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TECHNICAL MEMORANDUM

BELLOWS FLOW-INDUCED VIBRATIONS

. INTRODUCTION

It is well known that the occurrence of flow-induced vibrations in metal bellows can causc .-
mature failure because of coupling of fluid vortices with the natural frequency of the bellows. Thy jrob-
lem is especially acute in aerospace components where the diameters are kept smuil (with correspor.dingly
high velocities) to reduce weight and size. The use of internal liners has not been a completely satistac-
tory solution because this increases weight and cost. Even the use of multiple plies has not been entirely
satisfactory for resonance suppression. The ultimate goal, of course, would be tc “evelop an accurate
analytical method which predicts the susceptibility of a particular design to flow-induced vibration. If a
particular bellows design is susceptible, then calculation of the predicted life would be a desirable goal.

This report concerns th: phenomena of flow excitation of metal bellows for spacecraft applica-
tions and has a two-fold purpose. First, this report will describe the current understanding of bellows
flow excitation, and define updated analytical methods for frequency and stress prediction. Secondly,
this report will summarize results of recent ~xtensive spring rate deflection tests, static pressure tests, and
flow and failure tests performed at Marshall space Flight Center and Wyle Laboratories. Results of these
tests plus those earlier performed at Southwest Rescarch Institute (SWRI) [1,2] will be used to validate
and empirically refine the analytical prediction methods.

I. DESCRIPTION OF BELLOWS FLOW EXCITATION

A. Coupled Fluid-Structure Instability

Bellows “flow excitation™ is not the result of a fluid flow-imposed forcing function in the classical
linear vibrations sense. Rather, it is a coupled fluid-structure instability problem, nonlinear in nature.
For years the term “bellows flow-induced vibration” has been used to identify this phenomena and while
not a totally accurate description, we will continue to use the term herein.

Figure 1 shows the measured convolute tip dynamic stress as a function of interrul mean fluid
velocity for a typical test bellows. As the fluid velocity is increased from zero, st cessive longitudinal
vibratory modes of the bellows are excited. This excitation is the result of periodic formation and
shedding of vortices near the convolute tips as illustrated in Figure 2. A key feature of this phenomena
is that the structure (convolutes) must be in motion to cause the dynamic vortex activity, but in tum the
dynamic vortex activity must exist to cause structural vibration. The above describes a coupled fluid-
structural instability problem.



ORIZH! ™. =« .»
. OF FOU CormentY

9000 i i T - T
N ]
8000 O 1st Mode ( ~ 400 cps )
A 2nd Mode (~ 780 cps )
7000 | -
O 3rd Mode ( ~ 1130 cps )
® 4th Mode ( ~ 1450 cps )
6000~ Strain Gage On Tip Of Convolution 7
T 5000 -
&
< 4000} -
& f‘ﬂ
3000 + J T
2000 ¢ - ]
1000 - -
0 | | | |
0 10 20 30 40 50 60

Fluid Velocity - ft/sec

Figure 1. Rellows stress as a function of flow rate for four flow ey :ited

t9

modes of vibration, PN 08046.



CRInEInT o T
YLD ‘. )

PR S

OF POOR CUALTY

b+c

Figure 2 Sequence of coupled fluid-convolution events observed with SwRI two-dimensiona!
bellows flow visualization model.



B. Strouhal Kumber

As shown in Figure 1, the vortex activity couples with given structural modes over limited
velocity ranges, called lock-in ranges. For example, structural longitudinal mode number two, shown in
Figure 1. is flow-excited over a range of about 25 ft/sec to 38 ft/sec fluid velocity. Optimum or peak
excitation occurs at about 32 ft/sec. The fluid velocity, frequency, and convolute geometry at which the
fluid-structure coupling occurs may be related by a Strouhal number of dimensionless quantity of the
form

S =— (l)

Ideally, the Strouhal number ic descriptive only ot the vortex phenomena and defines the fre-
quency at which vortex shedding and formation would like to occur (if the structure also vibrates) for
a given convolute tip width ¢ and fluid velocity V. As used herein, the Strouhal number concept allows
prediction of the velocity or the velocity range of coupling for each bellows mode, defined by a mode
frequency f(N).

C. Flow-Excited Modes

Experimentally, flow excitation has been observed for three different kinds of structural modes.
Figure 3 illustrates the axisymmetric longitudinal or accordion modes which are most prevalent. For this
case relative axial-symmetric motion of adjacent convolute roots and/or crowns occurs. For the first
mode, all convolutes move axially back and forth in-phase. For the second mode, convolutes cver one-
half the bellows length move btack and forth in-phase but out-of-phase with convolutes moving in unison
over the second half of the beliows.

Figure 4 illustrates nonsymmetric longitudinal or cocking modes which have been occasionally
observed interspersed between successive symmetric longitudinal modes. This observed interspersion is
illustrated by Figure 5. Response of cocking modes is not observed in all bellows for which the
symmetric longitudinal mc les are observed. Figure 4 also illustrates a local convolute bending mode
which has been observed to date only with high velocity gaseous media and with radial acoustic
resonance.

D. Preferred Modes

The frequencies of all possible longitudinal modes for a given bellows are predictable mathe-
matically and each would be observed during a mechanical excitation study of that bellows. Not all of
these modes, nowever, will couple with the dynamic vortex activity to result in flow excitation. There
are two explanations for failure of certain modes to be flow-excited. First, the periodic forination and
shedding of vortices (Fig. 2) requires an openu:g and closing action between adjacent convolutes and
this may not occur 1n all possible mechanical modes.

Secondly, vortices displaced from a convolute and washed downstream may have a cancellation
or suppression effect upon the vortex forming at the downstream location. Experimental evidence of
this phenomena cxists,
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In earlier reports, we assumed that all predicted bellows modes could be flow-excited This is
not necessarily true, and in this report we will attempt to indicate those modes which are suppressed.

E. Other Factors

There are several factors which can significantly modify or change the general bellows flow-
in11:ed vibration phenomena described above. First, the presence of an elbow or other flow skewing
cev-ce upstream of the beliows can cause a shift in the critical velocities where excitation occurs (Fig. 6).
N e also that the presence of an elbow can cause a higher convolute stress level for a given fluid
ve'ocity.

A second modifying factor is acoustic resonance. For the case of gaseous flows acoustic
resanance can couple with vortex shedding from the convolutes to produce extraordinarily high stress
Jevels,

A third modifying factor is the actien of local boiling in the convolutes (for the case of cryogenic
flo s) or cavitation (for high velocity, low absolute pressure normal liquid flows). In both cases, boiling
or cavitation, the flow-induced response levels (stresses) are reduced or completely suppressed. Figure 7
iltustrates this phenomena.

I1l. FREQUENCY AND LOCK-IN RANGE PREDICTION

A. Mechanical Model

The bellows symmetric longitudinal mode frequencies are predictable through the use of a lumped
spring-mass model. Figure 8 gives pertinent nomenclature which will be used for frequency calculation
rurposes. Figure 9 shows the lumped spring-mass model used. In this model the bellows is assumed
divided into 2N ~' ‘lemental masses of mass m and 2N elemental springs of rate k. Each elemental

spring is related to the overall bellows spring rate K, by the equation

k=2N.K, @)

Each cleinental mass ic given by the equation

m= _+mg 3)

whero m_.. which represents the elemental metal mass, is given by

My =7 Py + Np Dpy [ma + (h - 2a)] 4)

and mg 1:presents an apparent elemental fluid mass to be discussed below.
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A mass (m) is assigned each convolution crown
and root; the number of masses is 2N¢- 1.
The value of m is mp + mg where

M TOmtN Dy [7a +(h -2a) ]

The number of springs is 2N and
k=2NcKA

where K is the overall bellows spring rate.

e n—

Figure 9. Convolution nomenclature and lumped spring-mass mechanical model.



B. Spring Rate

Presently, no spring rate calculation procedure exists which is accurate enough for general use in
bellows mode frequency prediction. Rough estimates of spring rate may be made through use of the
equation

, Np /1>
K, ~Dy E— (= (5)

where E is Young’s modulus for the bellows material. The Salzmann method [3,4] is a refinement of
the above simple form for bellows spring rate but in our experience dces not improve the accuracy.
Until an accurate method is available, the user is advised to employ experimental K, values where

possible. Section VI.B and Appendix C of this report compares experimental spring rate values with
predictions by the simplified and Salzmann method.

