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ABSTRACT

Results of theoretical and experimental investigations of bellows
typical of those found in Space Shuttle external tanks are presented. New
correlation parameters are identified which generalize the alternating
stress calculations presented in an earlier SwRI study titled "Bellows
Flow-Induced Vibrations and Pressure Loss." Alternating stress amplitudes
and mean stress levels form the basis of a fatigue analysis incorporating
seven-ordinate charts for 347 S.S., Alloy 21-6-9, and Inco 718. A crack
propagation model is also presented. Computer programs for computing
bellows fatigue life and Two Phase flow and material hardness topics are

contained i1n the report.
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I. INTRODUCTION

I.1 Qverview

This report describes all work performed by Southwest Research Institute
under Contract NAS8-31994, '"Research Study of Flow Induced Vibrations.'" This
study was performed for George C. Marshall Space Flight Center of the National
Aeronautics and Space Administration, and it was administered by the Structures

and Propulsion Laboratory, with Mr. R. H. Veitch serving as Teclinical Manager.

The general objective of this study was to evaluate bellows related
theoretical assumptions either by analytical and/or experimental investigations.

Emphasis was placed on obtaining a better understanding of the fluid-elastic

excitation mechanism and upon developing a refined fatigue prediction methodology.

The foundation of the current study is found in earlier research work.performed
by the Institute which is reported in a document titled "Bellows Flow-Induced
(1)

Vibrations and Pressure Loss,' by C. R. Gerlach, et al.

Summary of Results

A number of significant findings have been made throughout this report;

these are summarized below.

(a) Definition of Cp* Parameter - A stress correlation parameter has

been defined which generalizes the existing bellows data contained
in Reference 1. Previous data were characterized by a number of
parameters such as the specific spring rate, fluid state, geometric
factors and a vortex force coefficient. All of these factors are

accounted for in the Cp* correlation and its usage.

(b) Damping Model - As an alternate method of predicting stress ampli-

tudes, an empirical damping model was developed.

(c) Fatigue Prediction - A stress analysis has been coupled with the

flow-induced vibration analysis in order to determine, with reason-
able accuracy, the bellows fatigue life under varying environmental

factors.

(d) Computer Program - A computer program has been developed to allow

quick computation of the bellows mode frequencies, lock-in ranges,

stress indicator, and stress level.
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(e) Acoustic Resonance - The acoustic resonances as identified by

analysis have been verified by limited experimental investigation.

(f) Special Problems - During the course of the contract, several urgent

and special bellows related problems were addressed at NASA's

request. The solution of these problems are included in this report.

I.2 Organization of Study

The bellows study has been broken into two separate methods of approach
as indicated in the block diagram shown in Figure 1. The end objective of both

'methods is to predict the fatigue life of U-shaped bellows made of an arbitrary

material, and in both cases, the alternating stress component is generated by
flow induced vibrations. Method I incorporates the stress indicator concept,
while Method II incorporates actual stress predictions which may be incorporated
with 7-ordinate fatigue curves to predict bellows life. Method I suffers from
the lack of a fatigue data base which must be generated by failing numerous
bellows while influenced by flow induced vibrations. Method II suffers from
underdevelopment of a realistic stress-deflection model where the convolute
deflections can be predicted given an arbitrary geometry and flow conditions.
Method I has been streamlined and somewhat generalized with the development

of an envelope parameter designated as Cp* which is then used to determine the
stress indicator. Method II efforts were directed toward the development of a

flow induced stress model.

I.3 General Discussion of Study

The main propulsion system of the Space Shuttle is corfigured with three
engines, a complex array of liquid and gas flow lines, and two large external
tanks (ET). An elementary schematic of the main propulsion system is shown
in Figure 2. Bellows are contained throughout the flow nstwork; however, the
bellows of primary interest are contained in the feed lines (LO; and LH;) and

in the small recirculation lines.

Earlier studies have shown that unshrouded shuttle application bellows
(see Figure 3 for bellows nomenclature) will vibrate violently when the contained
fluid is moving at a specific critical velocity. The oscillation is showm to
occur at a reduced velocity (U/fo) of approximately 4.5. Vortex shedding from

the individual convolutes was found to be the flow induced vibration mechanism.
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METHODS OF APPROACH

METHOD I

STRESS INDICATOR DEVELOPMENT

METHOD II
STRESS DEFLECTION DEVELOPMENT

CFQD

EXISTING DATA BASE

STRESS INDICATOR

DEVELOP
co*
F

STRESS
INDICATOR

A

FATIGUE LIFE
PREDICTION

DEVELOP BELLOWS FLOW
INDUCED VIBRATION
STRESS MODEL

7-ORDINATE
FATIGUE
CURVES

FATIGUE LIFE
PREDICTION

FIGURE 1. METHODS OF APPROACH INCORPORATED IN BELLOWS STUDY
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DETAIL "A"

NUMBER OF CONVOLUTIONS COUNTED
FROM THE QUTSIDE

NUMBER OF PLYS

MEAN BELLOWS DIAMETER

WALL THICKNESS (THICKNESS PER
PLY IF MULTI-PLY)

CONVOLUTE PITCH
CCNVOLUTEWIDTH

MEAN FORMING RADIUS

MEAN DISC HEICHT

FIGURE 3. BELLOWS NOMENCLATURE
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Experimental data, obtained from the earlier studies, were parametrically
correlated in terms of (1) the Strouhal number \convolute width is the charac~
teristic dimension), (2) the bellows modal frequencies which included added fluid
mass terms, and (3) a stress indicator which is proportional to the maximum

dynamic stress.

It has been shown that the stress indicator is a function of a vortex
force coefficient, Cp, and a forced response dynamic amplification factor, Q.

These experimentally derived factors are shown in Figures 4 and 5 and Table I.

Finally, the observed fatigue life was related to the stress indicator
as shown in Figure 6. The fatigue data were obtained for 321 S.S. only;
although the general presentation could be expanded te include other materials
if appropriate material factors could be included. Bellows for Space Shuttle

applications are constructed of Inco 718 and sceel alloy 21-6-9 naterials.
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TABLE I.

APPLICATIONS INFORMATION FOR USE WITH Q VALUE

DATA IN FIGURE 5

Specific Spring Number Internal Media Curve
Rate (see Note 1) Plies (see Note 2) No.
all ranges 1 low pressure gases 1
over 2000 1b/in2 1 high pressure gases, light liquids 1
over 2000 1 water, dense liquids 2
under 2000 1 high pressure gases, light liquids 2
under 2000 1 water, dense liguids 3
over 3000 2 all 3
2000 - 3000 2 all pressure gases 4
under 2000 2 all pressure gases 5
2000 - 3000 2 all liquids 5
under 2000 2 all liquids 6
over 3000 3 all 4
2000 - 3000 3 all 5
under 2000 3 all pressure gases 5
under 2000 3 all liquids 6

Use of Table -

Note 1:

Note 2:

To use table, first calculate bellows specific spring rate,

then look up application curve r nber corresponding to
this specific spring rate, numbe. of plies, and internal
media.

The specific spring rate is here defined as

K,N
DN

c
P

S$.S.R. =

or is the spring rate per convolute, per ply, per unit of
diameter,

Low pressure gases will be defined here as being those
gases below 150 psia. Light liquids will be defined as
having a density, relative to water, of less than 0.2.
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= N
S I ] ]
= Safe Operating \\ . -
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- Obtain Q from Figure & I ?
— - Use Cg = 2.0 for severe upstream elbow — ‘ ,L
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- This data is unconservative where acoustic resonance occurs ’
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Number Of Cycles To Failure 2als

FIGURE 6. PRELIMINARY BELLOWS FATIGUE LIFE DATA
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I.4 Review of Relevant Literature

The following list of reviewed sources of bellows information is in-
cluded to help direct the interested reader build a background knowledge which
is needed for detailed evaluation of bellow related topics.

(1) Kleppe, S. R., "High Pressure Expansion Joint Studies”

ASME Petroleum Mechanical Engineering Conference, New
Orleans, Sept. 25-28, 1955, Paper No. 55-PET-10.

A semi-torus expansion joint was extensively strain-gaged and
hydrostatically tested. Test results compared favorably with
R. A. Clark'’s theory as presented in "On the Theory of Thin
Elastic Toroidal Shells," Journal of Mathematics and Physics,
Vol. 29, 1950, pp. 146-178.

(2) Turner, C. E., and Ford, H., "Stress and De%lection Studies of
Pipeline Expansion Bellows,'" Proceedings of the Institute of
Mechanical Engineering, pp 596-552, Vol. 171, No. 15, 1957.
This paper presents a theoretical solution together with an
experimental study of axial compression of certain bellows
mainly of the corrugated-pipe type, used in the pressureless
state, The total strain energy is written in terms of the
circumferential stress and the axial loading moment. A
Rayleigh - Ritz method is used to solve for a minimum strain
energy condition. Ultimately the surface stresses are ana-
lytically determined. The paper contains a short literature
review covering the period from 1916 to 1953.

(3) Feely, F. J., Jr., and Goryl, W. M., "Stress Studies On Piping
Expansion Bellows,'" Journal of Applied Mechanics, Paper No.
44-APM-22.

In this paper a formula has been derived to show the total
stress induced in the wz2*tsrial as a result of the combined
effects of pressure and movement. The validity of the approxi
mations used in the formula have been verified by laboratory
strain measurements. The paper deals primarily with flat disc

type bellows.



4)

(5)

(6)

(7)

12

Samans, Walter, "Endurance Testing of Expansion Joints,' ASME
Paper No. 54-A-103.

This paper presents the results of testing 19 bellows of various
types to their endurance limit. The types include (1) welded
roots, (2) hydraulically formed, and (3) welded disk. The
bellows material consisted of stainless steel types 304, 321,
and 347. A typical stress-distribution diagram for a 12-inch
diameter hydraulically formed bellows is presented (case of axial
extension and compression, and internal pressure). Strain mea-
surements were taken with SP-4 strain gages. The maximum stress
range for both radial and circumferential stresses occurs near
the root of the corrugation.

Haringy, J. A., "Instatility of 3ellows Subjected to Internal
Pressure,'" Philips Res. Report 7, 189-196, 1952.

Jellows may become unstable when loaded by internal pressure.
The critical value of this pressure is governed by the rigidity
of the bellows with respect to tending. Critical pressures have
been analytically determined for rectangularly shaped corruga-
tions and these critical pressures may be considered to agree
with those obtained experimentally for U-shaped bellows when
considering the approximations introduced and the variation of
wall thickness.

Laupa, A., and Weil, N. A., "Analysis of U-Shaped Expansion
Joints," Journal of Applied Mechanics, Transactions of the ASME,
pp 115-123, March 1962.

An elastic analys's of U-shaped expansion joints under axial
loads and internal or external pressure is presented. The
analysis employs the energy method for the toroidal sections,
and the theory of symmetrical bending of circular plates
augmented by thick walled cylinder analysis for the annular
plate connecting the two toroidal sections.

Sack, L., "Avoiding Fluid-Line Failure in Bellows and Convoluted
Tubing,' Machine Design, May 27, 1971.

Flexline response frequencies are inodeled as a lumped parameter

system where the characteristic frequency is determined by
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(9)

(10)

13

knowledge of the convolute effective mass and the effective

fluid compressibility. Bellows longitudinal natural frequencies
are modeled as a spring-mass analog where a dimensionless fre-
quency parameter is utilized for evaluating all the longitudinal
modal frequencies. An attempt has been made to define the
maximum alternating stress.

Baylac, G., et al., "Calculation of Acoustical Resonances in
Irregular Cavities with Application to Noise-Induced Stress in
Expansion Joints," ASME Paper No. 75-DET-64.

An analytical and experimental study of the acoustic behavior

of seven and nine corrugation expansion joints (bellows) used

in a nuclear reactor is presented. Resonant frequencies obtained
from a computer program using a matrix method are given. Exreri-
mental test results on seven corrugation expansion joints are in
good agreement with the computations. It is concluded that the
calculation of acoustic frequancies of expansion joints with in-
ternal sleeves can be utilized to avoid the coincidence of these
frequencies with those of a mechanical or flow-induced noise
nature and thus reduce the loads on expansion jﬁint corrugations.
T. M. McCrary, "Evaluation of Inconel 718 Bellows Material,"
SD73-SA-0014, Rockwell International Space Division, Mar. 1973.
Life cycle testing was performed on 10" diameter bellows with
nominal 3/8-inch high convolutions (.008-inch thick, Inconel 718).
Testing was similar to that conducted for Boeing Company by
Strazar. Metallurgical and fatigue properties were evaluated.
This report does present a source of‘fatigue data as a function
of bending stress (bellows), and percent of tensile ultimate
strength (specimens only).

"Effect of Surface Irregularities on Bellows Fatigue Life,"
R7250 Rocketdyne, NASA Contract NAS8-195341.

The report presents the results of a brief test program aimed at
generating data on bending life of notched CRES sheet specimens.
Emphasis of the study is directed toward the quantitative ->valu-
ation of bellows' defects, particularly those resulting from
accidental damage. An empirically derived procedure for evalu-
ating bellows' surface irregularities and determining service
life is presented.
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II. GENERALIZED CORRELATION PARAMETER: CF*

II.1 Introduction

Through the efforts of Gerlach, et al. (1) and sack(®) is has been
well established that a series of lumped spring-mass elements can represent
a free bellows and the modal frequencies can be computed with a high degree
of accuracy. The work of Gerlach went on to show that the flow excitation
mechanism is a vortex shedding phenomena that occurs in the entrance region
of a convoluted bellows. When the vortex shedding frequency is near a
bellows longitudinal structural frequency, the vortex shedding frequency
will "lock-on'" and the structure will vibrate at an amplitude dependent

upon the amount of fluid and structural damping present.

Ultimately, the most fundamental question is how to determine the
amplitude of convolute displacement and hence the resultant maximum alter-
nating stress amplitude. Two stress prediction models wi”l be addressed

in this section.

I1I.2 Cp* Correlation Parameter

Reference 1 contains the derivation and application of a stress indi-
cator concept. It must be emphasized that the original form of the stress
indicator was merely a bench mark showing relative stress intensities as a
function of fluid and geometric parameters. Its purpose was to guide a de-
signer when obtaining fatigue predictions. The stress indicator cuncept is
a valid method for pcedicting fatigue life so long as a substantial data base

is developed; unfortunately, a large data base does not exist.

