allowance for some pressure bending stresses which are not otherwise
considered. It may also be observed that analysis for the value of this factor is
strongly dependent on results of only 4 of the 20 tests. On the basis of so few
tests, it would be unwise to overemphasize the effect of pressure stresses, es-
pecially when the factor of 3 results in general agreement of theoretical stress-

cyclic life relations with those of the other bellows.

On the basis of these results, it can be concluded that for toroidal bellows,
as with other bellows types, theoretical values of stresses should be divided by
2.0 to obtain the effective stress and still yield a safety factor of 2.0 on the
mean above the ASA Code allowable. The effective stress would then be

5=1.58S + 0.55 .(8)
mp

bd .

Table 3 also contains data on calculated and experimentally determined
spring rates from 3 of the 20 bellows tested. It may be observed that calculated
spring rates agree well with experimentally observed spring rates for the two
smaller bellows and the tension spring rate of the larger bellows, but are in
error by a factor greater than 2.0 for the compressive spring rate of the larger
bellows. Prints were available for the larger bellows; the factor of 2.0 can al-
most be allowed for by the extremes of dimensional tolerances, again indicating
that accurate prediction of spring rate will be a significant problem for bellows

design.
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DEFLECTION STRESS "S,," (psi)

COMBINED STRESS "Cps Spg + 2.0Smp” (psi)
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Figure 13. Toroidal Bellows Fatigue Test Results,
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D. COMBINED RESULTS OF FATIGUE TESTS AT 70°F

Results of the 108 room temperature fatigue tests on the three types of
bellows were analyzed statistically as a single group., Calculated theoretical
bending deflection stresses were combined with theoretical bending pressure
stresses and the pressure membrane stresses in previously specified propor-
tions to obtain total theoretical stresses equal to twice the effective stresses, A
correlation coefficient of 0.87 was found between the calculated theoretical

elastic stresses and cycles to failure for this combined group.

Constants of equations were determined which express the combined stress

as a function of cycles to failure using a log-log relation with least squared
error, The evaluation of least squared error was made using two techniques,
i, e., (1) the error was used directly, and (2) the error was weighted by dividing
by the value of the Log S (Method of Fractional Residua.lszo). Constants for both
first order and second order equations were developed using both these methods,
resulting in four evaluations of the data, Previously, the data for each of the

three types of bellows had been separately evaluated with the same four procedures,

Some of the results of this analysis are presented in Table 4. Fitting the
second order curve to test data yielded unreasonable results in the range of
250,000 cycles; theseresults are therefore not presented. The data on Figures
15, 16, 17, and 18 indicate that weighting of the residual (or errors) would be
the most realistic approach since the scatter of data is obviously larger at the
higher stress values; therefore, only those results using weighted error are in-
cluded in Table 4. The weighting factor applied to the squared residuals was

the inverse of square of the Log 10 of the stress for each point.

An equivalent RMS deviation for this weighted curve was desired, The RMS
deviation with the weighted errors was obtained for the fitted curve and this was
multiplied by the Log 10 of the calculated mean stress at any given number of
cycles to determine an equivalent RMS5 deviation, not weighted, at that number
of cycles, This method then predicts larger RMS deviations at higher stresses

and is reasonable if not mathematically rigorous.

Table 4 also presents calculations for the factor of safety between predicted
effective mean stresses and the proposed allowable stresses, At 7,000 cycles
and 250,000 cycles the safety factor is not less than 1.75 in any case, However,

at 250,000 cycles the safety factor is consistently lower than at 7,000 cycles.
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TABLE 4

RESULTS FROM STATISTICAL EVALUATION OF FATIGUE TEST DATA

Bellows Type

108 Combined

Convoluted

Reinforced

Toroidal

Curve with Min.
RMS Deviation

Equivalent RMS
Deviation on Theoreti-
cal Stresses

Predicted Theoretical
Stress Range at
7,000 Cycles

Predicted Effective
Stress Range at
7,000 Cycles

ASA Allowable Stress
Range at 7,000 Cycles

Factor of Safety

Reliability 75%
Confidence Level

Predicted Theoretical
Stress Range at
250,000 Cycles

Predicted Effective
Stress Range at
250,000 Cycles

ASA Allowable Stress
at 250,000 cycles

Factor of Safety

Reliability 75%
Confidence Level

Correlation Coefficient

Log S = 6,260 - 0.2479 Log N

0.01744 x Log S

201,400 psi

100,700 psi

46,875 psi
2.14

0.9995

83,180 psi

41,590 psi

23,438 psi
1,77
0.995

0.87

Log S = 6,220 - 0.2307 Log N

0.01641 x Log S

214,300 psi

107,150 psi

46,875 psi
2,29

0.9999

94,200 psi

47,100 psi

23,438 psi
2,01
0.9995

0.74

Log § = 6.260 - 0,2493 Log N

0.01866 Log S

201,000 psi

100,500 psi

46,875 psi
2.14

0.999

82,400

41,200

23,438
1.75
0.991

0.89

Log S = 6,096 - 0.213 Log N

0.01507 Log S

189,200 psi

94,600 psi

46,875 psi
2,02

0.9993

88,300

44,150

23,438
1.88
0.9991

0.82

It should be observed that in all 108 tests, no failures were obtained above

197,000 cycles and the one bellows tested to 400,000 cycles did not fail but was

treated so in the analysis.. Therefore, the predicted values at 250,000 cycles

are an extrapolation and may be considered conservative.

For each type of bellows and for the combined test results, Table 4 also

presents an estimate of the reliability in service at the allowable stress level

when subjected to the full cyclic life.

distribution,

This estimate of reliability is at the 75%

confidence level for a large popula,tion.22 It is based on an assumed normal

Since system design requirements seldom specify a number of

operating cycles as high as 7,000 cycles, which is the minimum number con-

sidered in establishing ASA Code allowables, these estimates of the reliability

may be very conservative in practice.

The estimates do not include allowance

for unusual corrosive conditions or vibration problems which may be encountered

in application.