C. Modal Frequency Calculations

The mechanical model shown in Figurc 9 represents a 2N -1 degree of freedom representation
of a metal bellows. Therefore, solution of the cquations of motion for this system will predice 2N -1

distinct mode frequencies. The letter N will be used to denote mode number. The general solution of
the mechanical model dynamic equations results in the following equations for the modal frequencies:

= L3 (TR 2
= — ) — 208
7 | m - 2N, f
2 K N=1.2 9 1
= 3;. — BN Where - l, hny 3, seey A-NC- (6)

Values of By for a limited number ot NC values are shown in Table 1.

D. Fluid Added Mass

There appear to be two types of fluid added mass loading on the vibrating convolutes, as iltus-
trated in Figure 10. When vibrating in the first longitudinal mode, all of the convolutes are moving
in-phase back and forth, but not necessarily with the same amplitude. The fluid, or some portion
thereof, which is trapped or contained between adjacent convolutes is accelerated back and forth longi-
tudinally, as illustrated in Figure 10a. This fluid contributes a mass loading which is additive to the
metal mass. The ideal value of this fluid mass is given by
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RELATIVE TIP DISPLACEMENT

Figure 10. Fluid added masses.

™
mf =5prmh(2a—th) W)

1

The fluid which is “squeezed” in and out of the space between convolutes, as illustrated in Figure 10b,
also contributes an apparent mass loading whose idcal value is proportional to

D, Pt h3
-~ S e— 8
m‘q 5 (8)

-

The contribution of me increases as mode number increases while the contribution of mg | is constant

or may decrease as N increases. The currently used general model for my is

N
mg = Cy mfl +C, mf: (-ﬁ-) 9)

C



The above equation represents a departure from the form previously published in SwRI reports and used,
which wac

’ hNC_l-N N-1
mg = my (—21\1——-3_ +mp ( ENC—-z) OLD EQUATION
\

’

Figure 11 shows a plot of experimentally determined normalized fluid added mass given by

C K= 10
M, 03 (10)

Dm pf-a'

plotted versus N/N.. Note the rather tight grouping of data and linear relationship with N/N.. The
results of Figure 11 indicate the validity of the current fluid added mass model.

E. Strouhal Number and Frequency Prediction

For a given bellows, having some particular convolute geometry and structural mode frequencies,
there arc certain optimum fluid velocities which result in a maximum amplitude of bellows excitation for
each mode.

It is at these velocities that the vortex shedding process is best able to feed energy from the fluid
stream into the vibration process. In other words, the vibration frequency and fluid velocity conditions
are “optimum” from a vortex shedding standpoint. It has been found that the use of a Strouhal number
is an excellent means ot correlating the vibration frequency, fluid \:locity and bellows geometry under
these optimum conditions, as is true foi any vibration phenomena involving vortex shedding.

In general terms, a Strouhal number is a dimensionless quantity of the form

o)

Q

S=—\-/— (D

where f is a frequency, £ is a length quantity, and V is a fluid velocity. For the case of bellows flow-
induced vibrations, the only problem in using this corrclation parameter was in selecting a satisfactury
length quantity.

In early studies where only limited test data was available the Strouhal correlation shown in

Figure 12 was adopted. Based on more recent test results, this model is now considered obsolete and
the current Strouhal correlation is:

16
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SoQ = lower Strouhal limit = 0.1

= critical Strouhal value = 0.2
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For a given bellows mode defined by frequency f. flow excitation may occur over a velocity range (called

the lock-in range) and given by

Frequency

m, v

a———— Possible Flow Excitation - - —— <

Velocity Range

-+ - -

Figure 13. Frequency versus velocity plot to illustrate bellows flow excitation region.

Fluid Velocity

|
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The range of possible bellows flow excitation may be predicted as follows:

1) Calculate the lowest and highest bellows mode frequencies, f;) and f  as summarized in
Section IIL.C of this report.

2) Calculate the limits of fluid velocity corresponding to these two frequencies. This calculation
is done with equation (11) and with the values of the Strouhal numbers S;g and S, given above.

3) Compare this flow excitation fluid velocity range with the known operating range of the
bellows. 1If an overlap of these ranges exists, then excitation may occur.

IV. STRESS MODEL

A. Basis

The basis for calculation of bellows flow-induced stress is illustrated in Figure 14. Motion of the
bellows convolutes results in periodic formation and shedding of vortices from the convolute tips. This
vortex activity is assumed to produce an alternating force acting on each convolute whose magnitude is

1

where Cp is a vortex force coefficient (roughly analogous to a wing lift coefficient), Cg is an elbow
effect factor, Ap is some projected area over which the vortex force acts, and 1/2 sz is the fluid free
stream dynamic pressure (Pd). It has been determined by comparison of theory and experiment that the
most proper projected area to use in the model is the total projected convolute area given by

Ap=7D_ h (13)

When flow-induced vibration exists, a relative convolute dynamic displacement x results which is assumed
to be of the form

CyFQ
K

X 14)

a

Where C,, is a vibration mode factor and Q is a dynamic amplificatio.. factor reflecting the systems
effective damping (coupled fluid-structure damping).

Finally, the relative displacement x is assumed to produce a convolute stress given by
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Vortex Shedding From Convolutiuns

Vortex Force

1 2
F =CFCEAp( _Z—PV )

Convolution Displacement

Ka

The resultant stress is CoE tx
Stress - i

In the above equations

Cr = vortex force ceefficient
Cg = elbow factor
Cm = vibration mode factor

Q = dynamic amplification ( damping )
Cs = geometric stress factor

Figure 14. Illustration of stress resulting from vortex force.
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where Cg is a geometric stress factor.

B. Stress Indicator Approach

In previous studies the above equations were combined, a simplified form for K, given by equa-
tion (5), was substituted, CS was assumed constant, and Cm was approxiiniated by

1
: - 16
Cn %4Nc (16)

This produced an equation for stress given by

CeCrz Q 2
F“E h 1 "
~ —_— - —p V-~ 17
Stress 1rC5< )(t) (21) ) a7

and from which a quantity called “stress indicator’” was defined by

CECEQ\ (n\2f1 _,
St Indicator = | —~———— - —-p V- 18
ress Indicator ( NP ) (t ) (2 p ) (18)

Graphs were developed presenting models of C, based on experimental tests of bellows, and of Q,

based primarily on shaker tests of fluid filled bellows. To accompany this model, a plot of stress
indicator versus cycles to failure was developed representing an accumulation of known bellows failures
to that time. In equation (18), a value of 2.0 was used for Cg if an elbow was present upstream of the

bellows. If no elbow was present, a value of 1.0 was used for Cg. Subsequently, a more extensive

experimental program was undertaken to validate the stress indicator failure prediction approach and
those results are shown in Figure 15. Note that these initial results showed the original failure plot to be
incorrectly shaped and conservative by a factor of 2 to 3. Further, the vertical data scatter was unsatis-
factory for the accurate fatigue life prediction desired (this has been a long time objective of the
program). Clearly refinements of the stress model were needed.
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The rationale of the CEQ approach was based on the data shown in Figures 16, 17, and 18, and
led 10 the definition of the parameter

N
C

Figures 16 through 18 show plots of the force coefficient parameter (Cg*) for representative
samplings of the total data base. The effect of changes on the force coefficient parameter CF* is illus-

trated in Figure 16. Here, a single bellows was tested at various pitch values, and the peak response of
the first longitudinal mode (N=1) was noted.

The reduced data shown in Figure 17 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
upstream convolute arrives at the adjacent downstream convolute at the right moment to detract from
the formation at that adjacent convolute.