Before describing the CF* ("C sub F Star") model, the original stress
indicator model is reviewed. It has been shown that the maximum convolute

stress due to flow induced vibration 1is
CrQ
Galt = K o~ (h/t)? 1/2 pg Vepg,? (11.1)
p

The K term contains factors of proportionality relating to geometric
constraints and this factor was extracted from Equation (II.l) to produce a
single simple expression for stress which contains only readily known bellows
dimensional aata, parameters, and flow variables. Therefore, the indicator

is given as
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CrQ
S.I. = 1%; (h/t)? 1/2 pg Vopye? (11.2)

Table II compares the calculated stress indicator and measured stress
on the crown of the second convolute (see Appendix B for a description of the
experimental techniques). Several items are worth noting in this table. The

K factor ranges from 0.585 to 3.61 for the limited test conducted and there

is a downward trend in the K factor as the mode number increases. This shows

that the stress indicator may or may not be a conservative estimator of stress

levels, and the K factor is not constant as assumed in Reference 1.

TABLE II. MEASURED CONVOLUTE RADIAL STRESS AND CALCULATED
STRESS INDICATOR COMPARISON

Bellows™ | Mode Measured Stress Measured
Ident. No. Radial Stress Indicator Calculated
KSI (peak) KSI
4 1 2.03 2.21 1.325
4 2 8.02 8.24 .97
4 3 8.94 11.48 .775
6 1 765 .93 .82
6 2 3.67 3.70 .99
6 3 4.59 7.83 .585
15 1 2.82 .78 3.615
1% 2 7.84 3.18 2.46
15 3 8.51 6.76 1.225
E 1 4.57 2.28 2.00
E 2 8.41 7.91 1.05
*Dimensional Data is contained in Appendix C.

The stress indicator contains two terms, Cg and Q, that are
dependent upon factors of damping, internal pressure, convolute geometry,
and the flow media. Values for Cp are obtained from Figure 4 while values
for Q are obtained from Figure 5 and Table I. The data contained in these
sources have been correlated in the form of one universal stress function

curve as discussed below.
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All data contained in Reference 1 has been evaluated in terms of a

correlation parameter defined as
Cg* = CEQUN/NG)

Figures 7 through 9 show plots of the force coefficient parameter for
representative samplings of the total data base. The effect of changes in A
on the force coefficient parameter CF* is illustrated in Figure 7. Here, a
single bellows was tested at various pitch values, A, and the peak response
of the first longitudinal mode (N=1) was noted. It is noted that spring rate
is affected somewhat by changes in A.

The reduced data shown in Figure 8 clearly illustrates the effect of
vortex reinforcement and vortex retardation on the flow induced response of

the bellows.

A vortex reinforcement occurs when the vortex shedding from an upstream

convolute arrives at the adjacent downstream convolute at the right moment
to aid in the formation of the vortex forming at that adjacent convolute.

Vortex retardation has the opposite effect. The vortex shed from an up-

stream convolute arrives at the adjacent downstream convolute at the right
moment to detract from the formation at that location. As we will soon

discuss, it is our present concept that vortex reinforcement is most pre-

valent and effective in the higher longitudinal modes. (Figure 6 from the
final report "Bellows Flow-Induced Vibrations and Pressure Loss' clearly
shows a visualization of vortex reinforcement for a higher longitudinal
mode.) In the first two or three modes of a bellows, vortex reinforcement
and vortex cancellation both come into play, as illustrated by Figure 8.
However, for the intermediate modes, the vortex retardation phenomena is

prevalent.

Figure 8 presents a plot of CF* versus the mode number N for four
test bellows that have constant values of the parameter (h/t) but have
h values ranging from 0.2 to 0.5. Since spring rate is proportionzl to
(h/t), this family had similar modal frequencies, so “hat the effect of
convolute height h should be revealed. Also, however, each of the four
bellows was tested for three or four values of A achieved by stretching.
Note *hat there is a spread of the combined Cy* values for these four

bel.ows for each mode number of N value. This spread is caused by a
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Convolute Pitch - A
FIGURE 7. VORTEX FORCE COEFFICIENT Cg* VS. PITCH FOR

THE FIRST MODE OF BELLOWS 105
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combination of two factors. First, it represents the influence of the effect
of changing A as {llustrated previously in Figure 7, and, secondly, it re-
flects the normal variation expected in flow-induced vibration experiments
of bellows where slight changes in alignment, clamping of the ducting, etc.

cause changes in the peak response point.
From Figure 8, we have concluded the following:

(a) Other than for the No. 1 specimen, which had h=0.2 or a
very short convolute, the effect of h was not apparent
between the bellows. Specimen No. 1 had lower Cp* values
than the other bellows, probably because short convolutes
do not couple so well as taller convolutes. Afcer all, the
l1imiting case 1s h=0 which represents a straight pipe

which has no response of the type under consideration.

(b) The vertical spread of Cg* for each mode is primarily caused

by vortex reinforcement or vortex cancellation.

(¢) The pronounced minimum of Cg* is a result of an optimum

vortex cancellation effect for this mode number range.

(d) The rapid rise of Cp* for the higher longitudinal modes is
a result of a predominance of vortex reinfcrcement for

these modes.

(e) Many of the higher modes simply never appear because other

modes close to them piedominate and prevent thelr occurrence.

Figure 9 presents Cp* as a function of mode number N for three bellows
having similar convolute geometry but different numbers of convclutes. The
bellows No. 19 illustrates yet another phenomena. Note that che CF* values
for this bellows are quite low for the first two longitudinal modes. Aslo
note the strong presence of the first co.king mode plotted for N = 1.5.

For this bellows the cocking mode was stronger than normal so it suppressed
the first and second longitudinal modes causing their Cg* values to be ab-

normally low.

- — -
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The primary intent of tne CF* relation is to mathematically collapse
all of the experimentally generated Q surfaces into one relationship that
applies to all ranges of the bellows operational parameters; hence, the

stress indicator is computed

Cp* N
S.I. = —;—ﬁ—;—c— (/)% (1/2 p Vericd) (11.3)

The parameter CF* is obtained from Figure 10 which is a somewhat
conservative curve that envelops all previously generated experimental
bellows data. This curve contains all inherent information relating to

Cr and Q.

IT J s>ummary of Design Analysis Procedure

The procedure for analyzing a given bellows design to assure freedom
from flow-induced vibration failure consists of several distinct steps which

are listed below.

Step 1. Calculate the natural frequencies for all modes of the

bellows.

Step 2. Determine the lock-in or critical velocity range for each

possible mode of vibration.

Step 3. Caliculate the Stress-Indicator for each mode at the critical

velocity.

Step 4. Determine the potential for failure of the bellows using the

Stress-Indic. tor versus Cycles-to-Failure curve.

Pages 23 and 24 rc¢esent a detailed step-by-step procedure that may be
used for hand calculations. A more sophisticated calculation procedure is

contained in a computer program (see Appendix A).
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TABLE III.
SUMMARY OF FREQUENCY AND STRISS LEVEL CALCULATIONS

STEP A

STEP B

STEP C

STEP D

STEP E

Consider the bellows structure representable by a lumped
mass-spring mechanical model.

Calculate the elemental spring rate value K from the
expression

K-ZNCKA

where Ky 1s the overall spring rate determined from a force-
deflection test or from the following expression:

Calculate the elemental metal mass My
Mp = Tppt Np Dy [ma + (h-2a)]

Calculate the fluid added mass Mg, for the first few
longitudinal modes and for the higher longitudinal modes as

Mg = /2 Pg Dph (2a-th) :} First few N values

and

k!
'"Dmpfh

Mg = 38

} Higher N values

Calculate the reference frequency f, from the expression

£, = 1/21m \/ k/m

where m = my + mf




TABLE III (CONTD) 24
SUMMARY OF FREQUENCY AND STRESS LEVEL CALCULATIONS

STEP F

STEP G

STEP H

STEP I

Calculate the dimensionless frequencies and then multiply the
dimensionless frequencies by the reference frequencies to
obtain the true mode frequencies

T(2N.-1) Dimensionless frequency
= + —_— .
B \//2 [} cos ( 2N, )] :} for the i-th mode

i=1,2,3, ... 2N.-1

f; = By £, } True frequency for tre
i-th mode

Alternately, the dimensionless frequency factors may be
obtained from Table I, Appendix A.

Calculate the first convolute bending mode from the
expression

fy, = 1/2m\/8k/n

where m =, + M

and mf = T Dm pf h3/36
Calculate stress indicator from the following expression:

N
S.I. = Cg* (N ;D) (h/)? (/2 p VD)

The parameter CF* is obtained from the curve presented in
Figure 10,

Calculate bellows expected life from the data presented in
Figure 6, which is a plot of stress indicator versus cycles
to failure. If the fatigue life is greater than 108 cycles,
then the data are conservative for materials classified as
Inco 718 and alloy 21-6-9.

If the calculated number of cycles is less than 10%, then
the expected life cf alloy 21-6-9 will be less than that
indicated for SS-321 or jts equivalent SS-347,
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III. STRESS LEVELS

III.1 Intvroduccion

While section II presented a method for calculating vibration
frequencies and stress-like quantities that may be used with the ap,ropriate
analysis to predict fatigue life, this section will explore various properties
of actual stress levels experienced during the flow induced vibration process.
As of this writing, an exact method has not been developed to calculate actual
stresses; however, several important aspects of the problem are presented

along witn a reasonable strasc :alculation procedure.

I11.2 Stress Envelope

Test data, shown in Table IV, has been reauced in terms of non-
dimensional stress and velocity ratios for each longitudinal mode of vibra-
tion. The velocity ratio is formed by dividing the critical velocity of a
particular mode by the first mode velocity and the stress ratio is formed in
a similar fashion. The correlation in Figure 11 shows that similar families
of curves are developed. The data may be further collapsed by referencing
the curves to a particular damping ratio. For the present case, an average
damping ratio of .00635 served as the reference damping valve. Figure 12
shows the results of the damping normalization. From the limited data pre-
sented, the second and third mode stress may be calculated by the following

empirical equation,

.00635

o4 =0 ——— | F III.1
altN alt1< g > N ( )

.

where F2 = 2.75
F3 = 3,05

Equation III.1 was developed from data obtained from a series of
3", 321 S.S. bellows with a constant convolute height. The material thick-
ness, number of plys and number of convolutes were allowed to vary and the
measured spring rates were significantly different. The alternating stress
component referred to is the convolute radial stress. Radial stresses were
calculated from biaxial strain data (radial and circumferential) as described

below.
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Each bellows was strain gaged (see Figure 3, Appendix B) on the second
and middle convolute in the radial and circumferential directions which are
the assumed principal directions. Principal stresses are calculated from the

measured principle strains,

E
o 2 (sR + ec) (I11.2)
l-y
o =—E (¢ +ue) (1I1.3)
c 2 c R '
l-y
where
UR = radial stress, psi
o. = circumferential stress, psi

E = modulus of elasticity, psi
u = Poisson ratio

€, = radial strain, microinches

™M
H

circumferential strain, microinches

TII.3 Two-Ply Bellows

Multi-ply bellows flow-induced strain characteristics are significantly
different than those of single-ply bellows. Figure 13 shows the flow-induced
strain for a 3" single-ply bellows and a 3" two-ply bellows. In each case, the
first mode has been flow excited. Note that the alternating strain level
for the single-ply bellows is independent of internal pressure, while the
strain magnitude and lock-in range for the two-ply bellows is strongly dependent
upon internal pressure. For the particularbellows exhibited, it was found that
the alternating strain component varies inversely and as a linear function of

pressure (see Figure 14).

The most plausible explanation of this phenomena is that Coulomb friction

damping is experienced between the plvs of the bellows. The Coulomb friction
force is directly proportional to the normal force acting in a manner to
compress the plys together. To bear out this fact, a two-ply bellows was
impulsed into vibration and then allowed to decay. The decay traces are

shown in Figure 15 where it is obvious that the damping is a function of the
internal pressure which is th mechanism generating the normal force on the con-

volute sidewalls.




30

d-d ‘ureaas-n

6 - 1 Ply

3" Bellows No.

)

(a

. e ——— i een

fheer pemse 4o s -
L R L
]

e

d-d ‘urealg-n

15 - 2 Ply

150

Bellows No.

00
3"

)

(b

FLOW INDUCED STRAIN FOR SINGLE AND DOUBLE PLY

BELLOWS AS A FUNCTION OF PRESSURE

by ——

FIGURE 13.



2 Ply Bellows

600 -
£
o) 500
-~
[ -]
|7, B |
[-¥
3 400
3 &
—
Q 1
2 2
& 300
(&
200 | -
100 | -
| |
0 10 20 30

Internal Pressure
(psig)

FIGURE 14, CONVOLUTE STRAIN (ALTERNATING COMPONENT)
AS A FUNCTION OF INTERNAL PRESSURE

3i



SMOTTdd Ald OML V ¥Od
dANSSFAUd TVNUIILNI 40 NOILONNA V SV OLLVY ONIdWVA ~"ST J¥NOId

d1sd pg = @?anssaig Teuialul (2)

.

™

i

LoewdiVAL PAGE
OF POOR QUALITY

81sd g1 = 2anssaig Teruaajul (q) 81sd ¢ = 2anssaag Truiaju] (e)

y . ’

14T
\

Ml
_

H

RN ey T R ST e e ¥ =t g -



—~—

33

The results of these pressure tests suggest that multi-ply bellows
vibrate with a lesser magnitude when they are internally pressurized; thus,
when single-ply stress calculations are performed on a multi-ply bellows ex-
hibiting the same damping ratio at zero gage internal pressure, the calculated
alternating stress component will be conservative (higher stress) for the
internal pressurization case. These tests suggest that it may ve practical
to include damping material between plys as an alternative to including flow

liners.

I17.4 Convolute Mean Stress

Typically, alternating stre: es which are generated by flow induced
v 'brations are superimposed upon a mean stress which results from internal
static pressure and/or bellows axial extension or compression preload forces
By observing a typical seven-ordinate fatigue chart (for example, see
Figure 23), it is noted that fatigue life i3 decreased with increzsing mean
stress magnitude. For example, & bellows that is operated at high static
pressures would fail soorer than one operated at lower pressure evea if the
alternating stress component were equal for both cases. The derivation and
use of the seven ordinate curves will be discussed in Section IV; however,
the important issue is that the seven ovdinate charts allow for mean stress

contribution which is nut present ir cycle-to-failure (S-N) curves.

T11.4.1 Internal Pressure Stress

Figure 16 presents the strain data obtained on Bellows No. SwRI-E
during an internal pressurization test (ends of the beilows were clamped).
The maximum principal stress was calculated for Convolute No. 2 and No. 7
and these stress values compared to the following equation taken from
Reference 4.

o, = P/2 (h/t)? (I11.4)

Table V summarizes the results which are evaluated at a pressure
of 30 psig. Note, Op 1s a compressive stress on the convolute crown.