NAA-SR-4527
58



LOG o COMBINED STRESS (psi)

.
*
. . et RO . e e — — s ——
-
+
.,
N ¢ 0‘ LR §
A & ¢-—--\‘..4_..¢-—.n— + gyt + —
‘o - \,\ ¥ If + $
+ to\\‘\. -+
- . N I .
g «TIF"
: . : ) X
+ : J\\”!, T+ - * i o !
+ 1 N -
- L. R N
L2 - 3 ¥
- ’\9\\ )
* & :
+ X3
- ~ - +
- L X2
+ Vz\\q N
~.
. o\\
Nt » . .
+—+ +—t - [N
i \\ .
+ g N
+ \\;'
¥ y T b G bt B
.
.
! \\* '
' N\
:
+ \\\
¢ S
+
- .._,S,\:’:._.__
~
~~
—r - >
1
-
)
—_ + [ IR P
:
v .
- A ;
+
+—y —-t
Co
+ i S T 4— . L S B T oS UR O
I j
i \ ! |
oo ,
+ + — + Bt e e
f | : Co ‘
' 1 ' . ' ! :
i | | |
; : i ' SRS B RS SS -
| | P
! i ‘ .
| | N L
3. 4 [B

LOG,, CYCLES TO FAILURE

Figure 15, 108 Bellows Combined Fatigue Test Results,
Best Fit Curve-Weighted Area
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Figure 16, Convoluted Bellows Fatigue Test Results,
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Figure 17. Ring Reinforced Bellows Fatigue Test Results,
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E. RESULTS OF HIGH TEMPERATURE FATIGUE TESTS

‘ Results from fatigue tests performed at 1200 °F on the three types of bel-
lows are presented in Table 5. Some of these tests were performed as part of
an experimental investigation of bellows performance as explained in Refer-
ence 21. Several of the larger bellows were made especially for this test pro-
gram as non-standard production items, and were purchased from the manufac-
turer on a best-effort basis. Consequently, these bellows contained geometri-
cal variations within and between convolutions which would result in rejection on
a normal inspection basis. These variations did not, however, interfere with
the basic purpose of the program and the bellows were accepted and tested for
stress distribution. The fatigue test was an additional part of the program and,
in spite of the observed large stress concentrations, all the bellows were sub-
jected to fatigue tests. An estimate of the additional stress concentrations can
also be found in the experimental data of Reference 21. Data from tests on bel-
lows which would normally be rejected are therefore also included in Table 5

and may be given special consideration in light of the above.

The tests were performed at 1200 °F with molten sodium metal on one sur-
face, either the inside or the outside of the bellows. In the tests of the small
bellows, the second atmosphere was helium gas and in tests of the large bel-
lows, the second atmosphere was air entrapped in thermal insulation., During
the tests, each of the bellows was subjected to several levels of cyclic stress.
The data were transformed to one level of cyclic stress at 7000 cycles by the
use of Miners Hypothesis and the fatigue relation N_l/4 = KS. This fatigue re-

lation may be derived from results of the statistical analysis of bellows fatigue

behavior presented in Table 4 with

N = number of cycles
= cyclic stress range
K = a constant, empirically determined

The result of these calculations permitte.l determination of a factor of safety de-
fined as the ratio between the effective stresses range applied for a 7000-cycle
life and that which would be allowed by the ASA Code at this temperature. It
should be noted that at constant high temperature cycling the code has been inter-
‘ preted herein as allowing a total stresg range of 1.25 (SC + Sb) where SC = Sh.
NAA-SR-4527
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The safety factor determined for these bellows averages 3.80. The low
value of 1.15 is for a bellows with a large deviation from typical convolution con-
formation. This resulted in an experimentally observed stress concentra.tion21
of approximately 3.0 above the calculated and experimentally verified theoretical
stress distribution. If this low value is ignored or adjusted on this basis, there
would then be a minimum safety factor of 2.52. This is above the minimum val-
ue of 1.75 on the mean which is observed at 70°F by the data of Table 4. Itis
felt that this margin between 2.52 and 1.75 will be adequate to provide for the
effect upon cyclic life resulting from the difference in rate of cycling between

that of the test and that of service conditions.
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1 2 3 4 5 6 7 8|9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Bellows = m X = A Sm Sy Sha 5 N equiv. | Nequiv. | Sequiv. Safety
T;\II)Z.,,& (iljl.) (i}rlx.) (ii.) (irlj.) (7(;??”] (ir:.) Np Ne 0.778VER¢ % % Cp “a (in.) (ps?) (pSpi) (pbsi) (psi) test athAc tc?tal a(.:t:Z;)eOsO Factor
Material ) (psi)

V1 #2 9.50 1.00 1,00 10.50 1.57 0.050 1 | 4 |0.565 1 1.77 | 0.34 1.8 0.428 770 1500 28,200 | 16,370 1,000 4500

2 |Convoluted 304 |SS 0.534 770 1500 35,200 | 19,870 820 8000 12500 13,000| 1.15
3 | #3 10.125] 0.875 0.468 11,00 1.142 0.056 1 4 0.61 0.535 0.765} 0.59 1.92 0.500 480 1570 44,300 | 24,200 3,000 64,000

% | Convolutled 304 [SS 0.624 480 1570 55,300 | 29,700 1,000 47,500

5 0.750 480 1570 66,400 | 35,250 1,000} 96,200

© 0.876 480 1570 77,400 | 40,750 1,000} 173.000

7 1. 000 480 1570 88,500 | 46,300 1,000 | 287.000

8 1.124 480 1570 99,600 | 51,850 90 40,700 708 400| 35,700 3.17
o |45 10,00 0.75 0.20 10.75 0.864 0.050 1 5 | 0.576 0.267 0.345 | 0.82 ‘1.37 0.316 100 1980 37,800 | 20,980 18,260 | 220,000