Ao
1.5 2.0 2.5
1 hd
- T T T Y T T LA T T T T ]
Bellows #105
N=1
1.0 -
Vortex Reinforcement
Peaks

8
o
z
~
z
Y =
L]
.»
m
A

e =

0 H 1 ! | ! 1 1

.18 .20 .22 .26 .26 .28 .30 .32 .34

Convolute Pitch - A

Figure 16. Vortex force coefficient Cg* versus pitch for the first mode of SwRI bellows 105.
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Figure 17 presents a plot of Cg* versus the mode number N for four SwWRI test bellows that have

constant values of the parameter (h/t) but having h values ranging from 0.2 to 0.5. Since spring rate is
proportional to (h/t), this family had similar modal frequencies, so that convolute height h was the
primary variable. Also, however, cach of the four bellows were tested for three or four values of A
achieved by stretching. Note that there is a spread of the combined Cg* values for these four bellows

for each mode number or N value. This spread is caused by a combination of two factors. First, it
represents the influence of the effect of changing A as illustrated previously in Figure 16. Secondly, it
reflects 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 17, at the time of development of the CgQ approach, we concluded the following:

1) Other than specimen No. 1, 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. After all, the limiting case
is h = 0 which represents a straight pipe which has no response of the type under consideration.

2) The vi-tical spread of CF* for each mode is primarily caused by vortex reinforcement or
vortex cancellation.

3) The pronouced minimum of Cg* is a result of an optimum vortex cancellation effect for
this mode number range.

4) The rapid rise of Cg* for the higher longitudinal modes is a result of a predominance of

vortex reinforcement for these modes.

5) Many of the higher modes simply never appear because other modes close to them
predominate and prevent their occurrence.

Figure 18 presents CF* as a function of mode number N for three SwRI bellows having similar

convolute geometry but different number of convolutes. Bellows No. 6 illustrates yet another
phenomena. Note that the CF* values for this bellows are quite low for the first two longitudinal modes.

Also note the strong presence of the first cocking 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 abnormally low.

The primary intent of the Cg* relation was 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 was computed from

Ce*Ne /n\2/1
SI.= — |- ~p V2 20
N Np (t) 7P C) (20)

For the CEQ model, the parameter Cg* was obtained from Figure 19 which was a somewhat conserva-

tive curve that enveloped all previously generated experimental bellows data. This curve was assumed
to contain all inherent information relating to Cg and Q that was available at the time.
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D. Stress Model Critique

The primary problem with the stress indicator approach summarized earlier was that mode
number effect was not recognized or addressed. On the other hand, the CFQ approach addresses the

mode number effect but neglects the nonlinear behavior of Q as a function of the Bellows Operational
Parameter (BOP). Clearly both effects must be incorporated if an accurate model is to be achieved.
Before discussing such a model, a better or updated understanding of the force coefficient Cp dynamic
amplification factor Q, and mode number effect will now be presented.

Figure 20 illustrates the vortex formation and shedding processes, and their interaction with
fluid pumping in and out of the convolutes. Energy for the vortex activity is basically derived fron: the
fluid free stream which is flowing at velocity V. Convolute motion or vibration will produce dynamic
pumping of fluid in and out of the convolutes at a velocity amplitude v. This pumped fluid will enhance
or retard the vortex strength, depending on the phase relationship between vortex and convolute motions;
this is a nonlinear effect since the fluid force is now amplitude dependent.

The fluid pumped in and out of the convolutes will also produce virtual mass and velocity
dependent retarding forces (damping). The virtual or added mass effect was discussed and treated in
Section IIl. Note that the pumped fluid amplitude will also be a function of convolute height h and
gap 6. Clearly the force coefficient Cp and dynamic amplification factor Q should exhibit nonlinear
behavior and be amplitude dependent.

Figure 21 shows the original model of Q as a function of a BOP. Basically BOP is proportional
to convolute displacement divided by Q and therefore this model incorporates a displacement dependence
of Q. The accuracy of this model, however, is not satisfactory. Table 2 gives application information
for use with Q value data.

FREE STREAM

—_—

voma/i— KE?) Q\@ (—D <& m

SHEDD ING v

t X "

;ﬂ:&é |

CONVOLUTES CONVOLUTES
PINCHING — SPREAD ING —
FORCING oUT DRAWING IN
FLUID FLUID

Figure 20. Illustration of fluid pumped between vibrating convolutes.
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TABLE 2. APPLICATION INFORMATION FOR USE WITH Q VALUE DATA IN FIGURE 21.

Specific Spring Number of Internal Media Curve
Rate (see Note 1) Plies (see Note 2) No.
all ranges 1 low pressure gases 1
over 2000 1b/in? 1 high pressure gases, light liquids 1
over 2000 A water, dense liquids 2
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 2009 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:

30

The table was used bv first calculating the bellows specific

spring rate (5.S.R.;, and then looking up the application
curve number corresponding to the S.S.R., number of plies,
and internal media.

The specific spring rate here is defined as
KaNe
DrNp

S.S.R. =

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

Low pressure gases are defined here as those gases below
150 psia. Light liquids are defined as having a density,
relative to water, of less than 0.2,

(21)




E. Final Flow-Induced Stress Model

The final flow-induced stress mode' is based on a slightly different approach from the two
methods (now considered obsolete) which were discussed above. As before, we use the sarane starting
equation, i.e.,

CS Etx
Stress = _— (15)
h_
where
C.CegnD_hP
X = m -F m dQ 22)
K,
and
Co~— (16)
m=T 4N
¢
Combining, we have
: D
ki t m
Stress = — C o -
tress 3 CS F QE d (h) (NL Ka)
or
Stress = - Ce Cr QE Py [ ! (23)
§§ = = 3 - ) [ ——
S =3 S°F d { & J{N, SSR

Based on correlation with all available experimental strain and failure data (Section IV.D), the term
m/4 Cy Cp Q has been empirically modeled in the form

T e CeQ=C* Cp Cp |1401 [ oo (8 (L 4
7 s CFQ T Ene e SSR )\ 7V -4

31



where V. is the criti . velocity for mode N = N c and C* is a force and damping coefficient given by

C;  Cylsin (180 V"),
Cc* = ~+ > +Cs (25)
C: + V'~ C4 +V'-

where V' = V/V. The coeflicients C). €1, C3, G4, and C are constants and will be defined later in
Section VI.D. The coefficient Cyp is a damping modifier coefficient for multi-ply bellows given by

Cnp=19 for Np = 1

()

1+C, Ve

Cnp = 1.0- for Np = 2.3, ... (26)

The coefficients C 6 and C 4 are constants and will be defined later in Section VI.D. The coefficient Ce

is an elbow factor for application where an elbow is prescnt immediately upstream of the bellows. This
elbow factor will be defined later in Section VLE.

The equaticn for peak flow-induced stress may now be written as

2 \ P
400 \ =] /hy\ [ Ve /1 d
Stress = C* 1+0. —_— - —_— -} E —m—— Tl
¢ CN"CE[ OI(SSR) ](6)(V)(h) SSR - Np n

Fig re 22 shows C* as a tunction of V' = V/V,. Note that this curve reflects a vortex reinforce-
ment and cancellation variation. Figure 23 shows a plot of Cp as a function of V' and a/h, and repre-
sents the added damping influence of multi-ply bellows. Figure 24 shows a preliminary model of Cf.,

however, the user of this data is cautioned that the data base for this curve is from tests of a small
number of bellows.

Appendix H lists a computer code which calculates flow-nduced stress (FIS) based on the above
model for each of the bellows modes, or optionally, calculates flow-induced stress at arbitrary velocities
fed into the computer. Also included is an example of the input data deck for the computer code.

V. EXPERIMENTAL PROGRAM

As onginally conceived, the MSFC test program was fairlv broad in scope. It included such
effects as static pressure on the susceptibility of flow-induced vibrations, the effect of upstream bends,
the effect of ball-strut assemblies internal to the bellows, characterization of two commonly used bellows

‘o
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materials, 21-6-9 alloy and 321 stainless steel, and the effects of manufacturing variations. Limited
resources prevented the full scope of the program from being accomplished. Of the original 100 planned
specimens of 15 different configurations, only 56 specimens of 10 different configurations were actually
tested (Appendix A).

A. Test Facility Description

Bellows of the MSFC program were tested at two different test facilities, Marshall Space Flight
Center and Wyle Laboratories. The majority of the bellows were tested at position No. 300 of Marshall
Space Flight Center’s Test Laboratory, shown schematically in Figure 25 and the photo in Figure 26.
Water was supplied to the facility from a pumping station with a maximum discharge head and flow of
170 psig and 3400 gpm. Since the test position was a considerable distance from the pumping station,
the maximum available pressure at the facility was 140 psig. The flow was routed through a hand
operated 8-in. Pacific Globe valve, following which the duct diameter was immediately recuced to 6 in.
and the flow was channeled through a straight section approximately 62 ft in length. A secondary 6-in.
butterily valve preceded an elbow section immediately above the bellows test section. After passing
through the test specimen, the flow exited through a variable position 6-in. Annin valve and into a
drainage ditch.