The table compares the compressive stress, Op» to the measured radial

stress, Omax-
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TABLE V. INTERNAL PRESZURE STRESS AT 30 FSI

Convolute No. Coax (KST) Op (KSI) % Error
2 -24.9 =21.1 -18
7 -33.0 =21.1 -56

It is noted that Equation (III.4) under-predicts the radial stress
(maximum principal) by as much as 56%. It is also noted that the radial
stress in the center region of the belliows is higher. Most likely this
higher center stress is caused by a "ballooning" effect in the mid-span of
the bellows. The conservative approach when considering multi-ply bellows
is to assume that the plys are not in complete contact; thus, the effective
thickness is less than Np-t. Due to the limited data obtained with re-
spect to ply-coupling effects, it is recommended that the calculated single

ply stress be used when multiple plys are incorporated in a design.

I11.4.2 Compression Preload Stress

The same 6" bellows that was used for pressure tests was subjected
to compression loading test. This is accomplished by placing calibrated
weights on the open end edge of a free bellows which is placed in an upright
position on a hard surface. This procedure is used to obtain the bellows
spring constant K,; however, in this test the strain gage readings are
alsc recorded. Figure 17 shows the strain data obtained versus compression

loads. By noting that

d pe _ d ue
o= (K (d Fc) (I11.5)

vhere dpe change in microstrain per unit change in live length

(ue/in)

K = bellows spring constant (1lb/in) (slope of deflect.n-load

curve)

= change in microstrain per unit change of load (ue/1b)

(slope of strain-load curve),
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: it is possible to determine the convolute strain-load characteristic. The
deflection-load curve is press .:d below (Figure 18) rom which the be”lows

spring rate, K,, can be detern :d.

12.0F K4 = 1.66.67 1b/in §

10.0
8.0

6.0

Deflection - Mils

4.0

2.0

25

FIGURE 18. LOAD-DEFLECTION CURVE - BELLOWS NO. E

Axial compression stresses as obtained experimentally have been

compared to the following equation:

o, = Et& (I11.6)

where

0. = stress due to compression or extension load (0. > 0 for
compression load, 0. < 0 for extension load), psi

A = deflection of live length, inch.

Table VI has been prepared to compare experimental results with Ejuation

(I11.6) for a preload of 20 lbs.
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TABLE VI. PRELOAD STRESS AT 20 POUNDS

Convolute No. Opax (KSI) g. (KSI) % Error
2 22.96 22.09 -3.9
7 24.21 22.09 -9.6

It is observed that Equation (III.6) gives reasonable accuracy and
it provides a means for relating relative convolute motion to convolute
radial stress level. Equation (III.6) can be used in s dynamic situation;
however, it must be emphasized that the deflection value used is relat.ive

to adjacent convolutes.

Equation (III.6) is easily modified to incorporate preload rather

than deflection if the bellows spring constant is known.

A = FC/KA
thus,
Et F
0, = 5—— (I11.7)
h NCKA

IT1I.4.3 Compression Preload With Internal Pressure

A schematic illustrating the nature of the radial fiber strains in
the region of the bellows root and crown is shown in Figure 19. The strains
are the result of bending moments generated in root and crown. For ana-
lytical considerations, the bellows is envisioned to be restrained by the
external piping for the case of interral pressurization. It is immediately
obvious from Figure 19 that while it may be possible to reduce the crown
radius stress state by simultaneous compression loading and internal pres-
surization, the root stresses are intensified by the combination Joading.

Therefore, the root stress mav be estimated as follcws:

Oop = 0y + 0. (I11.8)

cp P
where Oep = combined stress due to pressure and compression load. By sub-

stituticn of Equation (III.7) and (III.4) into (III.8).
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Fe

> (111.9)
hé N, Ky

Ocp = P/2 (/)2 +

III.5 Convolute Alternating Stress and Displacement

A series of three-inch diameter bellows were flow tested to vali-
date several assumptions made in earlier studies (Reference 1). The vibra-

torv peak stress in the bellows convolute was assumed to be given by

Cg Et X
Gp = —'-"hT- (III.lO)
where Cg 1is a geometric stress factor and the other terms are as defined
earlier. The Reference 1 work utilized s single point strain gage to infer
displacement and stress which is difficulcr under the best of test cornditions.
In the present study, stress was measured via a biaxial gage arrangement and

convoluted displacement was obtained independently via a displacement probe

(see Appendix B for details).

By assuming a mode shape over the first quarter wavelength of the

form
X = X5/2 [(8/2)y + sin (Nny/z)] (II1.11)

where X denotes the axial absclute displacement of a given point along the
bellows defined by the axial position coordinate y, we may determine the
relative displacement by differentiating Equation (III.1l) with respect to y.
Thus,

88 = Xo/2 [(N/2) + Nm/8 cos vy /) | (I11.12)

The above method was used to convert absolute displacement, §, data

into equivalent relative displacement, AS.

A summary of the deflection and stress results are shown in Table
VII for each test specimen at the first, second, and third modes and a

summary of the damping characteristics is shown in Table VIII.

Calculated alternating stress levels as determined by Equation
(ITII.10), have been correlated with actual measurements. Results shown in

Figure 20 indicate that Cg may be considered to equal unity.
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TABLE VII. THREE-INCH BELLOWS DEFLECTION AND STRESS RESULTS
Specimen Mode Ve. fps 2nd Convolute
No. No. Fs 1P §, mills A6, mills | Opqe, ksi
4 1 5.40 4.0 2.33 2.93
2 10.80 15.0 3.21 8.02
3 15.89 22.6 3.58 8.94
6 1 4.18 0.8 0.40 0.765
2 8.35 4.8 1.65 3.67
3 12.53 7.8 1.93 4.59
15 1 7.26 4.0 1.96 2.82
2 14.52 14.0. 4.71 7.84
3 21.79 21.0 3.34 8.51
TABLE VIII. THREE-INCH BELLOWS DAMPING CHARACTERISTICS
S i Mod
petc\'o?en E}oe fr, He Af 707,Hz Q g
4 1 120 2.0 60 .0083
2 234 3.0 78 .0064
6 1 133 .55 242 .0021
2 255 1.7 150 .0033
15 1 147 1.8 82 .0061
2 283 3.8 76 .0066
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For all single ply bellows tested, the alternating stress component
was observed to be insensitive to internal pressure variation. Tests were
conducted at pressures of 0, 10, 20 psig over the first three modes of exci-

tation.

III.6 Recommended Stress Prediction Equation

IITI.6.1 Alternating Stress

Two methods are available for calculating the alternating stress
componeat. The Stress Indicator may be used as a predictor of actual stress
for single ply bellows by incorporating a factor 2 into the S.I. equation

over the first three modes of vibration, or

*
Oa1e = 2 5" Mo (n/6)2 (1/2 0 VergeD) (111.13)
NN,

The second method is merely a refinement of the above method. The
stress envelope factor may be applied to the value of the S.I. calculated

for mode 1, or

. 00635
oaltN = S5.E (———E——) FN (111.14)

where Fz = 2,75
F3 = 3.05

The second method requires more detailed knowledge of the bellows;
however, it provides a means to infer the effects of combined fluid and

structure damping.

ITI.6.2 Convolute Mean Stress

Significant errors have been observed in the measured and calculated
stress values that relate to internal pressure while axial extension of com-
pression preloads may be more accurately modeled. Therefore, the recommended
mean stress model is

Opean = P (h/t)Z + (ﬁj |a] (111.15)
where A 1is the total live length extension or compression displacement.
For the multi-ply case, it has been assumed that t'e plys do not fully couple;
hence, the calculations for the single ply are applied to multi-ply designs.
Due to the inaccuracy of the simple pressure-stress model, the .5 factor has

been deleted.
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I11.6.3 Combined Stress

The maximum stress developed is composed of the two additive compo-

nents, or

Onax ™ %alt * Opean (ITI1.16)

and by substitution of Equations (1I1.13) and (III.1l5), the proposed com-

bined elastic stress model is

—ZE ) (Al & n/e)? [p 208" Ne P (1I1.17)
Om; - -~ t + III.
max (hz Ne I | N Np d]

I11.7 Material Hardness Properties

A 3" Yellows with 13 convolutes was sectioned and prepared for micro-
hardness testing. This is accomplished by cutting axial strips of approxi-
mately 1/2" wide that contain several convolutes. Subsequently, these sec-
tions are imbedded in an epoxy molding compound, then the compound and bellows
specimens are ground until their surfaces exhibit a highly polished finish.
The bellows specimen is placed into a Diamond Pyramid Hardness (DPH) testing
apparatus where a specific sized diamond needed is allowed to penetrate the
bellows surface. The driving weight used is 10 kg. By an appropriate mea-
suring technique, the dimensions of the penetration, rhomboid shaped, are

measured and then converted into a DPH number.

TFigure 21 shows a general bellows section. Three measurements were
taken at the approximate locations shown in the figure; therefore, 24 data

points per convolute were obtained. Tne results are tabulated in Table IX.

Upon careful review of the data, several observations are apparent

which include the following:

1. Global averaging of the convolute center region produced a lower

average hardness than found in global averaged outer edges.

2. Zonal averaged hardness numbers in the "inside diameter" region

exhibits hardness close to slightly below the global average.

3. The "outer diameter' region exhibits hardness numbers signifi-

cantly larger than the global averages.

4. The "straight wall" region exhibits hardness numbers signifi-

cantly lower than the global averages.
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n = convolute number

Outer —
+ Surface |

Middle

Inner —=
hp-1 . by, Surface hp

an+l
Fluid Side

FIGURE 21. CROSS SECTION OF BELLOWS SHOWING LOCATIONS
OF HARDNESS MEASUREMENTS



T8

46

TABLE IX. HARDNESS READINGS
LOCATION DIAMOND PYRAMID HARDNESS
CONVOLUTIONS 1, 2, & 3
OUTER SURFACE CENTER INNER SURFACE

hy 224 213 225

a; (inside diameter) 241 235 240

029 232 242 242

cy (straight wall) 239 217 232

d, 268 272 264

ey (outer diameter) 270 268 284

£, 266 268 258

g, (straight wall) 239 224 231

ho 241 226 241

a, (inside diameter) 235 218 235
mean (W) 245.5 240.1 245.8
Std. Dev. (0) 16.35 21.5 18.06

CONVOLUTIONS 6, 7, & 8

hg 2356 263 283

ay (inside diameter) 236 253 252

by 257 266 247

c¢7 (straight wall) 235 250 250

dy 281 279 285

ey (outer diameter) 273 265 297

f7 285 279 273

g7 (straight wall) 236 232 236

hy 281 253 261

ag (inside diamater 265 257 250

bg 268 250 273
mean (u) 259.4 259 264.3
Std. Dev. (0) 20.3 13.78 19.15
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TABLE IX. HARDNESS READINGS (Cont'd)
LOCATION DIAMOND PYRAMID HARDNESS
CONVOLUTIONS 11, 12, & 13
OUTER SURFACE CENTER INNER SURFACE
|
;hll 236 230 236
{ a17 (inside diameter) 221 247 263
| 812
I b1y 233 239 261
§°12 (straight wall) 247 236 243
1dy7 275 275 273 |
!
e, (outer diameter) 313 275 290
iflz 300 294 285 |
812 (straight wall) 243 236 236
1
' hy2 267 265 267 !
a1y (inside diameter) 261 265 255
b13 275 268 257 l
mean (u) 261 257.3 260.54
Std. Dev. (0) 286 20.73 17.96
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Outer diameter zonal averaged DPH numbers ranged from 274 to 193

which corresponds to a Rockwell Hardness range of 26C to 29C.

Inner diameter zonal averaged DPH numbers ranged from 229 to 26C

which corresponds to Rockwell readings in the range of 96B to 24C.

Conclusions

1.

The outer diameter vegion exhibits a yield stress of approxi-
mately 132,000 psi whereas the inner diameter regicn exhibits a
yield stress of approximately 100,000 psi. These yieid values
are somewhat lower (3.7) than those reported in Reference (13);

however, it is speculated that the hYiydroforming process work

hardens to a lesser extent than the rolling process.

Failures most often occur in the root or crown region; there-
fore, in view of the hardness data, it can be concluded that
failures are not the result of aaterial weakness in the failure

region.



IV. FATIGUE LIFE

Iv.l Crack Propagation Model

A bellows fatigue life model was developed based on the assumption
that crack propagation in the convolute wall is the failure mechanism. It
was further assumed that the crack was initiated by a pre-existing surface or
material flaw. The state of stress in the bellows wall was taken to be the
sum of the mean stress due to internal fluid pressure plus a cyclic bending
stress that ic associated with convolute deflection in any given mode of
excitation. The stress model used here is different than that used in Sec-

tion III; however, the features of the crack modeling and general results are

valid.
The mean internal pressure stress is,(12’13)
op = P/2 (h/t)? (IV.1)
where p = internal pressure,

root-to-crown height, and

t bellows wall thickness (Np1y * tpiy)

Superimposed ontn this steady state stress is a cyclic, deflection-
related bending stress that is caused by the flow induced vibration of the
bellows convolutes at given excitation mode. The peak-to-peak amplitude of

this cyclic stress component is given by,(12’13)

po = 20.5) Et (2“ (1v.2)
A2hn? fe
where E = Young's modulus
A = convolute pitch

A/N, = fiow-induced convolute deflection

The deflection per convolute is calculated from Reference 1,

2
C_pV
L _E____éE (CFQ) (IV.3)

where p = fluid density
v = critical flow velocity as a function of mode number
Ap = m/2 h (Di+Dp)
Dj, Do = bellcws inside and outside diameter, respectively
Ka = bellows spring rate
CrQ = force amplification factor from Figures 4 and 5
Ca = bellows mode factor.

it
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The bellows mode factor, Cps 1is of the form(la)

1 N TN
Cn = 3§ [ﬁz-+ sin (5 ﬁz)] (1v.4)

where N = mode number

N. = number of bellows convolutes.

Thus, Equations (IV.1l) through (IV.4) defiue the mode-dependent
state of stress in the belilows wall. This state of stress can be illustrated
schematically as shown in Figure 22. 1In this figure, tensile stresses are
positive. Depending on the mode number and the magnitude of the mean stress,
the minimum stress can be compressive, in which case the sign of the stress

is pegative.

If a crack is initiated on the bellows surface, the rate at which

it will propagate into the wall thickness is governed by

da Yaova |\ ©
i c ( 1-R ) (Iv.5)
where a = crack length
n = pumber of imposed stress cycles

A0 = cyclic stress range, Equation (2)

"

C,m curve fit coefficients that describe the experimental
crack growth rate as a function of stress intensity
factor, which is the expression within the brackets in
Equation (IV.5). These parameters are dependent upon the

beilows material.