% | Convolued 304 |SS 0.404 100 1980 48,300 | 26,230 5,170 153,000

1 . 0.480 100 1980 57,500 | 30,830 1,180 66400 ,

12 0.552 100 1980 66,000 | 35,080 720 68,000/ 507400] 32,800| 2.92
3] 46 10.00 0.75 0.20 10.75 0.60 1 0.050 1 ] 5 |0.576 0.267 0.345| 0.82 1.37 0.400 100 1980 47,900 | 26,030 5,000 | 143,600 NF
14 { Convolufed 304 (SS 0.600 100 1980 71,800 | 37,980 5,000 | 650,000

'° 0.800 100 1980 95.700 | 49,930 5,000 (1,970,000

'6 1.000 100 1980 [119.600 | 61,880 140 ) 122500[2886,100] 50,750 | 4.5
17 | 47 10.34 1,14 0.367 11.48 1.349 0.062 1 | 4 | 0.653 0.322 0.562 | 0.75 1.5 0.560 350 2800 42,100 | 24,200 1,000 21400
'® | Convolufed 304 |SS B 0.700 350 2800 52,500 | 29,400 1,000 46200

9 | (welded) 0.840 350 2800 63,000 | 34,650 1,000 90,000

0 0.980 350 2800 73,600 | 39,950 1,000 158500
21 1.120 350 2800 84,100 | 45,200 1,050| 273,000/ 589,100 34,100 3.03
22 | #8 Conv)] 10.10 1.15 0.438 11.16 1.400 0.030 1 { 4 | 0.45 0.381 0.973 | 0.55 1.65 1.946 780 8920 63,400 | 41,400 1,590 289,000[ 289,000/ 28,500 | 2.54
23 149 10.10 1.15 0.438 11.16 1.400 0.050 1 | 4 | 0.58 0.381 0.755 | 0.55 1.7 1.184 465 3795 63,200 | 35,860 5,000 515,000

2l Convolufed 304 Iss 1.480 465 3795 79,000 | 43,760 5,000 1,140,000 NE
2 1.776 465 3795 94,700 | 51,610 3,000]1335000[2990000, 51,100 | 4.55
26 #1of§3§ . fg‘ﬂ%b 1.15 0.438 11,16 - 0.030 1| 4 | 0.45 0.381 0.973 | 0.58 1.57 1.946 190 9430 66,600 | 35,850 2,730 | 282000 282000 28,300| 2.52
271 #11 10.625| 1.375 1.325 12.00 - 0.050 1| 2 | 0.603 0.96 2.2 - 1.55 0.526 140 - 43,400 [ 21,910| 27,850 402,000
28 | Toroida}l 304 gg 0.788 140 - 65,000 | 32,710 5,130 366,000 NFE
Gl 1.050 140 - 86,500 | 43,460 2,570 575,000[1,343,000 42,000] 3.74
30
31
32

33
34
35

FORM N 73-Y

TABLE 5

BELLOWS FATIGUE TEST DATA
FROM HIGH TEMPERATURE
TESTS
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1 2 3 6 7 9 10 11 14 15 16 17 18 19 20 21 22 23 24
B;llows R h %- 1) a+h t N o 7X . a a C A smp pr sbd S Ntest Nequiv. Nequiv. a:)(%‘t)l(;,(a Safety
0., ; ; ; c Jo.778/Re| E d i i i ; ; total Factor
Type, & (in.}) (in.) (in. ) (in.} h x (in,) (psi) (psi) (psi) (psi) at Sy cycles
Material (psi)
#8 1.755 | 0.407 0.533 | 0.03 10 | 0.198 .543 .8 0.545 | 110 590 57,700 | 29,550 1,000 31,100
Convoluf 0.683 110 590 72,300 | 36,850 1,000 75700
347 SS 0.796 | 110 590 84,400 | 42,900 1,000{ 138,000
0.898 | 110 590 95,000 | 48,200 1,000| 213,000
1.035 | 110 590 109,600 | 55,500 | 11,0004,268000]4,725800] 63,700] 5.1
#10 .755 | 0.407 0.533 | 0,03 10 | 0.198 .543 .8 0.554 | 110 590 58,600 | 30,000 1,000| 33,100
Convolu 0.693 | 110 590 73,400 | 37,400 1,000| 80,000 4{
347 S8 0.832 | 110 590 88,100 | 44,750 1,000| 164,000
0.971 | 110 590 103,000 | 52,200 1,000{ 303,000
1.110 | 110 590 117,700 | 59,550 1,000 512,000 NF
1.249 | 110 590 132,200 | 66,800 | 11,000[8910,000}10002100 76,900] 6.15
#9 755 | 0,407 0.531 0.03 10 | 0.198 543 .8 0.554 | 110 590 58,600 | 30,000 1,000} 33100
Convolu 0.693 | 110 590 73,400 | 37,400 1,000] 80000
347 SS | 0.832 | 110 590 88,100 | 44,750 1,000 | 164,000
i 0.971 | 110 590 103,000 | 52,200 1,000 | 303,000
‘ 1.110 | 110 590 117,700 | 59,550 971 | 499,000 ]1079,10d 44,100] 3.52
#2 755 | 0.347 0.418 | 0.03 24 | 0.194 .36 .6 0.714 80 560 47,700 | 24,490 1,000| 14800
Convolu 0.892 80 560 59,600 | 30,440 1,000| 35000
347 SS 1.070 80 560 71,500 | 36,390 1,000 70800 NF
1.248 80 560 83,400 | 42,340 | 18,000 3600002480604 54,300] 4.34
41 .755 | 0.347 0.418 | 0.03 24 | 0.194 .36 .6 0.714 80 560 | 47,700 | 24,490 1,000 14800
Convoluted  347[SS 0.892 80 560 59,600 { 30,440 1,000 35,000
B 1.070 80 560 71,500 | 36,390 1,000 70800 NF
1.248 80 560 83,400 | 42,340 | 17,000 225000234560 53,500] 4.28
45 765 | 0.197 0.2426 | 0.015 30 | 0,134 | 0.406 0. .6 0.666 | 140 670 46,100 | 23,860 | 1,000 13300
Convolu 0.832 | 140 670 57,600 | 29,610 1,000{ 31400
347 S5 0.998 | 140 670 69,100 | 35,360 1,000 63800
1.164 | 140 670 80,600 | 41,110 1,000| 116500
1.330 | 140 670 92,000 | 46,810 8,576 1 718,000 [1 943,000 51,100] 4.09
#6 L7165 | 0.197 1 0.2426 | 0.015 30 0.134 .406 .6 0.654 { 140 670 45,200 | 23,410 1,000} 12300
Convoluted 0.817 | 140 670 56,500 | 29,060 1.000] 29200
347 SS 0.980 . 140 670 67,800 | 34,710 1,000 59,000
1.143 l 140 670 79,100 | 40,360 1,000{ 108000
1.306 i 140 670 90,400 | 46,010 1,000] 184000
1.469 140 670 101,700 | 51,660 5,326 01 550,000 |1,942500, 57,100] 4.09
43 755 | 0.347 0.423 | 0.03 23 | 0.194 .383 .65 0.696 85 535 47,200 | 24,220 1,000 14000
Convolu 0.870 85 535 | 58,900 | 30,070 | 1,000] 33500
347 SS 1.044 85 535 70,700 | 35,970 1,000 66200
1.218 85 535 82,500 | 41,870 1,000] 125300
o 1.392 85 535 94,400 | 47,820 1,000 | 213,000
1.566 85 535 106,100 | 53,670 1,000 | 338,000
1.740 | 85 | 535 119,300 | 60,270 1,000 | 540000
1.914 85 535 129,800 | 65,520 1,000 | 756,000 o
2.064 85 535 140,000 | 70,620 353 | 360,000 |2,446,000 54,100 4.33
#4 i.755 | 0.347 13 0.423 | 0.03 23 |0.194 10.383 .65 0.708 85 535 48,000 | 24,620 1,000 15100
Convolat 0.885 85 535 60,000 | 30,620 1,000 ] 36000
347 S8 1.062 85 535 72,000 | 36.620 1.000 74,000
o 1.239 85 535 84,000 | 42,620 | 12,169 |1,635000
B 1.419 85 535 96,000 | 48,620 1,000 | 230000
1.593 85 535 108,000 | 54,620 1,000 | 365000
1 1.770 85 535 _ (120,000 | 60,620 730 {403,000 |2758.000| 55,700 | 4,46 |