With the set-up shown in Figure 25, the maximum flow was limited to 2600 gpm, which was
insufficient to 1esonate some bellows configurations. The flow fixture was also intended to allow the
bellows test specimen to be placed at a varying distance from the upstream elbow to measure the effect
of the turbulence, created by the upstream elbow, on flow-induced vibrations. Also the facility would
allow the bellows to angulate so as to ascertain this effect on the vortex generation. The bellows angula-
tion method proved less than satisfactory. The bellows pivot was shifted axially from the center of the
bellows, introducing squirm and undesirable loading. A feasible solution could not be found so it was
then necessary to modify the facility to that shown in Figure . 7. This would eliminate virtually all
piping located downstream of the bellows.

The piping containing the elbows and the Annin valve located downstream of the test specimen
was eliminated and a spool piece with an orifice for back pressure was installed. The bellows specimens
were fixtured with threaded rods to prevent squirm and facilitate alignment.

Testing in the modified facility was perform.d by opening the 6-in. Hadley valve and manually
controlling flow with the 8-in. Pacific valve. Failure of the bellows was determined usually by the test
engineer.

Due to other priorities at the Marshall test facility, it was necessary to move the test program to
Wyle Laboratories for completion of the bellows testing. The test facility at Wyle Laboratories featured
a closed loop flow facility. A schematic of the facility is shown in Figure 28.

The water was pumped from a storage tank by a Worthington two-stage impeller type pump.
The maximum flow was limited to 4400 gpm with a corresponding head of 670 ft. The flow was routed
through a hand-operated 10-in. gate valve and then around two 90 deg bends. After the second bend,
duct diameter was immediately reduced to 6 in.. followed by a straight section approximately 22 ft in
length, The duct was then reduced to 4 in. approximately 2 ft before the bellows test section. After
passing through the bellows test specimen, the flow was then routed back to the water storage tank.
With this facility the flow rate could not be as finely tuned as in the MSFC test facility. Since this
facility was a closed loop, a great deal of mechanical vibration was noticed in the system. Failure of
the bellows was determined usually by the test engineer.
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B. Test Procedure

Prior to the installation into the flow facility, all bellows specimens na. -ain gages applied to
specific convolute crowns. A spring rate test was then performed and strains were measured at loads of
20, 40, and 60 1b except where such a load would cause permanent deformation. Subsequent to bench
testing, the bellows were installed in the flow facility and pressurized to 0, 50, 100, 150, and 0 psig
at zero flow to record baseline strain data.

The procedure for the initial test setup shown in Figure 25 was to open the 8-in. Pacific valve
to the full open position and then open the by-pass line around the 6-in. Hadley to allow the line to
fill. Flow was then controlled with the variable position 6-in. Annin globe valve. This valve was setup
to automatically match a given transient condition of 0 to 100 p rcent open and back to 0. Oscillographs
of the strain gage data were then examined to determine at what flow the bellows resonated. The valve
was then reset to maintain this flow until the bellows failed.

Generally, one specimen of each type bellows was subjected to an initial sweep test, ramping flow
velocity slowly up to some maximum then back to zero as illustrated in Figure 29. The strain data
recorded for this ramp test was then analyzed to produce an RMS strain amplitude versus time plot such
as that illustrated in Figure 30. From the strain-time history and velocity-time plots, a velocity was
chosen for the subsequent dwell test. The purpose of the dwell tests was to induce a fatigue failure if
possible. Some bellows were subjected to several dwell tests but never failed. A few bellows were tested
in the original facility with an elbow located at one of six distances upstream (Fig. 26). Most bellows
were tested in the MSFC modified facility or at the Wyle Laboratories facility.

C. Summary of Results

The appendices of this report include ¢ significant amount of raw test data so that, as required,
it may be used in subsequent model correiation efforts in those areas not adequately pursued herein or
not pursued at all.

Geometric data for each test bellows is given in Appendix A, including the range of non-standard
pitch (A') values for those bellows tested in a stretched or compressed condition. A listing of all tests,
bench or flow, conducted is summarized in Appendix B alonz with a table defining those bellows tested
with an upstream elbow. Relative position of the upstream elbow is also defined in Appendix B. Results
of the bench spring rate tests is presented in Appendix C along with corresponding theoretical calcula-
tions. St:ain versus force and strain versus pressure bench test results for a typical bellows configuration
are given in Appendix 1. Appendix D gives bar graphs of velocity for all flow tests conducted and
indicates whether the bellows failed or passed. Appendix E gives corresponding velocity versus time plots
for each flow test conducted on each bellows.

Appendix F contains graphs of frequency versus velocity for those tests where resonance occurred
and data was available. For comparison, the theoretical and observed frequencies were plotted on the
same graph, and the bellows corresponding geometry were indicated. Also included in Appendix F are
some corresponding power-spectral-density plots.

A table summarizing failure velocity (VE), time to failure (TTF), cycles to failure (CTF). and

failure stress level is given in Appendix G. The S-N curves from which the failure stress levels were
derived are also given in Appendix G.
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VIi. COMPARISON OF THEORY AND EXPERIMENT

A. General

Results of the MSFC bench and flow tests, plus results of previous SwRI tests, have been used
as a basis for correlation and correction of the analytical models described earlier in this report. These
correlations are divided into three separate areas, namely, spring rate model, frequency prediction model,
and flow-induc ! stress model. Au original objective of this program was to examine and model the
effect of staiic pressure induced stress, however, limited time prevented completion of this aspect.

B. Spring Rate

Appendix C presen*s a tabulation of measured and calculated spring rates for all test bellows.
Both simplified and refined Salzmann method calculations are included. As may be seen, the Salzmann
method offers no advantage over the simplified method and in fact results in greater error in most cases.
Originally, the calculated spring rate was based on blueprint or vendor supplied geometry. Subsequently,
significant differences were found between vendor and actual geometry. Spring rate was therefore cal-
culated based on measured or actual geometry. Appendix C also gives percent error between measured
and calculated values for vendor and actual geometry. Figure 31 shows calculated (by the simplified
method) versus measured spring rate for both geometries. Clearly, there are significant errors (up to
52 percent) in the calculated spring rate based on vendor geometry. Use of measured geometry reduces
the maximum average error for the test specimens to about 14 percent. We concluded that measured
spring rate should be used in the calculation of mode frequencies and flow-induced stress where accurate
results are required. Where calculated spring rate is to be used, the simplified method is preferred over
the Salzmann method. Note the difference between vendor quoted and actual spring rates.

C. Frequency Prediction

Appendix F contains plots of frequency versus velocity for all MSFC bellows tested. Each plot
includes the calculated values for the 2N -1 longitudinal modes and the test data. For these calculations,

a constant value of Strouhal number (0.2) was used. While some bellows show significant variation of
test versus th « ry, a constant value of 0.2 appears to be a good compromise and is currently used. A
more accurate model of Strouhal number must include as variables, for example, A/ and V/VC or N/N c

In prior SWRI tests, most bellows showed significant response in successive modcs, starting with
the first, as velocity was increased from zero. However, the S./RI flow facility operator was standing
next to the test bellows and able to maintain fine control of fluid velocity. In the MSFC tests, the
operator was not standing near the bellows and fine flow control was not possible. Examination of the
results in Appendix F show that many of the MSFC tested bellows did not show response in many lower
order modes and there are two possible explanations. First, these modes may simply have been missed
because of the rather rapid flow velocity changes used in sweeps. Secondly, the possible modc response
level may have been too low to permit the fluid-structural instability to exist because of, for example,
extra damping of multiple plies.

Appendix J shows comparison of theoretical and experimental frequency versus velocity for

typical SwRI t. llows tests. This rather good agreement gives credence to the frequency prediction
method.
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CALCULATED SPRING RATE-SIMPLIFIED METHOD (LB/IN)
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Figure 31, Calculated versus measured spring rate or both the vendor
geometry and measured geometry.
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In summary, tests conducted at MSFC represented more nearly a “real world” situation of flow
and flow-induced vibration in a bellows, while the SwRI tests more typically represented strict labora-
tory resuits. In both cases, the Strouhal and frequency prediction method works, however, actual modes
excited are difficult to determine for most of the MSFC test data. This really is of little concern
however, since proper prediction of flow-induced stress levels is the main goal.