The factor, R, accouncs for the mean stress effect, and it is defined as

cp-Ac/z

R R S —
op+Ao/2

(1v.6)

It is worth noting that when O is equal to zero (no pressure

stress), the value of R 1is -1.0, whichpdescribes a fully reversed state

of stress. The quanvity Y , which is an explicit function of the crack

length, is a geometric correction factor that accounts for the decrease in
load bearing area during crack propagation. Ac¢ such, Y can be satis=-

factorily appaoximated by a second order polynomial
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y = Ot(a/t)2 +e (Iv.7)

where @, = curve fit coefficients.

Combining Equations (IV.5) and IV.7), and separating variables, yields

a
. (1-R)7 fc da (1v.8)

co® 3, Ta(a/t)? + €] an/2

where Ng¢ = fatigue life

ay initial material flaw size

ac

critical crack length at which failure occurs.

The failure model, Equation (IV.8), is valid only fro values of a. < t/2.

Evaluation of the Model

The fatigue life integral and its supporting equations were pro-
grammed for solution on the CDC6600/Cyber 74 system. A trapezoidal inte-
gration scheme was used to evaluate the definite integral in Equation

(Iv.8). A listing of the computer program, FATLIF, is contained in Appendix E.

Since prediction of fatigue life is currently accomplished by a
stand-alone program, it was necessary to first exercise program 'Bellow"
to generate critical flow excitation velocities for a given bellows con-
figuration. The essential input-output data for program Bellow is summar-
ized in Table X. The reader will be able to identify the bellows and f1' _u
input parameters that are common to the FATLIF program. Excitation velocities
are shown for the first four modes. It should be noted that the fatigue life

program accepts fluid pressure in psia rather than psig.

To complete the input data for program FATLIF, it was necessary to
specify numerical values for C, m, a, €, aj, and a.. The constants, « and
€, were obtained by curve-fitting the correction factors for a single edge-
notched strir that are presented in Table 4 of Reference 14. The results of

the manipulation yielded
a = 6.79

€ = 1.12



TABLE X

INPUT/OUTPUT DATA FOR PROGRAM BELLOW

BELLUWS PARAMETERS (INPUT)

[ PR

TSIGRA(CORVOLOTE “IOTH, IN) . is8___

TLARBDA(CHRVOLUIE PITCH, IN) 258
TH(HEAN D15C HEIGHT, IN) .3490
TY(CONVOLUTE THICANESS/PLY, IN) ,ons
TDOI1(INSIVE DIAMETER, IN) §,000
TUO(OUTSIVE DIAMETER, IN)_ "W, R28
TNC(NUMBER UF CONVOLUTES) Tq,0uy__
TNPLY(NURIER OF PLIES) 3,000
TE(YOUNG's 1GOULUS, LE/SQ. CIN) T T2,8%00E+07___
TKA(OVERALL SPRING RATE, LB/IN)_ 323,366
TRHOM{MATCRTAL DENSTITY, {5/CU,IN) ~ .282
FLUID PARAMETERS (INPUT) _
TPUPRESSURE, PSIGY — _ 100,000 __
°_TEhP(TEﬂP=«A|uQE, 0EG F) “?n.000
TRAOF(FLUI0 CenNSITY, +3/CU.iN)__ 3.b1L1E~-U2
TNFLUTL (13 GAST"E =LIGUID) | 2

THEORETICAL PERFORMANCE (OUTPUT)

Flow Excitation Range, ft/sec

Mode Hz Lower Critical Upper
1 191 7.0 9.8 16.2
2 365 13.4 18.7 30.9
3 523 19.2 26.8 44.3
4 666 254.4 34.1 56.4

A
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Specification of the values of C and m was impeded by the lack
of basic crack propagation data in the open literature for the bellows
materials of interest, i.e., Inco 718, 21-6-9 and 321. ,As an alternative,
for evaluation purposes only, the fullowing values of C and m were ob-

tained from Reference 15 for Type 316 stainless steel.
c = 7 x10°16
m = 6.5

The number of fatigue cycles needed to effect failure is strongtly
affected by the magnitude of a; and a.. In evaluating the model, the
initial flaw size, aj, was chosen to be 0.001 inch. This value is be-
lieved to be representative of a typical surface flaw. The crack length at

failure, a., was taken to be t/2, the validity limit of the model.

Based upon the above inputdat:., fatigue life predictions were made
for the specific bellows geometry, fluid properties, and critical excitation
velocities in Table X. The results are summarized in Table XI. For this
example problem, the following observations can be made on the validity of

the model.

(1) The cyclic stress range, A0, increases with mode number
because the product of flow excitation velocity and dynamic
amplification factor is an increasing function of mode

number.

(2) The maximum bending strews is tensile at all mode numbers.
The minimum stress is tensile initially but becomes com-
pressive as mode number increases. In the presence of in-
ternal pressure, a fully-reversed stress field is not

achieved.

(3) For this example, in which Type 316 stainless stec. was
employed, the maximum tensile stress in the first three
modes did not exceed the material yield point of 42 ksi. (16)
In the fourth mode, the maximum tensile stress exceeded the

material yield point.

(4) 1In this example, the model predicts high cycle fatigue when
aj and a, are 0.001 and 0.012 inch, respectively.
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TABLE XI

PREDICTED FATIGUE LIFE FOR A TYPE 321
STAINLESS STEEL BELLOWS

22

o Ac Frequen Fatigue Lif

P quency | Fatigu e

Mode No. (psi) (psi) (Hz) (cycles)
1 15,144 23,808 191 1.76 x 1012
2 15,144 33,024 365 6.34 x 1011
3 15,144 45,684 523 1.94 x 1011
4 15,144 98,783 666 6.19 x 109
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At this point, realization of the full utility of this approach to
fatigue modeling is impeded by:

(1) The lack of basic crack propagation data for the three
materials of interest. Currently, the fatigue data that
are available from the materials manufacturers wer:. ob-
tained using fully-reversed stress fields at room temper-
ature. What is needed are crack propagation tests which
yield crack growth rates as a function of stress intensity
factor and mean stress over the range of temperatures of

interest.

(2) A correlation between the fatigue life as predicted by the
crack propagation model adn experimental fatigue life of
actual bellows in a common temperature and stress environ-

ment.

{(3) The lack of an experimental definition of the flaw size,
aj, that is needed to initiate and propaga- 1 crack and

ac, the crack length at which failure occurs.

VI.2 Fatigue Curves

Due to the limitations posed by the crack growth model, an alternate
approach was developed to predict bellows life. Seven ordinate charts were
developed (Figures 23, 24, and 25) from data listed in References 17 through
27. The materials studied included 347 SS (a close substitution for 321 SS),
Alloy 21-6-9, and Inco 718. Data reviewed were mainly in the form of "cycles
to failure" or S-N curves for various R values and for temperatures of 70°F
and -423°F.

Seven-Ordinate charts relate stress and stress ratios to cycle life.
Most of the seven—ordinate data is based upon data vanks maintained by the
Department of Defense and the Federal Aviation Agency if its source is con-

tained in the MIL-HDBK-5B.

Seven-ordinate charts are convenient to use and they relate fatigue
life in terms of mean stress which could be an important factor when predict-
ing bellows life. Design or analysis parameters can be specified as stress
amplitude, mean stress, maximum or minimum stress, cycle life, R-values, and

A~values. (The A value is defined as the stress amplitude divided by the
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INCONEL 718
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mean stress.) To determine the fatigue life, only three parameters are re-
quired. These parameters are usually determined from the bellows stress

analysis.

The seven-ordinate fatigue data is built into the computer program
listed in Appendix A. Each constant life cyci curve is modeled as a power

law, or
m

where Cy is a constant life value for j mean stress. Curves are devel-
oped for mean stress levels of 0, 20, 40, 60, and 80 ksi. The alternating
stress component, Oglt, is in the units of ksi. Simple linear interpola-

tion may be used for intermediate values.

The seven-ordinate curves are applicable for fatigue life predic-
tions once the stress levels have been determined; however, stress indicator
values may be used directly as a calculated alternating stress value with
reasonable accuracy even though the stress indicator's intended use was to

predict fatigue life with the aid of data presented in Figure 6.
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APPENDIX A

BELLOWS FLOW-INDUCED VIBRATION COMPUTER PROGRAM



A.l Governing Equations

The performance equations, which will be presented in this section,
are based upon the derivations given in Reference 1. Therefore, detail~d
algebraic manipulations and derivations have been eliminated for clarity.

Figure A-1 illustrates a longitudinal cross-section of a typical bellows

together with pertinent notation. The overall bellows spring rate is

N
Ky = Dg E §£- (t/h)3 (a-1)

where E 1is the Young's modulus for bellows material and Dy 1is the mean
bellows diameter which is defined as

Dy = (Dy + D,)/2 (A-2)

The elemental spring rate, K, 1s given by

K =2 N, Ky (a-3)

The corresponding elemental metal mass of the bellows is
oy, =T P, t Np Dy, [ﬂa + 01-23)] (A-4)

where pp 1s the metal density and the mean crown or convolute forming
radius is

a= (0-t¢t Np)/Z (A-5)

As the Lellows vibrates in any one of its 2N.-1 longitudinal modes, fluid
is accelerated within the convolutes. The process of moving the fluid is
manifested as an apparent of added mass which must be taken into account in
calculating the frequencies at which a fluid-elastic instability is likely
to occur. This added mass is a function of the longitudinal mode number, N.

That is
2 Ne-1-N N-1
mg T mel <7TT> T Pg2 <ﬂ:‘3 4-6)
where
T pg Dy h (2a-tNy)
mey = 2 g (A-7)
and
3
- T Dm Qf h .
mfZ 3 g (5 \A‘S)
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In these expressions pg 1is the fluid density, g 1is the gravitational
acceleration constant, and

§ =0 -2t Np (A-9)

The mode number, N, ranges between 1 and 2N.-1l. A reference fre-
quency for a particular mode number can be defined as

. 1 K
fo M) = 3n Vg + g

(A-10)

The true modal frequency, fy, 1s then obtained by multiplying the reference
value by the dimensionless frequency corresponding to the desired mode

number and system degree of freedom. Dimensionless frequencies can be calcu-
lated as

m(2N.-1) g
By = (2 [l+cos (—ﬁc——ﬂ) ; 1=1,2,3,...2N.-1 (A-11)
C -

Alternately, for purposes of hand calculations, the dimensionless frequency
factors may be determined from Table A-I.

It has been observed that flow excitaticn of a particular mode can
occur over a broad range of fluid velocities, which is termed the "lock-in-
range." In fact, if the modal frequencies are sufficiently close together,
the lock-in ranges may overlap, thus producing nearly continuous excitation
of the bellows. These lock-in ranges are estimated as follows. Extensive
experimental studies have revealed that the Strouhal number provides an ex-
cellent means of correlating the vibration frequency, fluid velocity and
bellows geometry as shown in Figure A-2. The Strouhal number is based on
convolute pitch, 7. For a bellows having a convolute pitch-to-convolute
tip width ratio of A/0, three values of tue Strouhal number are indicated.
Peak bellows excitation corresponds to the curve marked SUcrit from which
the critical flow velocity may be calculated, 1i.e

f\O
v . N (A-12)
crit Sy

cric

Similarlv, the upper and lower values of velocity, which define the lock-
in-range are obtained from

v 0 O (A-13)
upper Sol
and
fno
N .5 (A~14)
vlower Ou

T T S
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A-6

The stress indicator is a relative measure of the stress intensity.
Two methods of calculation are allowed in the computer program. The first
method, and the more exacting one, involves a greater number of calculations
and a substantial amount of irput data. The second method incorporates a
"Universal CpQ Function" and, due to its data compression requirement, it is
by nature a more comservative calculation, i.e., the SI values will be high.
These calculation methods are given as:

Method I: Conventional Stress Indicator

CeC. P
SI = [—f—sfi—ii (h/t)zJ Q (A-15)
p

where Cf = vortex force coefficient which is a function of A/0 and is
obtained from Figure A-3.

C. = elbow factor to account for above average forces exerted on
bellows convolutes if an elbow located immediately upstream
of the bellows.

fluid dynamic pressure.

o
(=9
[}

% = dynamic amplification factor.

The bracketed term in Equation {A-15) is termed the "bellows opera-
ticnal parameter'. This parameter is used in conjunction with the bellows
specific spring rate and Table A-II to determine the dynamic amplification
factor (Figure A-4), where specific spring rate is defined as

Ky N.
Dy Np (A-16)

SSR =

The computer program currrntly calculates the stress indicator corresponding
to the critical flow velo ity defined ty Equation (A-12).

If the internal medium is a gas, a radial acoustic resonance condition
is likely to occur, wherein the acoustic pressure fluctuations couple with
the vortex sheddiny process to produce a force amplification that is signifi-
cantly larger than wsould be predicted by the value of Q obtained from
Figure A-4. Physically. these pressure fluctuations are attenuated at approxi-
mately a constant rate for all vortex shedding frequencies less than the
radial acoustic resonance or cutoff frequency. In the vicinity of the cutoff
frequency, the increased amplification must be taken into account since it
results in much higher bellows stress levels. To this end, the first mode
radial acoustic resonant frequency is obtained from Figure 5 for a particular
bellows geometry. This cutoff frequency is then compared with the predicted
longitudinal modal frequencies. The predicted Q value from Figure 2-4 is
modified by a suitable constant for all longitudinal frequencies that exceed
the cutoff frequency. In other words, this adjustment of Q states that the
radial acoustic resonance is capable of coupling with higher longitudinal
modes not just at the condition where the frequencies coincide. Figure A-5 is
valid for convolute pitch-to-tip width ratios of 1.4 to 2.0. These values
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A-8

TABLE A-II. APPLICATIONS INFORMATION FOR USE WITH
Q VALUES DATA IN FIGURE A-4

T

Specific Spring (Number Internal Media Curve
Rate Plies (see Note 1) No.

\

: All Ranges 1 low pressure gases 1

é over 2000 1b/in2 1 high pressure gases, light liquids 1

* over 2000 1 water, dense liquids 2

x under 2000 1 high pressure gases, light liquids 2
under 2000 1 water, dense liquids 3
over 3000 2 All 3
2000 - 3000 2 all pressure gases 4
under 2000 2 all pressure gases 5
2000 - 3000 2 all liquids 5
under 2000 2 all liquids 6
over 3000 3 All 4
2000 - 3000 3 All 5
under 2600 3 all pressure gases 5
under 2000 3 all liquids 6

NOTE 1l: Low pressure gases will be defined here a:c being
those gases below 150 psia. Light liquids will
be defined as having a specific gravity of less
than 0.2.

U



DYNAMIC AMPLIFICATION FACTOR Q
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correspond to total convolute thickness of 0.30 and 0.00 (theoretical zero
wall thickness). In addition, Figure A-5 is valid for fluid damping numbers,
Dy, of the order of 10~6 where D = V/rico' v = fluid kinematic viscosity
and c, - isentropic speed of sound.