Table 5 (Continued)
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IV. CONCLUSIONS

A method of evaluating the design application of bellows on the basis of cal-
culated allowable stresses has been presented which correlates well with test
results. This calculation method allows evaluation of both deflection stresses
and pressure stresses on convoluted bellows, convoluted bellows with reinforc-
ing rings and toroidal bellows. The reliability and correlation coefficients in
Table 4 are sufficiently high to advise acceptance of the calculation method re-

gardless of its mathematical basis.

Methods of statistical mathematics have been used with data from tests to
determine the effect of pressure stresses on cyclic life of the bellows. Factors

for this effect have been included in the proposed calculation procedure.

The proposed stress calculation method and the proposed allowable stress
limits for bellows to be used in a piping system both have the same basis as
those for other components of the system. The proposed limits have been shown
to have reasonable safety factors at 70 °F and at 1200 °F on the basis of experi-

mental data from tests evaluated herein.

Test data have been presented and so evaluated as to provide a basis for
economic optimization of allowable stresses in applications other than piping

systems.

The effect of instability induced by internal pressure upon bending stresses
and spring rate has been evaluated analytically and observed in experimental

data. This effect has been compensated for in the proposed analytical method.
Additional test data and data from service performance would be heipful in:

a) Confirming the effect of pressure upon cyclic life, especially for

toroidal and reinforced bellows.

b) Confirming the safety of the proposed allowable stresses, and the

effect of pressure stresses upon cyclic life at high temperatures.

c) Evaluating other problems such as vibration-induced fatigue failure

which may occur in service.

d) Evaluating the manufacturing process controls which must be exerted

to ensure reliable bellows.
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e) Evaluating other design features such as end connection details which

help ensure reliable bellows. .

Additional analytical effort might be especially helpful in studying the effect

of contact with reinforcing rings on the fatigue life of reinforced bellows.

As in the opening paragraph, it has been found that stresses are predicted -
more accurately than deflection for a given load. Therefore, where spring rate
1s a controlling factor, prototype testing under design conditions is recom-
mended, since substantial error might result from using the calculation meth-

ods presented herein. This error can be in either direction.

The availability of additional test data and funds would justify and allow the
use of non-linear multiple regression analysis of all test data. This method
could be applied to evaluating the effect of internal pressure and other factors

on the fatigue life and performance of bellows.
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APPENDIX A
INSTABILITY OF BELLOWS WITH INTERNAL PRESSURE

The problem to be investigated is that of instability of a bellows under
internal pressure when used as a hinge. The bending stresses in the bellows

when near instability occurs will be investigated.

The assumption is made that the bellows can be approximated by a thin
walled hollow cylinder having a bending rigidity EI which can be taken as a con-
tinuum quality. This assumption might require 10 convolutions to avoid ap-

preciable error; its effect has not been evaluated.,

Taking the bellows as a thin walled tube with internal pressure as shown in
Figure 19, two sources of transverse force are found which contribute to in-
stability, the end force '"'Q'' and the internal pressure ""P." Both of these sources

require some curvature (day/dxz) for the existence of a transverse force.