D. Flow-Induced Stress

In Section IV.E, a model of flow-induced stress was analytically developed in the form

4 t 1
Stress = - C~-Cc QEP, [ - —_— 2]
ress = - FQ d(h) (NP'SSR) (23)

’

the t~m =/4 (‘S Cr Q = CSFQ was acknowledged as a function of geometric and flow variables to te

empirically derived from the experimer tal results. We will now briefly discuss how this was
accomplished.

All failure test results were initially grouped into three major categories:

I All bellows, including the SwRI tests, where no elbow effect was in evidence, and no static
or initial stress was induced.

I1 Bellows tested with an elbow present at some variable dis.ance upstream.
11 Bellows tested in a state of initial compression or extension.

Group 1 results were treated in the most detail and form the basis for the final stress model
correlation. The data given in Appendix G — failure velocity, time to failure and cycles to failure —
were used to identify from an S-N curve for the bellows material (321 or 21-6-9) a failure stress level.
In other words. we accepted a published S-N diagram (Appendix G) for these materials and used this
to det~rmine an “experimental” stress level for each failed bellows, since the cycles to failure were
known. Next, we used this stress value to calculate experimental CSFQ since from the model

s
CSFQ =1 CgCpQ= —=> (28)

s (i)
,NP'SSR k

Next, the experimental CSFQ data base was subjected to a correlation study to produce a preliminary
empirical analytical model. It was determined that CSFQ could be approximately expressed in the

form
v
CSFQ ~ C* (g-) (v‘:-) (29)
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where

C, C3 Isin (180 \A
C* = ~ + - +Cg . (25)
C,+V'™ Cqt V'~

An initial set of coefficients were chosen and computer runs were malje to calculate flow-induced stress
which was then compared with the experimental values. This compa: 'son showed that corrections were
necded to account for the added damping effect of multiple ply bellows and for a noticeable increase
in stiess for bellows having low specific spring rate (SSR) values.

It should be noted that early attempts to find a model correlation were met with considerable
frustration, caused by excessive data scatter. This excessive data scatter was later traced primarily to
significant differences between vendor supplied ar.d actual bellows geometry. See Appendix A which
shows vendor geometry and measured geometry.

Based on the above, a new or improved correlation of CSFQ (with no elbow effect) was
develeped as

CSFQ = C* Crp |1 +0.1 {200 hyfYe (30
NP ' $R) 5 (v )
where
. /o
L6 ( B
Cap=10- ————— for Np=2.3, ... (26)
NP 1.0+C, V"™ P

Computer runs were made to allow selection of a final set of coefficients which were

C] =0.13
C2 =0.462
Cs = 0.06
(/6 = 1.25
C7 =355

Using this modcl, final computer runs were made for the Group I beliows and the calculated
results compared with actual data. Results of this comparison (both SwRI and MSFC bellows) are given
in Table 3 and Table 4 for the Group I category bellows. In general, note the following:
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TABLE 3. COMPARISON OF ACTUAL AND PREDICTED STRESS FOR SwRI TEST BELLOWS
WITH NO ELBOW EFFECT AND NO INITIAL STRESS INDUCED (GROUP 1 BELLOWS)

ACTUAI

PREDICTED

BELLOWS | V CYCLES TO .
. T ACT. STRESS
NO. (FPS) FAILYRE MATEnIAL | STEESS STeesS | PR, stREss
(x10°)

1A 55.5 2.6 321 27,600 | 58,300 473
24 55.5 10.0 321 26,500 | 58,300 455
3A 57.0 6.9 321 26,900 | 59,870 449
4A 55.5 4.1 321 27,400 | 58,300 .470
18 41.5 1.05 321 28,700 | 34,520 .831
28 38.0 0.7 321 29,000 | 33,060 .877
38 55.5 0.5 321 29,400 | 35,770 .822
4B 38,0 1.4 321 28,200 | 33,060 .853
5B 58.5 1.2 321 28,400 | 35,070 .810
6B 48.0 11.0 321 26,500 | 36,040 .735
78 55.5 10.5 321 26,500 | 35,770 .741
ic 58.5 1.2 321 28,400 | 34,710 .818
2¢ 48.0 11.0 321 26,500 | 31,070 .853
3c 55.5 10.5 321 26,500 | 33,860 .783
4C 46.0 3.1 321 27,500 | 30,160 .912
1D 35.0 1.3 321 28,300 | 34,040 .831
2D 29.0 1.9 321 27,900 | 31,360 .890
3D 35.0 1.7 321 28,000 | 34,920 .802
E 33.0 5.3 321 27,000 | 33,040 .817
F 33.0 3.1 321 27,500 | 33,470 .822
1c 52.5 3.1 321 27,500 | 31,070 .885
26 52.5 4.4 321 27,300 | 31,750 .260
36 43.0 6.5 321 26,900 | 28,470 . 945
4G 50.0 2.4 321 27,800 | 30,930 .899
56 43.5 2.4 321 27,800 | 28,680 .969
1H 45.0 2.5 321 27,700 | 33,740 .821
2H 45.5 3.0 321 27,500 | 32,410 .849
3H 45.0 11.0 321 26,500 | 33,100 .801
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1) Predicted FIS values are always greater than actual values, hence, the model is conservative.
2) Model accuracy is best for single ply bellows.

3) Bellows of different materials (321 and 21-6-9) are treated.

Three antigeyser bellows, having internal ball and strut assemblies, were tested along with the

Group 1 category bellows. These three bellows w-re obtained from the LO, antigeyser line of the

External Tank.

Using the same stress model as for the other Group I bellows, computer runs were made and the
calculated .esults and actual data are compared in Table 5. Because of very limited data and lack of
time, the effect of the internal ball and strut assembly is not incorporated in the stress model. There-
fore, the predicted stress values in Table S are not a true description of the actual stress.

TABLLE S. COMPARISON OF ACTUAL AND PREDICTED STRESS FOR MSFC TEST BELLOWS
V{TH INTERNAL BALL AND STRUT ASSEMBLY. NO ELBOW EFFECT AND NO
INITIAL STRESS INDUCED (GROUP | BELLOWS)

BELLOWS \'
o F MATERIAL ACTUAL PREDICTED ACT. STRESS
NO. (FPS) STRESS STRESS PRED. STRESS

(PSI) (PSI)

AG1 57.8 21-6-9 31,400 24,150 1.30

AG#2 74.8 21-6-9 — 31,980 ——

AGH3 80.5 21-6-9 _— 34,020 —

E. Elbow Effect

Failure tests of bellows with an upstream elbow have produced a limited data base, hence, the
resultant elbow factor should be considered preliminary. In referring back to Figure 6, which shows
results from a single beliows tested at SWR! the following is noted. First, the velocity range over which
a given mode is excited is sh*fted downward. Secondly, the flow-induced stress level for a given velocity
is increased by the presence of the elbow. Therefore. a proper model of the elbow effect should include
a velocity shift phenomena and a stress amplifier effect. The present model, based on our limited data
base reflects only a stress amplifier effect and is given by a Cg multiplier as

Cg=10 with no elbow present
_ 47 .
Cg=10+ m with elbow present 31
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where L/D is the ratio of L, the distance from the bellows first convolute to the elbow termination,
divided by the pipe internal diameter D. Table 6 compares experimental and predicted stress for those
bellows tested with an upstream elbow and had failed. For low V' values, eg. V' < 1.0, the simple

Cg model given here seems to be quite accurate for the limited data base. The results in Figure 6 (SwRl

elbow test) were at low V' values and the model predicts C E™ 2.0 which would provide proper adjust-

ment of the strain level for V ~ 35 ft/sec. However, for high V' values and small L/D the stress is over
predicted by a considerable margin.

F. Effect of Prestress

Several of the MSFC 5034 configuration bellows were tested in a state of initial prestress induced
by stretching or compressing the bellows from their manufactured length prior to test. The stretch or
compress process was accomplished by adjusting the relative position of the spool end pieces with
threaded fasteners. Subsequert calculations have shown that all bellows tested in this manner were in
yield at the test condition, which was not accounted for in predicting effective stress. Lack of time has
prevented further examination of these bellows. Table 7 compares experimental and predicted stress
(with no prestress effect incorporated in the stress model) for those failed bellows with an initial state
of prestress.