Method II: Calculation of SI with CF* Function

Calculation of the stress ind!cator may be greatly streamlined if the
universal CF* function shown in Figure A-6 is incorporated as follows:

N
ST = Cp* (N ;)) Ce (h/t)2 Py (A-17)

Note that the calculation requires the use of only one curve, ard hence,

this method is favored for hand calculations; however, if JCFQ 1is set to 0,
the calculation is performe: by the computer code. Input cards 9 through 15
may be blank cards.

Calculation of fatigue life 1s accomplished in a subroutine called
XLIFE where the input parameters of material type, alternating stress, and
mean stress are manipulated in conjunction with a "Seven-Ordinate" fatigue
cha“t to determine the bellows expected life.

The current version of the program assumes a mean stress of 0 psi;
however, several simple program statemeats could be included to account for
internal pressure and slight angulation. Room temperiture conditions are
assumed, but these conditions predict shorter life expectancies than cryogenic
conditions.

The room temperature conditions compensate somewhat for unknown work
hardening effects. From the limited 2mount of data available (AFRPL-TR-68-22),
it 1is generally shown that hyd~oformed bellows life expectancy is shorter
by one order of magnitude than that of a coupon made of the same material.
Therefore, it is not advisable to expect longer bellows life due to low
temperature operation.

A tvniral Seven Ordinate Chart is shown in Figure A-7. The alternating
and mean stress ordinates are used exclusively in the bellows code. Earh
constant life curve is represented by a simple power law of the form

Cycles = B Gale (A-18)

B and m values are obt ined from datz cavds 16 through 21. For example,
the cycles to failure for INCONEL 718 operating with a mean stress of O psi
at room temperature 1is

-5.1097

Cycles = 2.1410 x 10'5 Oa1t

Similar curves are generated for mean stress levels of 20, 40, 60, and 80 KSI.
A linear interpolation process is used to compute cycle values between succes-
sive 20 KSI mean stress levels.
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INCONEL 718
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FIGUKE A-7. SEVEN-ORDIN/TE CHART FOR INCONEL 718
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variables.

Equivalence of Theoretical and Computer Program Variables

A-14

This section is intended to establish the correspondence between the
analysis variables presented in the previous section and the computer coded

Analysis
Ne

N,

g

By

mf2

e

Computer
NC

NPLY
SIGMA

LAMBDA

H

DI

DO

RHOM

CE
RHOF

DMEAN

MMETAT

MFLUID1

MFLUID2

MFLUID

DELTA

Comment

Internally geneirated variables as wcll as curve fit coefficieuts
will be discussed in subsequent sections.

Number of bellows convolutes

Number of plys

Convolute width

Distance between adjacent con-

volute crowns

Mean convolute disc height

Thickness per convolute ply

Bellows inside diameter

Bellows outside diameter

Young's modulus of bellows

material

"a]llows material density

Overall bellows spring rate

Elbow loss factor
Fluid density
Mean bellows diamecer

Elemental spring rate

Mean convolute forming radius

Elemental metal mass

Apparent fluid mass at low mode

nuv~hers

Apparent fluid mass at higher

mode numbers
Apparent fluid mass

Internal convolute width

i o i wrem A A

w1
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Analysis Computer

502 STLO
S STUP

Oy

Ocrit STCRIT

)
Vlower V(MODE, 1)

(N)
v X V (MODE, 2)

0]
Vupper V(MODE, 3)
Ce CF

*
Cr CFSTAR
SSR SSR
Q Q
ST SI
Oalt ALTSTR
Op MEANSTR
Weo 1/C, FNCO
Weo FREQCO
Co co
Y GAMMA

A.3  Curve Fit Requirements

Comment

Strouhal number defining the
lower and upper bounds on
lock-in-range

Strouhal number for severe
excitation

Lower velocity bound on
lock~in-range

Flow velocity for maximum
excitation

Upper velocity bound on
leock~in-range

Vortex force coefficient
Envelope stress coefficient
Specific spring rate
Dynamic amplification factor
Strcss indicator
Alternating stress

Mean stress

Frequency number for first
mode radial acoustic resonance

Angular cutoff frequency for
first mode radial acoustic
resonance

Isentrnpic speed of sound

Ratio of gas speciltic heats

When predicting the performance of complex systems, it is freque-tly
necessary to describe experimentally observed relationships between two or
more variables through the use of empirical expressions, i.e., curve fits.
In predicting bellows flow-induced vibrations, it was necessary to curve
fit the data shown in Figures A-2, A-3, and A-4. To this end, all data in
these figures were fitted to a hyperbolic equation of the form



o %
P,

y = o + b + dx (A-19)
where k, a, b, and d are the coefficients to be determined. Coordinate
pairs are input to the fitting routine, and the rcsulting equations are
solved simultaneously for the unknown coefficients. A listing of the curve
fit routine is included in the next section. Note that there is an option
for either a four- or eight-point fit. It was necessary to use an eight-
point fit only for the curves labeled 1, 2, and 3 in Figure A-4 (Q-surface).
Curve fit coefficients are supplied on input cards 6 through 15.

A.4  Computer Program Structure and Listing

The computer programs listed in this section were written in FORTRAN IV
language. Ir the form presented here, the piograms must be compiled each
time they are submitted to the computer; howevzar, multiple runs can be
accomplished at each submittal. The user of this program may find it more
convenient to compile and store the program on tape, thus necessitating minor
program modifications.

Four program listings are contained in this section:
n MATIN (PROGRAM BELLOW)

(2) Curve generating routine (CURVE)

(3) First mode acoustic response frequency (ACOURES)
(4) Fatigue life routine (XLIFE)

The source deck for the performance program consists of a main program in
which a majority of the calculations are performed and three subroutines:
CURVE, which is called from the main program, and it contains the logic for
selecting the appropriate curve on the Q-surface (Figure A-4): ACOURES, which
evaluates the first mode cutoff or acoustic resonance frequency as a func-
tion of bellows geometry, and XLIFE, which calculates the bellows life ex-
pectancy based upon seven ordinate fatigue data.

The exe~ution structure of the program consists of the following items
in the order presented.

1) Program control cards - number and type of these cards
varies with the user facility.

(2) Main program designated Program Bellow.

(3) Subroutine CURVE

(4) Subroutine ACOURES

(5) Subroutine XLIFE

(6) End of record (EOR) card; aulti-punch 7-8-9 in column 1.

) Data puackage containing one or more runs.

3) End of file (EOF) card; multi-punch 6-7-8-9 in column 1.
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PRUGRAM BELLOW(INPUT,OUTPUT, TAPERNZINPUT)

c THIS PROGRAM GENERATES Ao THEORETICAL PREDICTION OF THE NATURAYL

C VELOCITIES wMICn PRODUCE FLOw=INDUCED YIBRATIONS(EXCITATION) OF
T FREQUENCIES FORTATGIVENTBELLDWS INCLUDING THE FLULID FLDw
T T TRETHELLUNS NATURRL CONGITUDYNAL WOOES,
TR W RN R R MR RY XS R RRE LR R RN R S KR TR RN RN

T IWPUT

o DFLEE E T (CACCULTTE RKAY, 8(USE CXPERINENTALLY OETERMINED WA), Ka
T T ISTRETOVERALL CELLOWS SPRING RATE, LB/IN
T T NFLUTD 2 T1(GASY, &(LICUID)
T NDEGTE RUMEER OF BECTUNS LUNGTTUSTNAL DEGREES UF FREEODM, éwnC=|

c JHAX &8 NUmBER OF CUAVES N.CESSARY 10 DESCAIBE G SURFACE

N = NURRER OF BELLOWS CONVOLUTES
_é—"—PL‘T ‘2TNUABER OF PLYS TN THE BELLOWS COMVOLUTES
GMi ® CONVOLUTE wlIDTH, IN, _
4R3DA 3 DISTANCE BETWEEN aDJACENT CONVOLUTEZ CROWNS, IN.
= FEAN_O[SC HEIGAT, IN.

T € T ® Tnl{KNESS PER CONVOLUTE PLY, IN,

€ OI = BELLOwS INSTDE DIAWETER, 1IN,

00 = BELLU=S "OUTSIOE DIAMETER, IN.

—__E = YOUNG'S MODULUS OF TWE BELLOWS MATERIAL, LB/S@ IN.

TRAOM S WEIGHT DENSIYY OF THE BELLORS mMATURIAL, LB/CU IN.

“C€ = DIMENSIONLESS ELBO~ FALTOR o
T €T IYKFLUIC £ 1(GAS), THE PERFECT GAS EGUATION OF STATE IS USED FOR
——C_’_ TCAZLUCATING €25 DENSIYY AT YHT SYATE OEFINED BY P AND TEMP,

—c T I11s” ASSunEo‘TH“T‘TTE‘As"ﬁEov-a‘TI’ES ARE KNOWN AT A REFERENCE
‘_"E“"‘_orﬂe—bﬁm{s“a’mer, PREF, AND TREF, _
P x 028 PRESSURE, PSIG :

“TEWP T GAS TEMPERAYUKE, DEG. F.
‘_"‘t“‘_‘“PREF'TﬂD YREF ® REFERENCE GAS STATE, PS1i AND DEG. 7,
— £ RAUFREFTE GAS DENSTYY AT KEFENENCE STATE, LB/CU FT.,

c CaMMA S RATID OF SPECYIFIC WEATS FOR GAS
T IFTNFLUIOTE g (LIWUYD)Y, TRE LIGUYIT BENSITY mMUSY BF KNUWN APRIDRITATY -
T T TTAE nuub STATE(P AND TENMP)
T PTRTUTQUID PRESYURE - PSTG

4 TE2P € (TQUTD TEMPERATURE, DEG. F.
U RADFTETIGUID UENSITY AT P AND TEMF, LEZCT FY.

r WTUZRATERIALTINOTCATORTIZINCY 718, 2ALC0Y R =s=9, 3232288y —
TR T TRTUSKTSTURAL STURS, STURT £ CURVE FIT COEFFICIENTS FOR UPPER BOUND —
T T ON STROUAAU NUMMER VS, CANIDA/STIGNMG
T STLORGSTUGCA,STUGOS, STCUD & SiHe A AsUVE EXTEPT LUWER BCIND™
T TS TCRITK; STCRITA, STURTTB,STCRITY = SaME TS ABOVE EXCEPT FURTOPTIMUM ——
TTTTCTTTT  TOR URTTICAT STROURATL "NURSER FOR BELCOUWNS EXTITETITW

T CFR,CFA,TF3, TFDT & CORVE FIT COEFFITIENTS FOR VORTEX FORCE

T COEFFICTENT
T @K Y, %a (D), 8BIT),COTTIT® CURVETFIT CGEFFITIENTS FOwR -HE—UYNAHIC_—
ST AMPLTFICATION FATTOR(C) SURFACE
T TR D IMENSIONCESS TATIRAL FREGUENCY &S & FUNCTION T
TTCT T T OFTmGDE  NUMBER TFUR NDEG T BELLOWY LUNGITUUTNAL
€ T DEGREES OF FPEEDDOM.

b { r'im'
=

nnnn

|

nn|nn

Ny

|4
T (IR MTLO) T2 T DIMENSTUNAL MATRIX CONTTINING VALUES OF M IN -
T CALCUCATING CTFECYCLES. ®TU I8 WITERTAL INCTICATOR, - -
T T R(TISTL) T TWOTDIMERSTONLL RMATRIT CORYAINIRG VALUEY OF 5 IN
T T CATTULATING UIFE CYCUES, FTU IS WaTERTAL INGLTATOR, - -
T T SUBRGUTINE XUTFE UALTUCETES ThE NUMBEN OF PREDTICTED LIFE CYELES -
T € GIVENTALTERNATING STRESSTASYY, MeAn STRESY(KSTY, XM, AnD 8 vaLufEd —
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C!itﬁ.tt"'ltt'.i'i!'.tﬂit..t""'Ott
000003 DINENSION FREQ(25),V(25,3),81(28),TFAIL(2S)
060003 OINENSION OK(b),Qa(b),08(6),Q0(0)
oouon3 OImENSION XM(S.,3),6(5,3)
TTO0G00Y  DImMENSION TITLET(WE)

000003 OIMENSION XRW(E), IRATE)

000003 REAL MESLO(9) , NESHI (T, MEANLG (W)
000063 REAL nc.NPC?TETiabT”iFLU!GTTNFLUJDETHFLqu,nnETAL.xA,x.nASS
o0D0GY “HEAL MEANSTR
800003 ComulN noL Y, SSR, NFLUID, P, RHOF, JCUNVE, E0P, G, EYCLE, MRETY
530003 T DATA MESLIW/VABELE, YHw _0,VRE+037
00uong DATa MESAI/VHABOV,%rE 10,%HE+D?/
000003 BATA mEANLC/9RMERN, #H STR,$AESS ,wHAT 7 A
C'!ttn!t"."l'!I'lt.Q"'...'.tl'!"
0035003 1 READ 1000, YITLE
000011 r?(EUr.bO)s 10
000G1" S STuP
—_o0nais 10_READ 1030, JFUAC, NFLUTO, NOEG, TMax, JLFO,MTT
T READ 1GL1U,NC,NPLY, SIGMA, LANBDA, N, T _
000056 "READ 1010,01,00,E,RH0G%, KA, CE
00007+ GU_TE (11,12),NFLUID _
00010 1) _READ 16i0,P,TEmP,PREF, TREF ,INOFREF ,GArna
00012% __60 1013
0601es ] g;ﬁ__quu. ¥, TERP, RAQF
000137 13 READ 1uB0,STUSK,STUPA,STUPa,STUPD
000183 XEAD 1uao.sf10x‘3TCDA $TL08,S57L00L
000287 READ 1680, sTcﬁrTT7§TESYYTT§TEFTTSTSTEFTYD
000203 READ 1080,CFK,CFA,CFA,CFD
000217 READ 108U, (Gx(J),GALT) T8 (JY,G0C, J=1,JMAX)
[TLELY] 15 READ aoox s (XM(T,1).351,87
000252 READ 2002,(8(1,1),1%1,8)
00036% READ ¢ auox.(xn(T 2y, [21,8)
000278 REAY 2002,(B(1,2),1%1,5)
000310 NEAC 2001, Cx™(1,3),1%1,5)
po0322 READ znuz,(ETx.aJ 151.85)
C * * CaLCULATYON"OF NaTURAL FREGUENCIES AND EXCITAYION VELOCITIES « + »
00033% 25 _PI183,1415927
00033t Gs32,17wy%q
000337 OMEAN=(DI+00)/2.
[TTELH] 60 TG (30,35),JFLaG ¥
00C 380 i ﬂi'ﬁiﬁ]N-E;TNPLY/NC)'(TIH2!-3
T 0U03% I8 K2 wnCeKAR12,
00036 AZ(SIGMA=TeAPLY)/2, )
6U0l3be wAETALZP [ wRROMaTeNPL Y= DHEANY ‘Ploden=g . »A) /G
__000377 GO 10 (3w,37),NFLUTD -
000+nS 3b RnOF:RHOFP:F- (Pel, ?)2 ((TREF*400, )/ (TEMPe RN, ) )/ (PREF®.L?€B.)
00U%1 e 60 1o 38
00017 37 RnUFzRMOF/1728. -
000421 38 MFLUIST=P I eRHOF wDMEANTHe (2, vA=ToNPLY )/ (2,%G)
NQ0v3e oELYA:sfbnA-a.-Tnuva -
~o000%3s RELGTDR2P T ANOF nOMEANS (Mo " 3) /7 (5. %G DELTA) -
0009 S YELAMBCA/7STGNA ™ -
[TTEEX _’ETLGiSTIﬁK7TT:37fU£)OSTLOBoSTLOD-X
600958 T TRTURESTUPK/IXC S TUPAT+STUSSFSTUPD®X
oU0ved  STERITSSTCRITK/ (A=STCRIVAT+STCRITH+SYCAT1D#Y
000%?] AMODEu 0~
000973 D0~ w0 MODES IS NOES
T goavow DEMFLE2. eNC?,