It can easily be shown that the transverse, or y component of force from

Q for a length 'dx" equals

-.0dY.
nydx dez dx . e (1)

The transverse force caused by internal pressure results from increased
area on one side and decreased area on the other side due to the curvature of
the tube. The length of an element of the outside surface where the length of

the center is ''dx'' may be expressed as

_[-a0\]
dL:dx[l+R-s1n(p(&-Q):|, ...(2a)
or
42
dL = dx l-Rsin(p-—c-l——% , ...(2b)
X
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-6r2

d2y
NoTE (1): —7 'S NEGATIVE AS SHOWN
X

Figure 19. Dimensions and Forces on Bellows
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since

2
df ~ dfdy\_dy
= =a%§)— dxz . ...(3)

The y component of the internal pressure is
d%y=rde~Rdw-ﬂn¢ ’ ... (4)

then the net transverse force from internal pressure fpy for a length dx equals

©o=2m
d2
f dx-= Pdx {1 -R sin@SZL)-R sino do , ...(5a)
PY dx>
¢=0
which can be integrated to
=27
2 d2 -2
f +dx-= -P-R““Y . dx . sin ¢+ PRdx sin@|dy , ...(5b)
Py dx?
©=0
2 d2
f dx=PR““ZL.dx-m+0 |, ...(5¢)
Py ax?
z d%y
f dx= -PAR". dx .
py x dx2 b ...(54d)

One can interpret this to mean that fpy is equal to the pressure times the cross-
sectional area of the tube times the curvature. Also, since the total transverse

force under consideration is then

2
2 d
fy=—<PTTR +Q>—}2' , ...{6)

[o )
»x
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a ready explanation can be made for the reason that buckling of tubes due to
internal pressure is seldom observed. When end caps or elbows exist on tubes, '
the force, Q, is opposite in sign to that shown on and proceding page, and has

a value

Q=-P"R .

The result would then be

and no transverse (or buckling) forces exist.

The equation of equilibrium for forces in the y direction on an element of

length dx, considering bending of the tube, then becomes

a® (Eid%y _
_2 2 "fy‘o . ...(7)
dx dx

If EI is a constant and elastic action prevails, then by substituting for fy’

—a? 2 a?
EI—X+(P17R +Q)——l=0 . ...(8)
2 2
dx dx
Taking as boundary conditions at x = 0,
a) y= Yo = 0 defined
MiL
b) y'=0_=6/2 defined as =
’y ° : 2EI
c)EI "= -M
Y o
d) EI"m=YV
y o
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atx =1L,

e)y = vy, = 0 defined
M.L
- - _ .
fy'= GL = -6/2 defined as S5
g) EIy" = -M[
B ' =
h) Ely" =V

Also, since symmetry exists, then at x = L/2,

=0 and V =0 .

8L/2 L/2

Integrating Equation 8 from x = 0, tox = x and preserving the meaning

arbitrary
of the limits as boundary conditions(b) and(d) yields

3 X X
EId——%] +<P1TRZ+Q>—Y-?1] =0 , ... (9)
X
dx o o
or
Elﬁx v +PmRE+ ¥ - (prr®+ Q)6 =0 10
3 Vo ) & o=0 - -+ (10)

Integrating again in this way and substituting for boundary conditions in(a) and

(c) yields

2
IE+(PnRv+Q)y_VOx-MO+(PnR +Q)B x+y ) . c.a(11)

This now requires solution as a differential equation:

2
d%y | k2. - X - 1
dx2 + Ky = (Vo + Feo) EI+ (Fyo Mo)ﬁ , ... (12)
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F=P1TR2+Q , ...(13)

O
K™ = o B ... (14)
The solution is of a classic form
y=AcosKx+BsinKx+C+Dx . ...(15)

Solve for the coefficients and unknown boundary conditions Vo’ \% Mo’ M

L’ L’
by substituting into the equations as follows:
Substituting Equation 15 into Equation 11 yields
K®C + K®Dx = (V_+F8 ) X + (Fy_- M )m (16)
"V o' EI Yo o' EI ’ T
Fy - M
o o
C = —F .o (17)
FGO + v,
D= —F - ...(18)
From boundary condition a),
-M_
C=—x . ...(19)
Substituting boundary condition a) into Equation 15 yields
y=0=A-1+B-0+C+D-0 , ...(20a)
Mo
A=-C=—F— . ...(20Db)
Substituting boundary condition b) into Equation 15 yields
y'=90=-KAsinKx+KBcost+D , ...(21a)
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% , ...(21b)
then

y = -C cos Kx + o

% sin Kx + C + Dx ...(22)

Using the symmetry conditions by taking equilibrium of forces in the y direction
for the length x = 0 to x = L/2,

o s ...(23a)
yields
F6+VO=0, orD=0 |, ...(23b)
then
M, 8 . M,
y=+—F——cost+isme—? . ...(24)

Substituting into boundary condition f) and boundary condition b),

M

6 o . 6
[ 9 ~_
y'= -5 K-+ smKL+K2KcosKL R ...(25)
_ F__ .8,
Mo—KsinKL > (1 + cos KL) , ...(26)
then
_ig(l+cosKL>(\ ) 8 .
Y g3 \sin KL/ \¢°8 Kx -1)+ 5= sin Kx ... (27)
M.,L . .
or since 6/2 = > 1_ where Mi is the bending moment when pressure P = 0,
I
M.L
_ i 1}l -cos KL}{. . .
Y—ZE_)—IK[< oin KL >¢,ost-l>+sme] , ...(28)
and

g

"

=
~<—
1]

-M.LK
i 1 + cosKL .
> [( sin KL >cos Kx + sin Kx] . ...(29)

NAA-SR-4527
79



It can be shown that when sin KL = 0 and at KL, = 7, the value of M is not in-
finite. However, when sinKL = 0 at KL, - 27, the value of M becomes infinite,

or KL = 2m determines the critical buckling load. This critical load

F = 5 ’ ...(30)

is the same as for a regular fixed end column of length L.

To find the point of maximum moment

Since V = 0 at x = L./2, maximum moment occurs at LL/2, and since

i
1 + cos KLk | _ cos 3 KL
sin KL, = cot 3KL = s—'—ll;—; y .-.(31)
in 3
2
then
“M.LK [cosz ikL |
M + sin T KL| , ...(32)
L/2 sin E'KL 2
M _ -MiLK . l ML/Z
L/2 sin %KL or Mi
LK/ .
= -—/sin 3KL . ... (33)

Using this formula and the moment at x=L/2 as a function of %KL/ZN )
(the ratio of operating pressure to critical pressure), the effect of internal pres-
sure on maximum bending stress was evaluated. This is presented graphically

as

My

3
Ps Mi

C

as a function of p/Pcr in Figure 20.
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Examination of Equation 29 shows also that at the ends of the bellows, x=0, and

=T i - _
x =L M0 and ML become zero when 3 KL =1/2 or F/FCr = 1/4.