G. General Comments of Tests

Virtually all bellows tested at SwRI showed response of successive longitudinal modes. starting
with mode number one. Some modes were suppressed because of the “vigor™ of the preceding and
following modes. Strain output was monitored through the use of an AC output coupled resistance
bridge of high sensitivity and low noise. A standard carrier wave or AC excited strain gage bridge unit
proved unsatisfactory. Velocity sweeps were performed with manual adjustments and the operator
stood next to the test bellows in order to best detect resonance.

For the MSFC tests, the sweeps were preprogrammed and the operator did not stand ncxt to the
bellows. Further, the instrumentation was not believed to be as sensitive as that employed at SWRI.
In general, excitation of the first few longitudinal modes was not observed in the MSFC tests. Either
speed of the sweeps or background noise (electronic and flow) prevented their occurrence and/or detec-
tion. In a practical sense these same modes did not occur in the MSFC tests although they might have
been observed in a slower paced laboratory environment. These modes were of primarily academic
value anyway since the response levels would have been too low to cause failure.

Vii. DISCUSSION AND CONCLUSIONS

The MSFC tests greatly extended the data base compared with the fatigue results obtained at
SwRI. First, all SWRI failures were for single ply bellows constructed of 321 S.S. The majority of the
MSFC bellows were multiple ply, some 321 S.S. and some 21-6-9 alloy. Secondly, while limited in
scope, the elbow effect results obtained at MSFC represent a significant increase in knowledge. Thirdly.
tests on two bellows configurations (5002 and 5005) were conducted at a much higher normalized
velocity V' than any prior tests. These particular tests showed, for the first time, that excitation of the
bellows longitudinal modes continues indefinitely as velocity increases, even though the prior theory
predicted that excitation would cease once the lock-in range of the highest longitudinal mode was
exceeded.
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The range of bellows sizes and geometries tested in the MSFC and prior SWRI programs were
quite diverse. Internal diameters of test bellows ranged from about 3 in. to 14 in. Bellows having as
few as S convolutes and as many as 20 convolutes were tested to failure. Bellows of 1, 2, and 3 plies
were included, and both 321 S.S. and 21-6-9 alloy materials were employed.

The results of this program suggest that the calculation of flow-induced stress as a function of
velocity should be the main goal of a bellows analysis. The consideration of what modes are excited
and at what frequency they occur is de-emphasized in this report.

The procedure for calculating flow-induced stress as presented herein is believed conservative
when applied to a bellows with or without an upstream elbow, but not conservative where a high mean
stress is present because of internal pressure or other prestress means. Use of a seven ordinate stress-
fatigue life plot would be useful ir accounting for the effect of prestress and this should be one subject
of further study.

Conclusions

The following conclusions have been made regarding this study:

1) Bellows flow-induced vibration (FIV) is caused by a nonlinear coupling of the bellows elastic
structure and a fluid vortex formation and shedding process, i.e., a fluid-structure instability.

2) A dimensionless velocity defined by V' = V/V, is an important parameter in modeling bellows
FIV. Here V is an arbitrary velocity and V.. is the critical velocity for the mode N = N .

3) Up to V' = 1.0 the bellows excitation frequency and fluid velocity may be calculated from the
Strouha! number to/V = 0.2,

4) The mode N = N seems to be the highest mode normally excited with liquid flows. With
gaseous flows the local convolute bending mode may be the highest one excited when acoustic resonance
occurs.

5) For fluid velocities exceeding V = V ., the bellows tends to respond in a subharmonic manner.

., Contrary to prior theory, bellows response appears to continue indefinitely as the velocity is
increased beyond V = V. with subharmonic response (1/2, 1/3, etc.) of the higher modes (N ~ N.)
sustained.

7) A good correlation of frequency and velocity where V > V. does not presently exist.

8) The magnitude of flow-induced stress may be conservatively calculated by the method pre-
sented in this report for bellows, including those with an upstream elbow, in all velocity ranges where

prestress is negligible.

9) Calculation of stress versus velocity by this method allows a conser-ative evaluation of a
bellows design and application.
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10) Static stresses induced by pressure or other means should be considered in the evaluation
of a bellows design. No means for accomplishing this was discussed in this report as this remains an
area for future study.

11) Present spring rate and probably also pressure-stress calculation methods are inadequate.
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APPENDIX A

GEOMETRIC DATA FOR MSFC BELLOWS

PRECEDING PAGE BLANK NOT. FILMED

ENTION
phGE_ DN

ARLY SLANK

57



“€f OV Pu® ‘z4 OV ‘14 OV
SEe BlRp 943l Ul 03 pPa1Iajax £ TIIm L3yl °sInils [1eq Y3ITM saupy aasLa3djjue alam uor1eandyJuod 4gp¢ Ul JO Iaxyl«

(sayour) yadus AATT-"1°1

(sayouy) ssawjoryl L1d - 1

(sayduy) 3ySyey OSTp PpISUT peinseau - Fy
(sadudur) yBray IsTp ussw - Yy

(seyour) yo°31d @ajnjoauod - Y

*1sd (S3your) YIPIM 3INTOAUOD 2PISINO painseaw - Op
01 X 6g2°0 30 sninpow s,3uno} e (S9Ydul) YIPIMm 3IN[OAUOD IPISUJ painsesu — tp
vmm ur nd/q7 78Z°0 29 O3 UIREI ST (Sayour) Y3IPIM 3INTOAUCD - o
£31suap ay3 ¢-9-1z x0d °1sd 0T sar1d jo Iaqunu - dy
X 067°0 30 snynpouw m.w::cm e S2INT0AUOCD JO laqunu - N
pue ut n>/QT §gZ'0 29 03 UM e (S9ydoutr) 1I32WELp IPISINC - %
st £31SuU@p 3yl °§°S [zg 104 :sarizadoad (eraeey (Sayouy) 1932werp IpISur - }Q :SIOMHAS
6-9-1¢ 0€°1 010° 174 09¢”’ 09¢” SYT” S9T1° (V19 | s 9L"% |00°Y 8T #€0Sx
6-9-12 96°1 Z10” 90¢"° 11’ L7A N sit” YA 1Tt 21| 6 09°¢ £6°¢C 0T Ge0s
1Z¢ 0S°Y 800° YA 00y° oo¢” gs1” 00z° 8s1° ¢} st 80°9 8T°¢S € [AL
[}
1< 00°% L00° oge” L TAN 0s¢’ YA A% % ZET” T ]| 9t GL°S 0°¢ ! 600S
12¢ 92°¢ 010" sZy” ¢9¢6° 19¢° ovt’ 0LT* Wt T ]| o0¢ 0°9 (8% € €106
12¢ [A %] S10°” 0t1s” Go%° 60¢° (AN SLT” 691" T 9T €8¢ 9e Yy T 1108
1143 07°¢ 010° 11 2 1 00¢- 0L1° e’ oLT” 1| 8 92°S AN 0T 900¢
12¢ 06°¢ 800 ° SLy’ oos* soz* SYT*” 0€T” Tt T 61 0°¢g 0% c 19¢1¢19
6-9-1¢ £€8°¢C 800 ° ave” ose’ oTe” LA 8¢T” 8sT” € 6 8vL'Yy 0% 4 8206
1Z¢ 08°1 L00° [48% cee” el1” 9L0° S60° 9L0° € 9t G9°¢ 0°¢ 9 200S
p)
T, LIVK 11 3 Yy y Y %p To 0 dy N °a tq adlsil | smoT13d
"ON