(r AL PAGE ,..
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000%7?? IF(DEMFL.NE.O) GO TS 34
000800 OEMFL =1,
000S01L 38 MFLUIOZ(MFLUID1#(2,ANC=1,=AMODE)+MFLUID2n (AMODE=], ) )/0ENMFL
000512 MASSEZMFLUTIDeMMETAL
rO0SIY T BLIsSORT(2. (LT HCOSTOFY 2. «NC=HOBEY I 7 (@. *NCY)))
—BOUSYT T FREI(MOVE)SVRT(K/WASE) S 172 #PT) —
00G8vE DU 88 JEL,3
0J05%9 GO TO(%G,%5,50),J
TTOUNEST D V(MODE,JYZFREQ(MUDE)ZSISMA/ (STUPRI2.)
—o00%s0 _ GU TG SS
T 000BRl @5 V{RODE,JYSFREJS(MODE)SIGHA/(SYCRIT=12.)
000571 B0 T0°sS
000571 58_V(mODE, J)sFRESTHCDEI*SIGMA/ (STLO12.)
ToU0R0Y 55 CONTINUE™
~-000s03 ~BJ a=GDESARDOEST. ]
Ct'tlt"i!t't'l"'t"'t""'t"t"l'
T THEOMETICAL STRESS INGICATOR FOR CR.TICAL STROUFAL NUMBER
00110 CFECFK/ (X=CFAY+TFa+LFOwX
0006lb SSRERANKC/ (OMEANANPLYY
BUHeel CaLl CURvE _
Y 1F(NFLUID,EG. 1) 85,70
g0nbe? v5 AI®DI/E,
000b31 CLICLYAS i
(I TTEE] CUSSGRT(GAmMAx(Prlw, 2)=l/ (RAOF#13,)) ———t
000bY" CALL ACOURES(mRI,RI,CO,FREQCY,BaLJUST) .
0004 ? I0 _AMODE=1.0
C» N:' CF Q ENVELOPE CURVE © = » w » @
000651 " TG0_T 193,iw8),JCFQ
000657 737 p0 150 mnDE= I;NDEG
__000boel PARAE MOOE/NC
000bLY !F(PARA.GT..O?S\ 60 T0 a0
00Ubb? CFSYARZI.0
BC0s 70 60 T0 1 1*0
0008 7D S0 [F(Pada GT..1p) GO 10 100
ooe s CFSTARz aa75%3wPARAYN(=,13Q00 )
800700 G0 Y0 Iv0
000700 160 1B(PARATGY. .3 60 YO 110
OUG 70" CFSTaNE, 9508V a P ARARR (=, 6%502)
—oo0sra . Gu YO Ivo
out 1D TIG IF(PARATGTIY GO T 129
TOOGTIY  CFSTaFzY 3833V P AR e e 2. 001%8) T
LU0 BOTT0TLIVD
SO0 TE0 IFTPARALGY .Y U TUTT 0 .
gonvee CFSTAR2Y 20330 ?"PanAne . 51 3%17
000730 GO YO 1%0
000730 130 CFSTaARSH LU

TTUOOIT T IN0 BONECERAOF R {VMODE 2 wn @ o (( (N7 1) e v d)w12,. 7 (E.*NPLYRGY J» (CFITARY

T 0007%e TBI(HOOE) zEQN (NC7AMDOE)
000751 T CFUSCFSTARYNC7ANODE o
00078+ PRINRY 19G0,CFD

T 000761 1euG FoORWAT(¥n CFgE, Ele.0) -
000761 AMQDESARODES],
T 000763 150 CUNTINUE ~ -
G0U’eh G610 208
G007u» 165 00 200 MOOE=1,NDES
(I kAL) BUPRCFECE=RAQF o V(MULE,3)wwe)w((H/1)#*2) %12,/ (2, "NPLY®()
00100% Qadn (UCURVE) 7 (NOP-OA(JTURVE) I+ 0B (JCURVEI *B0P*LD U JCURVE]) T
L2 T 8 IFINFLUIDLEQ.YIY IS, [T
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001017
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001027
Q01031
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175 IF(FREG(MODE).GE.FREGCO) Q=sQwQADJUST
18C SI(~QDE)=BOP»G

ARPUDEZAMODESL .,
200 CONTINUE

001G ] PRINY 109y, SIGHA, LAWBOW, H, 1, 01 D0, N, NPUY,E, KK, RROA, P, TENPTRAGF NE ™
TCUI0,»TC
001105 FRINT TuSU
001111 PRINT 1000
001118 WEENS TRZ0. G
001116 D098 WOOES],NDEG.
—_ 001130 ALTSTR#S] (WODE) 710060,
001122 00 1ol 131,58
go0lles XAM(1)sXm(T.MTL)
g01127 BRM(I)=E(1,R10)
toLr132 Inl _COnYInUE
G113 CALL XLIFEUXRN, BRM, ALTSTR, MEANSTRY
YYD __G6U TUT (I%1T,1300,1%60,210),MRET
olIlve 217 pa:ur_1939,qug}§jTH00€)-FREG(HODEJpV(HODE.l).V(HODE.a).ngQDE,a):___
s CYCLE
001170 R IL ‘*
001171 1300 P#InT 1305, #00E, ST(MODE), FREG(MODE), V(MODE, 1), V(MODE,3), V(MBDE, 3),
() mESLOw ‘
001213 G _T0 a8 T .
00121% 140¢ PRINT 1308,MQ0E,SI(MODE).,FREQ{MODE), v(MODE, 1), v(n30E, 2, v(MODE,3),
) MESH]
001236 _ GO To se T
001237 1210 PRINT 1416, mM0DE, ST(MCOEY, FREG(MODE), V(MODE, 1), V(MODE, 2), VIMODE, 37,
i REANLG
001261 94 CONTINGE i
001264 IF(NFLUID,EG,1)216,1 _
001270 215 PRINT 1U%0,FREQCO,QADJUST
001300 G0_Y0 1
001301 1005 _FONMAT(8AL0)
001301 1010 _FORMAT(6E12.5)
0013¢c1 1020 FORMAT(10F?7,3)
3 030 FORmMAT(613)
601301 1040 FORMAT(1n0,28X,18%BE(OnS PARAMETERS/ _
3 1M0,18%,3bnS1GNA(CONVOLUTE WIDIH, IN),11%X,Fb.3,7
3 19X ¢?2nLAMBDACCOMVOLUTE PITCH, IN),10X,Fu,3//
§ 19%,23FH(MEAN DIS ~WETIGHT, IN),L1¥X,Fa.3,/
3 18X, 30RT(CONVOLUTE THICKNESS/PLY, IN)/9X,Fb.3.7
[} 19X,23mDI(INSTDE DTAMETER, IN),1%X,F6.3,7 5
3 18X, 29HD0(OUTSIOE DIAMETER, IN),13X,Fe.3/7
$ 184, 2%HNC(NUMBER QF CONVOLUTES),12%,F?.3,7
- 3 18%, 2INNPLY(NUMBET OF PLIES), 15X, F7,3,7/
3 18, 20HETTYOUNGTS WODULUS, LB/SC, INY X, E11.%,/
s 19X, 30nKATOVERALL SPRING RaTE, L87IN), 6K, F?.3.7
[ 18X JZHAACM(MATERIAL DENSITY, LB/CU.IN), ¥X,F7.3+7
-3 110, 30X, lonFLUTO0 PARAMETERS/ —
) 10, 10X, 1 9WP(PAL SSURE, PSTG),19X,F7.3,7
3 AAX, 2V HTERP (TEMPERATURE, DEG F),0%,F10.3,/
3 10X, 29mANOF(PLUTO DENSITY, LB/CU.IN) 73X, E1L.%,7 "
$ ___INX, FIRAFLOIUIaTAS, 2= I0UI0), 198,11,/
s LOX, 38R TLTISTNCDS 919, 22ALLOY 21-0=9,38321988),%X, 14,7
s TInU, 3K, IVRTAEORETICAT BELLYWS PERFORMANCE) -
001301 1050 FONMAT(Lnn, 4SHRQDE "NG,  STRESS INCTTATGR  NATURAL FREQUENCY £

SLO~ ExciTaT 0N RanGE,FT/SEC LIFE CYCLES,/
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$ IbX,2MmZ 24X, SHLONER,SX, BHCRITICAL, %X, SHUPPER, X, INSEC)
001301 1060 FORMAT(1HO)
001301 1070 FORMAT(IX,12,8%X,EL11.%,8X,FQ,.3,5%X,3F11.3,0X,E1L1.%)
001201 1080 FOR™AT(ELIV,.8)
T OUTI0L  SUOL POR®AT(SFID.3J
TTBOTINL T 200d  FORMAT(SELULSY
TTBUII01 . 1n80 RMET(777, 3K, wenFIRSTTRUDE WADTAL ACOUSTIT NESONINT FREQUENCYVR,Fa
1.3,8nG3A0708Ts, F3.T)
OO ANyl FORMAY (wiv, §a L)
001301 1305 FORMAT(IX, 12, 0%, EL1 %, 0%, F9_3,8X,3FL1.3s0%, IA%)
To013n1 SIS FORMATTIN, Y&, UX, E1L. %, 9%, P&, 3,50,3F11,3,8X, %Ay —
001301 Eud

| |
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SUBRQUTINE CURVE
. 000002 DIMENSIGN DIMFREG(2S),FREQ(25),v(25,3),81(25)
’ ocono2 OIMENSION OK(b),WA(D).GB(N),0W0(0)
TTPOTRTR COMEON NALY . SIRTNFLULD, ¥, AHOF, JCURVE D OF, U, CYLLE, MREY
. —0aGo0eE BERLTNCNPLYLANBD A HRCTUTUT  MFCUT DT, NSLUTD, AMETAL, KA, K
r 0006008 TIF(NPLY EG 1.7180,10
T Y 10 IF(nPLY,ED. YN0, 20
\ TOUUTLY o0 IF(SSK.GT. IOBUTYIT, vE
X o0002¢ “§0 JCORVESY
- 0000623 HETURN
! TOu08dNy o g I1FT2n00.  LE.SSR AND . SSALLE.J000 3 8E, 80— —
oondi T80 JCURVERS™
i ' 0u0D3? AETURN
v 0000%0 LR lF(ssi_Lf.aaoo..ANO-NFLUID.E0.1)70.IO
. 000061 %0 JCURVERS
06.058 RETURN
00G053 80 JCukveds
00006% RETURN .
000055 S 1F(SSR.GT,3000.)100.110
000063 106 JCURVE=3
00060 Y RETURN
00000 % 110 IF(NFLUID,EG,.1)120,150
—ooou’e  1au_ 1rteoua.2£t'3 .AND.SSR.LE, 3000,)130,1%0 A
p0glo4 130 qunvs:»
00c1ns RETURN _
0001i0b 140 JCygy;zs —
006107 RE TUR
000110 15u lr(énuo..LE’SEI‘TRG‘§3F*EE;3600 Y160,170
o0ola2 150 JCURVERS
000123 RETURN
00012% 19C JCURvEZD
0006125 RE TURM
c0012b 180 1FINFLUTD,EG. 1. aND.P,LT,160.)19n,200
000140 190 JCURVE=]
00G1lvl RETURN
0001%2 200_JF(S$R.67.2000,)210,260
000150 210 G0 Yo (22u,230),NFLUID
00015h 220 JCUNVESL
D00 157 REVURN
—0001e0 230 SPGRAVERAOF/(wa.v/1728,)
0011w IF(SPGRAV, LY. 0, 2)2+0,350 )
[PITX 296 JCURvEx]
00G170 SETURN
000171 287 JCUNVEER"
000172 RE VURN
000173 2on_ 60 10 (27%0,280),NFLUTID
00201 270 JCURVEa?
po0ana RETURN
000203 280 SPGRAVERRUF/ (2. %/1728,)
000205 1P (SPGRAV, LT, 0.2)2%0, 300
—ouceie  edn JLURVE=RT
a0GeLs5 RETURN
[TITIE JOO JCURVER]
000218 ____RETyAN —_
00Cole En T
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SUBROJUTINE ACQURES(X,Y,2,FREQCO,QA0JUST)

000010 PIBY 141502)
000011 HRIsX
00001R R1BY
600017 cowL -
: LRI IE(nAI CED.88) GO YO 80
- L R A Y B 1 LY WA L3V 1 R LD
: o0o0tee ®OTET30
A\ TTOUE0Y 80 FNCD2I, 9T SOSwHRT
) 600026 Y0 FREGCOEL #FNCORCO/ TR *FIFRT)
C TOUONSS T 0aDJusTes T
? 00069%  "REVURN
00003% END T
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SUBROUTINE XLIFE(XM,B8,ALTSTR,MEANSTR)

000007 DIMENSION xm(§),8(S)
00nou? CUPRON NPLY,SSR,NFLUID,P,RH0F, JCURVE, 80P, 0,CYCLE, MRET
W REAL MEANSTR
“Tgoson Ty 18T
— 300007 IF(NEANSTA. LEL 20, YLU T 200
odu0ie 1sle]
00001+ CIFUMEANSTR, CE,.¥0.JG0 YO @00
Bht0Iw 18l+l —
TO000LT IF(MEARSTR LE.RU.YGT YU 200
LR “laTeT
I IF(SEANSTRLE . 80.)60 Y0 200
TTob0des T mRrETal
0ahode RETUKN
T ubhoan 2N CYCIsp(1)eaLTSTRmain(])
oung3) CYCazsa(leL) nAUTSTHR*XWN(T+1)
TTgueoel FRALS(MEANSTR=20.#(I=1))780.0
o00ave _CYCLEsCYCie(CYCR=TYCL)wFRAT
000058 1F(CYCLE.LE.1U00.) 100,300
000Ns0 100 MRETs2
000001 AETURN

000002 300 1F(CYCLE,GE,10000000,)%00,500

000u?0 w00 HMaftis3d

000071 RETURN
00107?¢ $N0  MRET=ze
00007 RETURN
00007 EnC

W e e
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A.5 Data Input Package

A-25

Instructions for preparation of a data input package are located at the
beginning of the PROGRAM BELLOW listing. An experienced programmer will have
no difficulty in constructing the input, but for the inexperienced user the
following supplementary remarks may be useful. '

Input Card 1

This card is an identification card on which the user can place
information that will aid in identifying and classifying the run.
Any alpha-numeric characters can be placed in columns 2 through
80. Column 1 must either ccatain a 1 for printer carriage controi
or be left blank.