This suggests a strong effect of internal pressure on rotation spring rate

Kr' When F/Fcr >1/4, the spring rate becomes negative.

A similar derivation was made for bellows subjected to transverse motion
and internal pressure. No increase in peak deflection bending stresses is found

to be induced when internal pressure is less than %Pcr RN

The continuum quality EI can be estimated by using the easily calculated
values of axial spring rate which could be related to the properties of a simple
tube so that

_EFL _F_EA
G-EAorKa._G_ L o..(34)
From the equation
I=@m%A
r = radius of gyration
T = R for thin cylinders
V2
then
-2 =
s_(R) A
i- B4 ... (35)
and
El _F- (R)° _2
fz'g 2 =0.5 (R.) Ka . ---(36)
To find rotational spring constant Kr’
ML M _EI 2
9=ﬁorKr=F=T=0.5RKa y ,,,(37)
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and to find the critical pressure, or internal pressure which would cause buck-

ling when Q = 0,

— 2
F =mr?P =4n?BL.2% ,s5r’k ...(38)
cr cr LZ L a
27K
P = = . (39)
Cr L “ o0 .
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Figure 20. Factor for Increase in Angular Deflection Stress

From Internal Pressure Cps - P/PCr
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APPENDIX B
MATHEMATICAL EVALUATION OF THE EFFECT OF PRESSURE STRESSES ON FATIGUE LIFE

From the empirically derived relation of cyclic stress to fatigue life of

bellows without significant preseure stress

/
Longd—X-nLogNi ... {1a)
one can also state
/ X
S = (1b)
bd N n

where subscript 'i' denotes individual values, prime denotes predicted vaiue

5.4 7 bending stress from deflection, psi

N = number of cycles to failure

X,n = empirically derived constants

ps = factor for increase of deflection stress due to internal pressure
Smp = membrane stress induced by internal, pressure, psi
S

bp = bending stress induced by internal pressure, psi

The assumption is made that the value of "X' and ''n'" determined from tests on
a group of bellows with no significant pressure stress determine the relation of
cyclic stress to fatigue life for the entire population of bellows, including those
bellows where significant pressure bending stress of undetermined effectiveness
exists. Then a factor for the effectiveness of pressure bending stress on fatigue

life "B'" will be determined.

Given the test data from a bellows with internal pressure one can calculate

a predicted stress from the given number of cycles Ni

X
S; = o ...(lc)
(N,)
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or to separate the stress components

S.=C__ S + 2S5 + S =, ... (1d)
. i . .

This predicted stress would be compared to the actual calculated theoretical

stress from the known conditions of pressure and deflection as

cps.s]Ddi + zsmpi + Bpri = si . ... (2)

It is further assumed that

/

cpsi S, a. + .zsmpi = C_ .S, 4, + zsmpi ... (3)

which implies that any error existing would result from the effectiveness of pr

on cyclic life or

When normalized by dividing by S’and squared to avoid the mathematical prob-

lems of using absolute values of the error then

’ \2
- S
bpi)

B8S
i ¢ ‘i( e (5)
i~ 7.2 :
i=1 i=1 (5;7)

n
To find that value of '"B'" which yields the minimum value of z €i2

i=i

one takes
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which yields

or as a constant

bp bp

Z ...(8)
" S e

This yields a value of '"8' which would result in the least squared error between

the predicted values of total stress and the actual calculated values of stress
which include pressure bending stress,

If more exact evaluation of the effect of pressure stress upon cyclic life
were desired, a multiple non-linear regression would be a better way of evalu-
ating the best fit value of '"8', One general method of performing a multiple
non-linear regression is to obtain an estimate of the unknown coefficients and
then solve for corrections to these terms using multiple linear regression

techniques,

The data may be expressed by
I_
logy —-A0+RLog (Al)(1 +A2X2) ... (9)

where A2 would be related to '"'B'".

This could also be expressed as
4
Iny :nLn(alxl + azxz) ...(10)

where the values of n, a, and a, must be found for least squared error, Express-

ing the values found in the previous approximate analysis as n, 250 and as.
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one could define the best fit values as corrections of these by

n=n_+€_ ...(11a)
a1=a10+€1 ...{11b)
a.2=a.20+€2 ...{(11lc)
then
4
Lay's (ng + €) Ly [@)9 + € )X + (350 + )%, | - (12)

Expanding the right side as a Taylor series expression for natural logs and

taking only the first term correction

_ € d(LnX) _ €

Ln(X+€)—LnX+“ d —LnX+Y ... 13)
then
4
Lny = noLn(aIOX1 + aZOXZ) + €oLn(a‘10X1 x a’ZOXZ) ... (14)
n € X n €,X
22

+ o 11 ° . ...(14)

aj0X1 t 30Xy 210X T 250%;

This expression is linear in EO, € ) and 52 and so would allow the use of

multiple linear regression techniques.

This method was not used, however, as: (l) no computer code to solve for
these corrections was readily available; and (2) the method which was used would
serve to supply the values of n_, 250 and 250 to be corrected., The uncorrected

values proved to provide a correlation close enough for practical purposes,

NAA-SR-4527
88




U'ID#E-\’NH

Design Sheet Form 1
Design Sheet Form 2
Design Sheet Form 3

Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

1

o ~N O U W W N

*Included in body of report - see contents page.