SNOILVOIJI0ddS SMUTT4ad

58



DIMENSIONAL CATA FOR COMPRESSED AND EXTENDED BELLOWS

I'd
BELLOWS TEST NO. L L/ A’ 5 5 COMPRESSION OR
EXTENSION
5006-1 367 2.50 1.95 .254 ] .163 | .084 48%  COMPRESSION
368 2.50 1.6/ 214 ] .163 | .044 73%2  COMPRESSION
5012-1 426 4.50 4,003 | .275 | .152 | .117 23%  COMPRESSION
427 4.50 3.506 | .239 | .152 | .081 477  COMPRESSION
428 4,50 3.01 .204 | .152 | .046 707  COMPRESSION
5034-1 331 1.46 1.34 .299 | .184 | .154 16%Z  COMPRESSION
332 1.46 1.22 .269 | .183 | .123 337 COMPRESSION
333 1.46 1.11 .241 | .184 | .096 48%  COMPRESSION
334 1.46 1.11 241 ] .184 | .096 48%  COMPRESSION
5034 -3 354 1.47 1.25 .276 | .186 | .131 30%  COMPRESSION
355 1.47 1.25 276 | .186 | .131 30%  COMPRESSION
5034-4 365 1.47 1.34 .299 | .186 | .154 17%  COMPRESSION
5034-5 390 1.47 1.55 .351 | .186 | .206 112  EXTENSION
5034-6 400 1.47 1.66 .379 | .186 | .234 267  EXTENSION
5034-7 411 1.19 1.297 | .288 | .116 | .14" 23%  EYTENS..J
412 1.19 1.41 .316 | .116 | .171 47%  EXTENSION
413 1.19 1.08 .234 | .116 | .089 24%  COMPRESSION
414 1.1¢9 .97 .206 | .116 | 061 47%  COMPRESSION
415 1.19 .86 .179 | .116 | .034 717  COMPRESSION
5034-9 535 1.19 1.30 .289 | .116 | .144 24%  EXTENMSION
537 1.19 1.30 .289 | .116 | .144 24%  EXTENSION
5035-3 454 1.570 | 1.401 | .160 | .056 | .035 38%  COMPRESSION
455 1.570 | 1.401 | .160 | .056 | .035 382 COMPRESSION
5035-5 511 1.570 ] 1.401 | .160 | .056 | .035 38%  COMPRESSION
512 1.570 | 1.401 §{ .160 | .056 | .035 387  COMPRESSION
513 1.570 | 1.401 | .160 | .056 } .035 387  COMPRESSION
514 1.570 | 1.401 | .160 | .056 | .035 387  COMPRESSION

NOTE: PRIME MARK INDICATES DIMENSION AFTER THE BFLLOW WAS COMPRESSED OR EXTENDED.
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APPENDIX B

A LISTING OF ALL BENCH AND FLOW TESTS CONCUCTED ON MSFC BELLOWS
AND THE FLOW FACILITY ON WHICH THEY WERE TESTED

N » e - . T e
. A P A LoD

f‘\

RAGE. QU ‘,mzmoumv SLANK
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BELLOW

5002-1
5002-1
5002-1
5002-1
5002-1
5002-1
5002-1
5002-1
5002-1
5002-1
5002-1
5002-1
5002-1
5002-1

5002-2
5002-2
5002-2
5002-2
5002-2
5002-2
5002-2
5002-2
5002-2
5002-2
5002-2
5002-2
5002-2
5002-2
5002-2

In02-3
5002-3
5002-3
5002-3
5002-3
5002-3
5n02-3
5002-3
5002-3
5002-3
5002-3

TEST NO.

265
266
267
268
269
270
271
272
273
274
275
275
277
278

239
240
241
242
243
244
245
246
247
248
249
250
251
252
253

254
255
256
257
258
259
260
261
262
263
264

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP
SWEEP
SWEEP
SWEEP
SWEEP

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP
SWEEP
SWEEP
SWEEP
SWEEP

TEST

SPR.NG RATE ZERO
SPR. RATE 10#
SPR. RATE 20#
SPR. RATE 40#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

FLOW

FLOW

FLOW

FLOW ~ FAILURE

SPR. RATE ZERO
SPR. RATE 10#
SPR. RATE 20#
SPR. RATE 40#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

FLOW

FLOW

FLOW

FLOW

STEADY FLOW - FAILURE

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP

SPR. RATE ZERO
SPR. RATE 10#
SPR. RATE 20#
SPR. RATE 40#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

STEADY FLOW - FAILURE



BELLOW

5002-4
5002-4
5002-4
5002 -4
5002-4
5002-4
5002-4
5002-4
5002-4
5002-4
5002 -4
5002-4

5002-5
5002-5
506.-5
5002-5
5002-5
5002-5
5002-5
5002-5
5002-5
5002-5
5007-5
5002-5

5002-6
5002-6
5002-6
5002-6
5002-6
5002-6
5002-6
5002-6
5002-6
5002-6

TEST NO.

279
280
281
282
283
284
285
286
287
288
289
290

291
292
293
294
295
296
297
298
299
300
301
312

302
303
304
305
306
307
308
309
310
311

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP

TEST

SPR. RATE ZERO
SPR. RATE 10#
SPR. RALE 20#
SPR. RATE 40#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

STEADY FLOW
STZADY FLOW - FAILURE

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH

SPR. RATE ZERO
SPR. RATE 10¢#
SPR. RATE 20#
SPR. RATF 40#
ZERO

50 nsig

100 psig

150 psig

ZERO

STEADY FLOW
STEADY FLOW
STEADY ¥LOW - FAILURE

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH

SPR. R'TE ZERO
SPR. RATE 10#
SPR. RATE 20#
SPR. RATE 40#
ZERO

50 psig

100 psig

150 psig

ZERO

STEADY FLOW - FAILURE



TEST NO. TEST

BELLOW
5005-1 001 BENCH ZERO

5005-1 002 BENCH COMPRESSION .11"
5005-1 003 BENCH COMPRESSION .22"
5005-1 004 BENCH ZERO

5005-1 070 BENCH 2 ANGULATION
5005-1 071 BENCH 4 ANGULATION
5005-1 072 BENCH 6  ANCULATION
5005-1 073 BENCH 8° ANGULATION
5005-1 074 BENCH ZERO

5005-1 559 BENCH ZERO

5005-1 560 BENCH 25 psig

5005-1 561 BENCH 50 psig

5005-1 562 BENCH 75 psig

5005-1 563 BENCH ZERO

5005-1 564 STEADY FLOW

5005-1 565 STEADY FLOW - FAILURE
5005-2 005 BENCH ZERO

5005-2 006 BENCH COMPRESSION .11"
5005-2 007 BENCH COMPRESSION .22"
5005-2 008 BENCH ZER?D

5005-2 033 BENCH 50 psig

5005-2 034 BENCH 100 psig

5005-2 035 BENCH 150 psig

5005-2 036 BENCH ZERO

5005-2 065 BENCH 2 ANGULATION
5005-2 066 BENCH 4 ANGULATION
5005-2 067 BENCH 6 ANGULATION
5005-2 068 BENCH 8~ ANGULATION
5005-2 069 BENCH ZERO

5005-2 075 RERUN OF BFT-0065
5005-2 076 RERUN OF BFT-0066
5005-2 077 RERUN OF BFT-0067
5005-2 078 RERUN OF BFT-0068
5005-2 079 RFRUN OF BFT-0069
5005-2 104 BENCH ZERO

5005-2 105 BENCH 50 psig

5005-2 106 BENCH 100 psig

5005-2 107 BENCH 150 psig

5005-2 108 BENCH ZERO

5005-2 109 BENCH 2 ' ANGULATION
5005-2 110 BENCH 4 ANGULATION
5005-2 111 BENCH 6 ANGULATION
5005-2 112 BENCH 8~ ANGCULATION
5005-2 113 BENCH ZERO

5005-2 114 BENCH DEFLECTION .11"
5005-2 115 BENCH DEFLECTION .22"
5005-2 116 BENCH ZERO

5005-2 117 SWEEP FLOW - FAILURE



BELLOW

5006-1
5006-1
5006-1
5006-1
5006-1
5006-1
5006~1
5006-~1
5006-1
5006-~1
5006-1
5006~1
5006~1
5006-~1
5006-1
5006~1
5006~1
5006-1
5006-1
5006-1
5006-1
5006~1
5006~1
5006-1

5006-2
5006-2
5006-2
5006-2
5006-2
5006-2
5006-2
50C6-2
5006-2
5006-2
5006-2
5006-2
5006-2
5006-2
5006-2
5006-2
5006-2
5006-2
5706-2
5006-2
5006-2

TEST NO.