Input Card 2

Word
Word
Word
Word

Word

Word

Input Card 3

1
2
3
4

5

6

Word
Word
Word
Word
Word
Word

Input Card 4

1
2
3
4
5
6

Word
Word
Word
Word
Word
Word

W

Input Card

Word
Word
Word

Word
Word
Word

W N

[ QLY BP

JFLAG
NFLUID
NDEG
JMAX

JCFQ = 1
= 2
MTL

NC
NPLY
SIGMA
LAMBDA

DI

RHOM

CE=1.0

TEMP
PREF or
RHOF
TREF
RHOFREF
GAMMA

See Program Listing

See Program Listing

See Program Listing

Is the number of individual curves necessary

to descrive the Q-surface (Figurc A-4). As shown
in that figure, JMAX = 6, If future data indi-
cate that more than six curves are necessary,
then the dimension statement pertaining to Q
must be altered accordingly.

(Use Method I Stress Indicator Calculation)
(Use Method 1I Stress Indicator Calculation)
See Program Listing

See Program Listing
"

o @ Program Listing
1"
11
"

May be left blank if J:: -
See Program listing

[

See Program Listing
"
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Input Cazd 6

This card contains 4 curve fit coefficients for the upp2r bound
of the Strouhal number vs. lambda/sigma function. They are as
follows:

Word 1 STUPK = +.25352.26+00
Word 2 STUFA = +.40487805+00
Word 3 STUPB = +.222295954+00
Word 5 STUPD = -,34329268-01

Input Card 7

This card contains 4 curve fit coefficients for the lower bound
of the Strouhal number vs. lambda/sigma function. They are as
follows:

Word 1 STLOK
Word 2 STLOA
Word 3 STLOB
Word 4 STLOD

+.1187C4224+00
+.46569343+00
+.73139166-01
-.79927007-02

Input Card 8

This card contains 4 cu~ve fit coefficients for the critical curve
of the Strouhal number vs. lambda/sigma function. They are as
follows:

Word 1 STCRITK
Word 2 STCRITA
Word 3 STCRITB
Word 4 STCRITD

+.43502697+00
-.6.870504-01
+.37269292-02
+.40647482-02

Input. Card 9

This card contains 4 curve fit coefficients for the vortex force
coeffilient vs. lambda/sigma function. They are as follows:

Word 1 CFK = -.19458000+03
Word 2 CFA = +,25500000+02
Word 3 CFB = -,74460000+01
Word 4 CFD = -.3990070C +00

Input Cards 10 :hrough 15

The curve fit coefficiants for the Q-surface are read in at a ratz of
four words per card, f.e., QK (1), QA (1), 1B (1), QD (1) are punc’
on Card 10; QK (2), QA (2), QB (2), QD (2) are on Card 11 of thi:
Reading continues per this format until JMaX »2ts of coefficients
below have been read in.
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Card 10 QK(1) = 4.0873881F+04
(3Q1) = - 1,4052553E4+02
Y =  3,7419734E+01
Q) = - 2,2574946E-03
Card 11 QK(2) = 3.3980471E+04
0A(2) = - 1,74986922+02
QB(2) = 3,8783556E+01
QD (2) = - 2,7034275E-03
Card 12 QK(3) « 2.0081991E+04
QA(3) = - 1.4917770€+02
QB(Z: =  4,5393842EH01
QD (3) = -~ 4,.8689382E-03
Ca:d 13 QK(4) = 9,8799884E+03
QA(4) = - 1,2489887E+02
QB(4) = 4,9950596E+01
QD (4) = - 6,8001116E-03
rd 14 QK(5) « 7.8264710E+03
QA(5) = - 2,0682049E+UC
GB(5) = 4.3576094E+01
Qp(5) = - 4,0612929E-03
Card 15 QK(6) =  2.3506569F+04
QA (6) = . 8,4432071E+02
QB(6) = 2.4773333E4C1
J(6) = - 1,4810690E-03

Input Card 1%

T. card contains exponent values (M) for material 1
Word 1 XM (1,1) = - 5,11 (mean stress = O KSI)
Word 2 XM (2,1} = - 5,479 (" " =20 ")
Word 3 XM (3,1) = ~-5519 (" "oo=40 ")
Word + XM (4,). = - 5,645 ( " " =60 ")
Word 5 XM (5,1) = - 5972 (" " =80 ")

Input Card 17

This card contains coefficient values (B) for materfal 1

+4+ T4+

.21410+16

.72280+16  (
44440416 (
.24367+416  (
.23200+16 ¢

ti

(mean stress =

-
»
-
-

0 KSI)
20 " )
40 " )
60 " )
80 1] )

A-27
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Input Card 18

This card contains exponent values (M) for material 2

Word 1 XM (1,2) = - 13.003
Word 2 XM (2,2) = - 13,170
Word 3 XM (3,2) = - 16.008
Word 4 XM (4,2) = - 14.168
Word 5 XM (5,2) = - 5,345

Input Card 19

This card contains coefficient values (B) for material 2

Word 1 B (1,2) =+ ,67770+27
Word 2 B (2,2) = 4+ 32560428
Word 3 B (3,2) = 4+ ,29480432
Word 4 B (4,2) = + ,49910427
Word 5 B (5,2) = 4+ ,89980+11

Input Card 20

This card contains exponent values (M) for material 3

Word 1 XM (1,3) = - 2,447
Word 2 XM (2,3) = - 3,567 .
Word 3 XM (3,3) = - 4,387
Word 4 XM (4,3) = - 4.683
Word 5 XM (5,3) = - 6.124

Input Card 21

This card contains coefficient values (B) for material 3

Word 1 B (1,3) = + ,14360+10
Word 2 B (2,3) =+ ,13630+12
Word 3 B (3,3) = + ,22900+13
Word 4 B (4,2) = + ,12990+13
Word 5 B (5,3) = + .12510+13

A.6 Example Problem

Listed below 1s an input data deck constructed in accordance with the
inst=ctions presented at the beginning of PROGRAM BELLOW. The notations
that appear in columns 73 through 80 serve to identify the data group in each
card. Following this listing is the corresponding computer output. The
output is 3rouped into three sections. The first group summarizes the perti-
nent bellows input parameters. For this example, onlv the overall spring
rate, KA, was inserted as data. The next group summarizes the fluid parameters.
The next group contains the predicted longitudinal tellows performance.
Bellows lock-in-range for a particular mode ~¢ wibraticn is defined by the
upper and lower flow velocities. Stress indicator was calculated based on

-
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the critical flow velocity for each mode. Note, that for this particular
bellows configuration, the lock-in-ranges for successive modes overlap,
which indicates a more or less continuous spectrum of excitation velocities.
Note also that all performance variables at the highest mode numbers are
less than the corresponding quantities at previous mode numbers. Physically
this behavior is accounted for t the fact that the apparent fluid mass is

increasing at a faster rate than the dimensionless frequency numbers in Table A-I
for t-“is bellows.
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B-1

B.1 Flow Loop

All 1iquid flow tests were conducted in a closed loop water flow
tunnel shown schematically in Figure B-1. The bellows upstream piping was
sized to the nominal bellows size, i.e. 3" PVC pipe was used during 3"
bellows test and 6" PVC was used for 6" bellows. The flow loop can be
pressurized to pressuvres in excess of 100 psig.

Flow rate was accurately measured by a 4" turbine meter (Flow
Technology SN - 64033 ) , and the loop's static pressure was determined by
a calibrated bordon pressure gauge located one diameter upstream of the
bellows.

Fluid motion is generated by a Goulds propeller pump rated at 40 ft.
head at 6000 GPM. The prime mover is a 75 hp variable speed hydraulic motor
which provides a means to vary the loop flow velocity. Piping components are
fabricated of carbon steel or PVC. A large antisurge reservoir (air over
water) has been incorporated into the basic tunnel design.

B.2 Bellows Instrumentation

During a typical bellows flow test, three time dependent variables
are normally recorded. These include the (1) volumetric flow rate, (2) the
strain time history at various bellows locations, and (3) the displacement
time history of selected bellows convolutes.

The overall instrumentation setup is shown in Figure B-2 where it can
be seen that three modes of recording data are possible. For quick look in-
formation polaroid pictures of the scope face may be obtained. As a second
mode of operation, a high speed direct write galvonometer (CEC Model 5-124 )
is used to obtain high frequency hard copy bellows strain and displacement
time histories; however, the majority of data (3rd mode of operation) was
recorded in a form more useable for analysis, i.e. a dependent variable was
plotted versus an independent variable on the x-y plotter while a test was in
progress.

Typical data collected in the form of two dimensional plots are presented
in Figure 13. The vertical scale is proportional to either peak to peak strain
amplitude or peak to peak displacement amplitude. Special circuitry, to be
described subsequently, converted convolute peak to peak displacement motions
to an equivalent D.C. analog voltage which was input to the y-axis of a model
x-y recorder. Peak to peak strain signals (radial and circumferential) were
processed in a similar fashion. The horizontal axis is proportional to vol-
umetric flow rate through the bellows. Since the primary flow measurement
element was a turbine meter, its output frequency {(directly proportional to the
volume rate) was converted to a D.C. signal and then imput to the recorder's
x-axis.

A typical instrumented bellows is shown in FigureB-3. Four strain gages
were attached to the convolute crowns each test bellows. Two gages were placed
on convolute number two, one responded to radial strains and the other responded
to circumferential strain. Convolute number two was chosen ac a representative
and convolute where peak strains occur (maximum relative displacement occurs in
this region) but due to the end restraint. The middle convolute was gaged in
the same manner as convolute number two. By observing the middle convolute
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(Used to Indicate

Gage No. Gage Type

EA-09-031ED-.20
EA-09-031ED-120

EA-06-031DE-120

IDXOXOXD

EA-06-031DE-120

. /_ T Displacement)
6 54 321
FLOW n Qﬂ ﬂUﬁUH
» | _
JYUUUUUI

Strain Direction Convolute No.
Radial 2
Radial 7
Circumferential 7
Circumferential 2

FIGURE B-3. STRAIN GAGE AND TAB LOCATION FOR 3" BELLOWS
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response simultaneously with the second convolute, the mode number is
positively identified and insight is gained with respect to the mode shape.

All strain gages used were 1/32" long and each was selected to the
base material of the bellows (321 stainless steel). Due to the small size
of the gage and its associated installation difficulty, single arm active
bridge circuits were employed. Figure B-4 shows a schematic of the signal
conditioning circuit that converts gage resistance changes into a measurable
voltage. The first stage amplifier (Analog Devices 610) is a high quality
instrumentation amplifier operated in a differential voltage measurement mode.
The second stage amplifier (Analog Devices 3140) provides offset voltage
control and boosts the 610's output by a fixed gain of 10.

Consolute displacement was obtained by measuring the displacement
of a small metal tab that was epoxied to the crown of a convolute. A Bently
probe (Model 316 ) was attached to a fixed structure above the test bellows.
The tab couples with the transducer to produce an analog signal directly
proportional to the displacement of the tab with respect to the transducer
face; hence, the convolute absolute displacement was recorded. A sufficient
number of tests were performed to insure that the virtually massless attached
tab did not influence the vibration process.
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APPENDIX C

BELLOWS GEOMETRIC AND MECHANICAL PROPERTIES DATA
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TABLE C-I. BELLOWS DATA
Bellows No.

Parameter 4 6 15 E
D, (in) 3.3 3.3 3.3 6.3
Dy (in) 3.0 3.0 3.0 6.0
D, (in) 3.6 3.6 3.6 6.6
h (in) .3 .3 ) .3
t (in) .006 .008 .006 .008
N, 1 1 2 1
N. 13 19 13 A
A (in) .228 144 .216 224
o (in) .12 .08 .12 12
Aa 1.9 1.8 1.8 1.87
Ky (1%/1n) 44.2 82.6 93.5 166.67
due/dfc (Win/1b) |94.96 57.22 42.37 -
due/dl (Min/in) | 4197 4731 3961 )

L
"

§ai

o o i i . it




TS

e

LW I

I )

APPENDIT

FATIGUE LIFE COMPUTEF

D

ROGRAM, FATLIF

D-0



Pom

e

o

At

<

x

o
o erve o ARG YA

$

DIMENSTON N£10Q).M(10)
—_—ee e BEAL NPL Yo M,! AMBDALMODEND, KA, NC A NONC
NRx1O z
MiZn
BEADCNR,LO00)
—_— READ(NRLLOINIPAM,NPLY,TPLY . ¢ .LAMSDA
e BEAD (NS o 1O O NC, RHOE K ALDT .0
— 2AY AL
an=IHAX

GR32. 124

PIz3. 1915922 s

YNPLYRTBLY

- SICPEPA(M/Y)en2/2

00100 Ix1l,MODEMAX

————— MODENOXNCI)

e NONCEMODENO /NC

e 1P (NONC LF . 6,.028)G0 I0 2

IE(NONC LF 0. 1h0) GO TO @

IECNANC L5 0.3 GO 10 &

IF (NONCIE_0.7) GO TQ &

_ IECNONC . GT. 0.2) GO IO 10

2 Cratiesyr N

Gd I0 12
— % CESTARSN 597§%3aNONCax(e0,139066)
50 10 12
—_—— . h%S02)
GA T0 42
8 CFSTARZY 363398 aNONCRe2 AR €22
GO _I0 12 .
- 10 CFSTAR®Y 2013367 aNONC a0 .S13%12

C.