APPENDIX C

SPECIFICATIONS FOR THE PURCHASE OF BELLOWS

TABLE OF CONTENTS

SCOPE. v ¢ v o v o s s s s c s s s s s 0o aens
Requirements . . v o o o s 6o e 0 6 s 00600
Inspection and TestS, v « « « « ¢ o s ¢ a0 s
Engineering Data. . . v oo v e o 0 e 00 s 0

)
. Attachments :

Convoluted Bellows Cp s e e
Convoluted Bellows Cd P
Convoluted Bellows Cf s e s
Ring Reinforced Bellows Cp. .
Ring Reinforced Bellows C
Ring Reinforced Bellows Cf .
Toroidal Bellows Cd. oo 0o n e
Toroidal Bellows Cf c e s e e

d.o

NAA-SR-4527

89

Convoluted Bellows ., . .
Ring Reinforced Bellows

Toroidal Bellows ., . . . .

ooooo

Page

90
90
96
97

17
23
28
18
19
20
24
25
26
29
30



BELLOWS TYPE EXPANSION JOINTS

1. Scope This specification covers the requirements for design, fabri-

cation, inspection, testing, and packaging of bellows type expansion joints which
assure flexibility of piping systéms for high temperature liquid metal service
subject to thermal expansion or other movement, The bellows type expansion
joint assembly consists of the convolutions or toruses, connections to piping or
equipment, and hardware for support and restraint of movements defined by the
design criteria, Application of this specification is limited to convoluted, ring

reinforced convoluted and toroidal bellows as far as the shape of convolutions is

concerned.,
2. REQUIREMENTS
2.1 Design Conditions

Item 1| Item 2 | Item 3 | Item 4 | Item 5 | Item 6

Number required

Pipe size

Pipe Material

Pipe Connection type

Type of bellows

Type of hardware

Design pressure, psig
Design temperature, °F
Operating temperature, °F
Axial deflection, in.
Lateral translation, in.
Angular movement, °
Number of lifetime cycles

Torsional moment
(obtained by piping
stress analysis)

2.2 Configuration of Bellows The convolutions and toruses shall be of

commercially available configuration but limited to those specified inparagraphl,

2.2.1 There shall be no appreciable variation of the spring constants of

individual convolutions and toruses,
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2,2.2 The shape of end convolutions and toruses shall be consistent with all

other bellows elements,

2.2.3 The design of attachment between pipe and bellows material shall as-
sure that no detrimental stresses will be generated which may cause the failure

of the bellows material or the weldment,
2.3 Hardware

2,3,1 All bellows shall be fitted with permanent protective covers so spaced
or articulated as to allow full movement of the bellows while minimizing the
possibility of entry of foreign particles between convolutions or damage during

the construction period.

2.3,2 Reinforcing rings, hardware, or other items in contact with the bel-

lows material shalli be smooth and free of projections which could induce failure.

2.3.3 Bellows hardware or packaging shall be fitted with stops or restraints

to prevent excess deflection during the construction period,

2.4 Allowable Stresses and Stress Ranges The stresses due to internal

pressure and thermal expansion shall not exceed the following allowable stresses
and stress ranges where Sc’ Sh and f are defined in the applicable section of the
American Standard Code for Pressure Piping ASA B31,

2.4.1 Membrane stresses in the corrugations, reinforcing rings and hard-
ware due to internal pressure (Smp) shall not exceed the allowable stresses at

design temperature (Sh).

2.4.2 In nonreinforced type bellows, the combination of membrane and

bending stresses due to internal pressure (S_ =S + S, ) shall be limiicd to
P mp bp

1.25 Sh'
2.4.3 Shear stresses shall be limited by 0.5 Sh‘
2.4.4 Combination of calculated membrane, bending and torsional stresses

due to internal pressure and deflection caused by therrnal expansion (S

Spa?
stresses SAC = f (I.ZSSC + 1,25 S

mp’ sbp’
and St) shall not exceed the Code allowable stress range for combined

h)'

2.5 Stability The factor of stability, that is the ratio of critical to oper-
ating pressure, must be greater than 5 if the bellows are designed for axial
movement only and must be greater than 10 for bellows designed for combined

movements.

NAA-SR-45217
91



2.6

ments of paragraphs 2,4 and 2.5 shall be performed by the means of the attached

Design Sheet Forms 1, 2 or 3, whichever is applicable and in accordance with

Calculations Calculations to substantiate compliance with the require-

the following definitions and equations:

2,6.1

Definitions
R -Mean radius of connecting piping, in,
h -Half wave height, in,
a -Radius of convolution, in.
t -Bellows thickness, in.
R = R + h - Mean bellows radius, in,
Np ~-Number of plies
NC -Number of convolutions
L -Overall active length of bellows, in.
A -Cross section area of the reinforcing rings
p -Internal pressure, psig
A -Axial deflection, in.

0 -Lateral translation, in,

Ay = 66R -Lateral translation equivalent axial deflection, in.

L

@
A

C

Angular movement, radian

1

R(® -Angular movement equivalent axial deflection, in,

>
1

Aa +Ab + I.ZAC Total equivalent axial deflection, in,
M, -Torsional moment, in lb,
¢© ~Angular rotation due to torsional moment, radian
E_ -Young's modulus at room temperature, psi
Eh -Young's modulus at operating temperature, psi

V =0.3 Poisson's ratio
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2.6.2 Equations

(a) Membrane stresses due to internal pressure:

h pRa

S = Bt = p- for convoluted bellows
mp Npt [(—-l>a+hj|Nt
2

h

Sm = NEE for ring reinforced and
Py toroidal bellows

Smp = %h—i"— for reinforcing rings

(b) Bending stresses due to internal pressure:

2C pth
S
P t°N_R
P
Obtain constant Cp from Figure 1 for convoluted bellows, from Figure 4 for

ring reinforced convoluted bellows.
(c) Bending stresses due to deflection:

0.412 ECtAR

bd hZNCCdR

S

Obtain constant C4 from Figure 2 convoluted bellows, from Figure 5 for ring

reinforced convoluted bellows and from Figure 7 for toroidal bellows.

(d) Combined membrane and bending stresses due to internal pressure

and deflection:

Sd = Smp + pr + O.Sde for convoluted bellows

S, =8 + 0.25S + 0.55 for ring reinforced con-
d mp bp bd voluted bellows

Sd = l'SSmp + O.Sde for toroidal bellows

(e} Torsional stresses:
Mt (thR
10.4NC(.57 a + h)

S = =
bt 2nrRr%N
p
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Where Mt may be obtained from the stress analysis of the piping configuration

or ¢ from the clearances maintained in the hardware of restraints.

(f) Combined total membrane, bending and torsional stresses:

_ 2 2
s = Sd +48t

(g) Axial spring rate:

0.431 R E, t3N
Ka = h P lb/ln-
N h3C
Cc f

Obtain constant Cf from Figure 3 for convoluted bellows, from Figure 6 for

ring reinforced convoluted bellows and from Figure 8 for toroidal bellows.
(h) Rotation spring rate:

Kr = 0.5 Ez K, in.lb/radian

i} Factor of stability:

27K,
F =
L
-
2.7 Material
2.7.1 Material in contact with the fluid shall be austenitic stainless steel,

any 300 series. Minimum thickness of bellows material shall not be less than

0.030 in, nominal,

2.7.2 Material not in contact with the fluid such as reinforcing rings and
hinge or gimbal hardware may be of other than 300 series stainless for reasons
of reduction of wear or strength, provided it is compatible with the other

materials,

2.7.3 All materials shall be corrosion resistant and metallurgically stable

under long time exposure at operating temperatures,

2.8 Fabrication All fabrication shall be performed in accordance with the
provisions of the pertinent section of the American Standards Code for Pressure

Piping ASA B31 unless otherwise noted in this specification,

2.8.1 Welding Welding shall be according to Atomics International Specifi-
cation NA0107-002.
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2,8.2 Passivation Passivation of the bellows material shall be according to

the supplier's process or to commercially acceptable practice, if applicable.
When applicable the process shall be submitted to Atomics International for in-

information.,

2.8.3 Heat Treatment Heat treatment of the bellows material shall be

cording to the supplier's process or to commercially acceptable practice, if
applicable. The process shall be submitted to Atomics International for

information.

2.9 Cleaning Cleaning shall be done according to commercially acceptable
practice to remove dirt, grit, scale, weld spatter, grease, oil, cleaning fluid,

and rinsing water,
2,9.1 Halogen-ion bearing cleaning solutions shall be prohibited.

2,9.2 All openings shall be sealed immediately after cleaning to prevent

entry of foreign matter and moisture during transit and storage,

2.9.3 All gas, or moisture, or both trapped between layers of multi-ply
bellows shall be evacuated and the space sealed at design temperature to pre-

vent deformation of the bellows caused by thermal expansion of any gas present,

2,10 Identification Identification of the product to be in accordance with

commercially accepted practice using an electro-chemical marking on a non-
critical stress area. Impression stamping or vibrating needle identification

shall not be used.

2,11 Packaging The bellows shall be packaged to prevent dam.age and
contamination during handling, shipment, and storage, and be acceptable by

common carriers.

3. INSPECTION AND TESTS

3.1 Access An Atomics International representative shall have access to
the Seller's plant for surveillance of work at any time during the fabrication,

assembly, inspection, testing, and packaging of the equipment.

3.2 The Seller shall supply all materials and equipment for conducting,

and conduct all necessary inspections as required by this specification,

3.3 The bellows material shall be determined to be free of injurious de-

fects by definitive inspection methods prior to forming.
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3.4 After forming, the bellows shall be determined to be free from injuri-

our defects by definitive inspection methods,

3.5 All welds of the expansion joint assembly shall be radiographed in
accordance with the provisions of Atomics International Specification NA0107-002,
Where radiography is not practical, liquid penetrant examination may be substi-

tuted. Application of the liquid penetrant shall be done by painting or dipping.

3.6 Visual examination and measurement of the completed expansion joint
assembly shall determine that variances of fabrication such as notches, crevices,
material thinning, metal buildup, upsetting or others will not serve as points of

stress concentration or stress raisers.,

3.7 The completed expansion joint shall be tested for leakage by the helium
leak detection method. The maximum allowable leakage shall be 1 x 10'7 cc per
second for a one atmosphere pressure differential at standard conditions. The
Seller shall submit his detailed procedure to Atomics International and obtain

Atomics International approval before start of testing.

3.8 All inspection and test reports and forms including material certifica-

tions shall be submitted to Atomics International,

4, ENGINEERING DATA The seller shall furnish the following data for

Atomics International's review and approval prior to fabrication.

a. Bellows assembly drawing including the following information:
configuration, weldments, controlling dimensions, tolerances, materials,

finishes, applicable specifications.
b, Design sheet forms completed with calculations.,
c. Fabrication procedures,

d. Inspection and test procedures,
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3.4 After forming, the bellows shall be determined to be free from injuri-

our defects by definitive inspection methods.

3.5 All welds of the expansion joint assembly shall be radiographed in
accordance with the provisions of Atomics International Specification NA0107-002,
Where radiography is not practical, liquid penetrant examination may be substi-

tuted. Application of the liquid penetrant shall be done by painting or dipping.

3.6 Visual examination and mesasurement of the completed expansion joint
assembly shall determine that variances of fabrication such as notches, crevices,
material thinning, metal buildup, upsetting or others will not serve as points of

stress concentration or stress raisers.

3.7 The completed expansion joint shall be tested for leakage by the helium
leak detection method, The maximum allowable leakage shall be 1 x 10"7 cc per
second for a one atmosphere pressure differential at standard conditions. The
Seller shall submit his detailed procedure to Atomics International and obtain

Atomics International approval before start of testing,

3.8 All inspection and test reports and forms including material certifica-

tions shall be submitted to Atomics International,

4, ENGINEERING DATA The seller shall furnish the following data for

Atomics International's review and approval prior to fabrication,

a. Bellows assembly drawing including the following information:
configuration, weldments, controlling dimensions, tolerances, materials,

finishes, applicable specifications.
b, Design sheet forms completed with calculations.
c. Fabrication procedures.

d. Inspection and test procedures.
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