12 CFQARCESTAR/NONC
e e APZP TN (0T 6D0Y /D

DARLACEALIL200

~ALmAT

A2xALaDA

F1x}, /((ALPHASA a2+ FRSTLON) #ALae (M/2 ))

e 28 FA3)  /((ALPHARA2222EPY L ONYAAS 22 (MLZ )]

_ABEAXARELAeDARLELAFEDI L2

FlaF2

ALsA2

A2xALsDA

1ELA2=AC) 28,286,850

SN FAll IFEaCOEFFaAREL




—_— ..._.___“QLIE(NHLLQLM.MQNCI CM.CFITAR, C!QLQELONC ¢ COCFE

100 WRITEC(NW,102SINCI)eYCI) SIGP OELSIG, STGNAX, STIGNIN, AREA,R, FATLIFE _

w1000 FQRMAT(RQNL
1

) - I
— . ——l010 FORMAT(REL2.8) e

——A01S FORMAT(eI1)
e 1020 FORMAT(LHO,L0H MODE NQ. 22X, hHV(FPY), 2X, YHSIGP(PST) 4 X, 1 HOELIIGL(R

— e AND) LA RAMIIGMAXCPST) AN LANSIGHINCP L) s X WHAREA, LLX, LHR, 29X, LWHFA
——eRYIGUE CYCLES)
1028 FORMAT(SXeI3213XoFbolsB8XeF2o0etXabRals X, FO.0 0K FBL0,SX,ELQ N SXs
L 1E2.%,SX.E10.%)

aT0P_ - — o j-
END . e




+PPENDIX E

TWO PHASE FLOW STUDY




E-1

E.1l Two Phase Flow

During the performance period of the bellows study, several
special studies were conducted on an as needed basis. One parti-
cularly noteworthy study conducted was a simplified analysis of
the Shuttle LH; chilldown or recirculation system. Four possible
operating conditions of the chilldown system were assumed and the
analysis of the chosen "worst case," indicates low probability of
a bellows failure due to a two phase flow phenomena. Results are
presented below.

E.2 Case A - Pure Liquid Flow

For this case tlre entire recirculation system was assumed
to be flowing pure liquid hydrogen with the pump curve shown in
Figure E.l1 defining the pressure head versus flow for each of the
three pumps. Table E.I lists the assumed bellows geometry for
this analysis. Table E.II lists the LH, properties and analysis
results for the Case A pure liquid flow problem. As shown, because
of the very low velocity and 1/2 oV?2 valve, the stress indicator
valve is quite low and no bellows flow-induced vibration problem
is anticipated.

E.3 Case B - Pure Gas Flow

For this case we assume pure liquid flow through the pump
followed by pure gaseous flow through the recirculation system.
The reason for this assumption is to ensure the maximum possible
driving head at the pump is available to "push" the gas through
the lines. With gaseous flow through the pumps, a very low head
would occur hence no means would exist to continue to introdu.ce
liguid into the system.

It is assumed that sufficient heat is transferred into the
liquid to cause complete b»oiling hence a pure gaseous flow through
the recirculation lines. This is definitely a possiblitv at the
first stage of chilldown.
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Flow Rate - 1lb/sec
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TABLE E-I Summary Of Bellows Data For Case A

Bellows Geometry (Arrowhead Drawing 13619)

Material -
0.D. -
I.D. -
Nc
N

P

r*
It

Calculated Data

=
]

+h
]

ARMCO 21-6-9

5.0 inches

4.0 inches

8 convolutes

2 plys

0.008 inches per [ ly

2.0 inches convoluted length
0.50 inches

0.267

0.134

138.24 1b/inch overall spring rate

4 lb—secz/in4

1.002 x 10~
748 Hz, reference frequency

148.9 Hz, first mode frequency

7.56 fps, first mode critical velocity

1488 Hz, highest longitudinal mode
frequency

75.5 fps, highest longitudinal mode
critical velocity
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TABLE E-II Summary Of LH; Properties And Analysis Results
For Case A - Pure Liquid Flow

Liquid Hydrogen Properties And Conditions

LH2 @ - 420°F, 16.1 psig

0.002564 1bm/in> = 4.431 lbm/ft>

€
]

4.2 lb/sec total flow, 3 pumps

Calculaced Data

. Volume flow = §L = 0.9479 ft3/sec
£
_ Volume flow _ 0.9479

: V= Area - 0.08722 10.87 fps

1/2 0,v% = 0.0565 psi
. CfQ = 8 (first mode)

cC.Q 2
_ F h 2, _ .
S.I. = (37-) (E) (1/2 pV®) = 882.8 psi
Conclusions

. The Stress Indicator is so low no significant

bellows response is possible.
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Pure gaseous flow at the 4.2 lb/sec rate achieved for
the pure liquid case is not possible because the flow loss
would far exceed the available head at the pumps. There-
fore, a downward adjustment in flow occurs until the loss
matches the available pump head. The total flow from three
pumps which satisfies this requirement is about 0.823 lb/sec;
see Figure E-I,

Based on this flow, the bellows of Table E-I has been
analyzed and results are shown in Table E.III.As shown, the
stress indicator is quite low and there is no possibility of
acoustic resonance, hence the bellows is safe.

E.4 Case C - Liquid Flow for Part of Line, Gaseous Flow
for Rest

For this case we assume pure liquid flow through the
pumps and through a fraction of the total recirculation line
length. The flow through the remainder of the recirculation
line is assumed to be pure gaseous. “he transition from
liquid to gas is assumed to occur suddenly at a single point
in the line.

As with Case B, the total pressure loss along the line
is assumed equal to the head available from the pump. When
the percentage of line with gaseous flow is large, we expect
the mass flow to be smaller than the nominal 4.2 lb/sec value
and the total head greater than the nominal 8.0 psi value.

As a starting point we assume the presence of the gas will
restrict the flow so that the pump is operating in the region
of a 12 psi head value. Other assumpticns are:

. The liquid Jdensity is always Pe = 4.431 lb/ft3
. The gas density is always pg = 0.0939 lb/ft3

. The pump head of 12 psi produces an average
1/2 pV2 of 0.0897 psi along the line

. X is the percentage of the total li..e over which
the flow is pure liquid

(1-X) is the percentage of the total line length
over which the flow is pure gaseous

There is sufficient heat transfer to convert the
LH2 to GH2 at the point X
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TABLE E-IIT. Summary Of GH, Properties And Analysis Results
: For Case B - Pure Gaseous Flow

Gaseous Hydrogen Properties And Conditions

. g = 0.00005435 1bm/in> = 0.09392 lbm/ft>
. Q = 0.823 1lb/sec total flow, 3 pumps

Calculated Data

. Volume flow = §L = 8.7¢3 ft3/sec
9

. V. = 100.5 fps (could excite highest mode)

1/2 ov® = 0.1023 psi

CfQ = 3.2 (highest mode)

C.Q 2
S.I. = (5= (B (1/2 ov%) = 629.5 psi
P

Velocity required for acoustic resonance = 394 fps

Conclusion

. Stress Indicator too low for problem. No acoustic
resonance possible. Bellows safe.




We now have

1 2 1 2 _ .
(2 P, VL ) X + (7 pg Vg ) (1=X) = 0.0897 psi

Fror fluid continuity we f£ind that

1 2, _ 1 2

(5 Pq vg ) = 47.0 (3 pp V.9
thus

2
(1/2 o vg ) 1 2
7.0 X + (f og Vg ) (1-X) = 0.0897 psi

or

(1/2 o ng) (1-0.0970 X) = 0.0897 psi

From the above equation we find that a given value of X we
have a unique value of (1/2 pg Vg?) or Vg. Figure E-2 shows
a plot of ng versus X from tge above equation.

Note that as X increases toward a value of 1.0, the V
value also increases. For example, if there is liquid
flow over 90% of the recirculation line, with the final 10%
being gaseous flow, we can expect to have Vg = 272 fps from
the gaseous flow over the final 10% of the line.

Figure E-2 also shows the stress indicator values ZIor the
bellows defined in Table E-1l.0f course there must be a bellows
located in the portion of the line over which the gaseous
flow exists to experience this flow condition.

From this analysis we can see that if the flow conditions
assumed were to really exist then a bellows placed very near
the end of the recirculation line could be subject to rather
high stresses. Also we are getting into gaseous velocity
ranges where acoustic resonances might be possible. Table E-IV
summarizes the results of this analysis.

The question remaining then is: Can such a flow condi-
tion occur? The answer to this guestion depends on the re-
sults of a heat transfer analysis to find out if sufficient
neat can be introduced into the fluid to produce the required
fhase charge from liquid to gas.
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TABLE E-IV Case C - Portion Of Line Pure Liquid Flow

And Portion Pure Gaseous Flow

Hydrogen

Properties And Conditions

Analysis

LH, @ - 420°F, 16.1 psig
o = 4.431 lbm/ft°>

GH2 = =422°F, 19.0 psia
g = 0.09392 lbm/ft>

Fluid mass flow variable

Pure liquid flow over X percent of line length

Pure gaseous flow over (1-X) percent of length

Pump head always 12 psi, average line 1/2 pV2 =

0.0897 psi.

X and flow head related by

2

(1/2 og Vg ) (1-0.979X) = 0.0897 psi

Solution to above given in Figure 2

For example, if X =.90 or 90%, then
2

1/2 \'
/9gg

v
g

S.I.

0.754 pei

h

272.6 fps

4713 psi (SAFE)

Acoustic resonance occurs @ Vg = 394 fps

Conclusions

Only a bellows located at end of line would be in
possible damage if the postulated flow condition
can actually occur.
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This question will be answered in the next section; however,
if no bellows exists over the final 10% of the line length

then no problem exists.

E.S Case D - Slug Flc.’

For this case we assume that a pocket of gas has formed
in the ru«circulation line and is growing because of further
boiling of LH;. This gas product growth pushes the LH) in
front of it out of the line; hence, we need to determine if the
liquid and/or gas velocities can become high enough to create
a bellows problem.

Figure E-3 shows a schematic diagram of the physical orob-

lem for Case D. As shown, we assume a gas pocket of length
Y which is growing because of boiling caused by heat trans-
fer through the tube from the surroundings. The rear bound-
ary of the gas pocket is assumed moving at a velocity V),
while the front boundary is assumed moving at a velocity Vj;.
The difference in velocity of the two boundaries relates to
the volume growth of the gas pocket because of boiling.

The first problem to be sclved is a determination of the
boiling volume growth of the gas pocket. Table E-V summarizes
an analysis to solve this problem. We assume a gas pocket
of length Y is being formed by boiling from heat transferred
through the tubc wa.l. It has been derermined that the
boiling transfer coefficient on the insile of the tube is so
very high relative to the external heat transfer coefficient
that the tube wall can be assumed at the same temperature
as the LH,. Therefore the boiling rate is limited or deter-
mined by the heat transfer from the ambient surroundings to
the tube wall.

~

On this basis the analysis shows that the maximum weigiht
rate of LH; boiled into GH,; will be

Weax = 5.29 lbm/hr

per foot of tube over which boiling is assumed to occur.
From this rate of boiling the volume rate of growth of the
gas pocket has been calculated to be

Q. oy = 0-9199 £t3/min per foot length.
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TABLE E-V Summary Of Heat Transfer Through

Recirculation Line Walls

- Y J
, = Ambient
L Temperature

?51——\\\}“«——7

T
LH, x .032" Wall
Q = heat transfer through wall to induce boiling
of LH,
Y = length of line over which boiling assumed
occurring

LH assumed @ - 420°F, 16.1 psig

Heat transfer limited by convection to. tube on 0.D. -
tube wall assumed at temperature virtually equal to

LH2

From above

Q = hoA (Ta

- Tp)

h = convection neat transfer coefficient

(o)

assumed equal to 2.0 Btu/hr-ft2 °F

A = vDOY = area of tube 0.D. for length Y
Per foot of tube we have where Ta = 70°F and TT = -420
Q = 1026 Btu/hr per foot of tube

If tae heat of vaporization of LH8 is assumed at
£

194 Bt' /lbm then the weight rate

u/kr

. _ 1026 Bt
w 194 Btu

of tube

/lbm

£ fluid boiled is

1.29 1lbm/hr per £oot

From above the relative bcundary velocities of the
gas pocket has been calculated at

V2 -V = 0.1758-Y fps

1
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Finally this volume growth rate permits calculation of the
differential gas pocket boundary velocities as

V, =V, = 0.1758 Y-fps

2 1

From the above it is clear that boiling over very long
lengths of line would be required to cause significant
increases in the advancing liquid-gas boundary. For example,
we might make some probably impossible assumptions to show
that there is no real problem from bellows flow excitation
for the Case D situation. Let's assume:

. The liquid weight flow at the rear boundary is
wy = 4.2 lb/sec.

. The rear boundary advances at a rate correspond-
ing to the above or, Vl = 10.87 fps (see Table
E-II).

. Boiling occurs ovir a 50 foot length of recircu-
lation line. The line may or may not be this
long.

Based on the above, we have:

V2 = 10.87 + 0.1758 x 50 = 19.66 fps

The liquid in front of the gas boundary is therefore being
"pushed" aleng at a velocity of 19.66 fps. The stress
indicator for this particular case would be (CfQ = 2.67,
3rd mode)

S.I. = 963.7 psi
which is clearly too low to cause any problem.

Discussion and Conclusions

Figure E-4 shows a realistics but simplified schematic of
the LH, feed and recirculation systems. During chilldown the
prevalves are closed, the recirculation pumps are operative and
the recirculation valves are open. From our analysis so far we
anticipate the following chain of events.

(L) LH, will start to flow into the feed system from
tng recirculation pumps at a rate greater than
the nominal 4.2 lb/sec since the system is empty.

(2 Massive boil off will initially occur as the feed
lines and pumps begin to cool down.
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(3) The initial boil off wi!l raise the gas pres-
sure in the feed lins and pump areas, bit as
the pressure increases the LHy flow from *he
recirculation pumps will slow down or shuvt >ff
as the maximum pump head pressvre is achie ed.

(4) The initial flow through the recirculation .ine
will be pure gaseous under conditions vutlined
in Case B.

(5) As the feed system and pumps begin to cool

down, LH; will enter the recirculation lires.
We can expect a condition of slug flow where
we have alternate pockets of gas and liquid.
As shown in Case D, there is not sufficient
heat transfer into the recirculation lines to
create a high velocity condition from local
boiling.

(6) When the system is chilled down to the required
extent, pure liquid flow will occur and Case A
analysis covers this situation.

The Case C analysis is, we feel, unrealistic since, as
shown in the Case D analysis, we cannot expect sufficient
heat transfer through the recirculation lines to achieve boil-
ing at a rate necessary to create a high velocity problem.

At this time we feel there is little chance of a bellows
related problem in the feed and recirculation system because
of two phase flow problems.