029
030
031
032
037
038
039
040
080
081
082
083
118
119
120
121
122
123
124
125
126
366
367
368

021
022
023
024
041
042
043
044
084
085
086
087
127
128
129
130
131
132
133
134
135

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP
SWEEP

TEST

ZERO
COMPRESSION .08"
COMPRESSION .12"
ZERO

50 psig

100 psig

150 psig

ZERO

1% ANGULATION

2% ANGULATION
3° ANGULATION
ZERO

SPR. RATE ZERO
SPR. RATE 60f#
ZERO

50 psig

100 psig

120 psig

ZERO

FLOW

FLOW

STEADY FLOW

SWEEP
SWEEP

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP
SWEEP

FLOW COMPRESSED 487
FLOW COMPRESSED 73%

ZERO
COMPRESSION .08"
COMPRESSION ,12"
ZERO

50 psig

100 psig

150 psig

ZERO

1° ANGULATION
2% ANGULATION
3% ANGULATION
ZERO

SPR. R,  ZERO
SPR. Kk >0#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

FLOW
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BELLOW

5006-3
5006-3
5006-3
5006-3
5006-3
5006-3
5006-3
5006-2
5006-3
5006-3
5006-3
5006-3
5006-3
5006-3
5006-3
5006-3
5006-3
5006-3
5006-3
5006-3
5006-3
5006-3
5006-3

5006-4
5006-4
5006-4
5006-4
5006-4
5006-4
5006-4
5006-4
5006-4
5006-4
5006-4
5006-4
50064
5006-4

TEST NC

025
026
027
028
045
046
047
048
088
089
090
091
136
137
138
139
140
141
142
143
144
183
184

013
014
015
016
185
186
187
188
189
190
191
192
193
194

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP
SWEEP

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP

TEST

ZERO
COMPRESSION . 08"
COMPRESSION .12"
ZERO

50 psig

100 psig

150 psig

ZERO

1~ ANGULATION
20 ANGULATION
3" ANGULATION
ZERO

SPR. RATE ZERO
SPR. RATE 20#
SPR. RATE 40f#
SPR. RATE 60i#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

FLOW

ZERO
COMPRESSION .08
COMPRESSION .12"
ZERO

SPR. RATE ZERO
SPR. RATE 20#
SPR. RATE 40#
SPR. RATE 60#
ZERO

59 psig

100 psig

150 psig

ZERO

FLOW



BELLOW

5006-5
5006-5
5006-5
50G6-5
5006-5
5006-5
5006-5
5006-5
5006-5
5006-5
5006-5
5006-5
5006-5
5006-5
5006-5
5006-5
5006-5
5006-5
5006-5
5006-5

5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006-6
5006~6
5006-6

TEST NO.

009
010
011
012
049
050
051
052
092
093
094
095
145
146
147
148
149
150
151
152

017
018
019
020
053
054
055
056
096
097
098
099
153
154
155
156
157
158
159
160
161
162

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP

TEST

ZERO
COMPRESSION .08"
COMPRESSION .12"
ZERO

50 psig

100 psig

150 psig

ZERO

1° ANGULATION

2° ANGULATION

3° ANGULATION
ZERO

SPR. RATE ZERO
SPR. RATE 60#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

ZERO
COMPRESSION .08"
COMPRESSION .12"
ZERO

50 psig

100 psig

150 psig

ZERO

1° ANGULATION
27 ANGULATION
3~ ANGULATION
ZERO

SPR. RATE ZERO
SPR. RATE 20#
SPR. RATE 40#
SPR. RATE 60#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW
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BELLOW

5006-7
5006-7
5006-7
5006-7
5006-7
5006-7
5006-7
5006-7
5006~7
5006-7
5006-7
5006-7
5006-7
5006-7
5006-7
5006- 7
5006-7
5006-7
5006-7
5006-7
5006-7
5006-7

5006-8
5006-8
5006-8
5006-8
5006-8
5006-8
5006-8
5006-8
5006-8
5006-8
5006-8
5006-8
5006-8
5006-8
5006-8
5006-8

5006-9
5006-9
5006-9
5006-9
500~-9
5006-9
5006-~9
5006-9
5006-9
5006-9
5006-9

TEST NO.
057 BENCH
058 BENCH
059 BENCH
060 BENCH
061 BENCH
062 BENCH
063 BENCH
064 BENCH
100 BENCH
101 BENCH
102 BENCH
103 BENCH
163 BENCH
164 BENCH
165 BENCH
166 BENCH
167 BENCH
168 BENCH
169 BENCH
170 BENCH
171 BENCH
172 SWEEP
173 BENCH
174 BENCH
175 BENCH
176 BENCH
177 BENCH
178 BENCH
179 BENCH
180 BENCH
181 BENCH
182 SWEEP
645 BENCH
646 BENCH
647 BENCH
648 BENCH
649 (RUN #13)SWEEP

650

195
196
197
198
199
200
201
202
203
204
651

(RUN #14)SWEEP

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP
(RUN #26)SWEEP

TEST

ZERO
COMPRESSION , 08"
COMPRESSION .12"
ZERO

50 psig

100 psig

150 psig

ZERO

1o ANGULATION
2° ANGULATION
37 ANGULATION
ZERO

SPR. RATE ZERO
SPR. RATE 20#
SPR. RATE 40#
SPR. RATE 60#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

SPR. RATE ZERO
SPR. RATFE 20#
SPR. RATE 40#
SPR. RATE 60#
ZERO

50 psig

100 psig

150 psig

ZER)

FLOW

SPRING RATE ZERO
SPRING RATE 20#
SPRINC RATE 40#
SPRING RATE 60#
FLOW

FLOW

SPR. RATE ZERO
SPR. RATE 20#
SPR. RATE 404
SPR. RATE 60¢#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

FLOW



BELLOW

5006-10
5006-10
5006-10
5006-10
5006-10
5006-10
5006-~10
5006-10
5006-10
5006-10
5006-10
5006-10

5009-1
5009-1
5009-1
5009-1
5009-1
5009-1
5009-1
5009-1
5009-1

5011-1
5001-1
50..1
5011-1
5011-1
5011-1
5011-1
5011-1
5011-1
5011-1

5012-1
5012-1
5012-1
5012-1
5012-1
5012-1
5012-1
5012-1
5012-1
5012-1
5012-1
5012-1
5012-1
5012-1
5012-1

TEST

SPR. RATE ZERO
SPR. RATE 20#
SPR. RATE 40#
SPR. RATE 60#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

FLOW

(RUN #25)STEADY FLOW - FAILURE

SPR. RATE ZERO
SFR. RATE 10#
SPR. RATE 20#
ZERO

20 psig

40 psig

ZERO

FLOW

STEADY FLOW -~ FAILURE

SPR. RATE ZERO
SPR. RATE 10#
SPR. RATE 20#
SPR. RATE 40#
ZERO

30 psig

60 psig

ZERO

FLOW

STEADY FLOW - FAILURE

TEST NO.

205 BENCH
206 BENCH
207 BENCH
208 BENCH
209 BENCH
210 BENCH
211 BENCH
212 BENCH
213 BENCH
214 SWEEP
652 (RUN #25] SWEFP
653

481 BENCH
482 BENCH
483 BENCH
484 BENCH
485 BENCH
486 BENCH
487 BENCH
488 SWEEP
489

490 BENCH
491 BENCH
492 BENCH
493 BENCH
494 BENCH
495 BENCH
496 BENCH
497 BENCH
498 SWEEP
499

416 BENCH
417 BENCH
418 BENCH
419 BENCH
420 BENCH
421 BENCH
422 BENCH
423 BENCH
424 BENCH
425 SWEEP
426 SWEEP
427 SWEEP
428 SWEEP
429 SWEEP
456 SWEEP

SPR. RATE ZERO

SPR. RATE 20#

SPR, RATE 40#

SPR. RATE 60#

ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

FLOV COMPRESSLT 23%
FLOW COMPRESSED 47%
FLOW COMPRESSED 707%
FLOW FACILITY CHECK-OUT
FLOW FACILITY CHECK-OUT
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BELLOW

5012-2
5012-2
5012-2
5012-2
5012-2

5012-3
5012-3
5012-3
5012-3
5012-3

5013-1
5013-1
5013-1
5013-1
5013-1
5013-1
5013-1

5013-2
5013-2
5013-2
5013-2
5013-2
5013-2
5013-2
5013-2
5013-2

5013-3
5013-3
5013-3
5013-3
5013-3
5013-3
5013-3
5013--3

TEST NO.

654
655
656
657
658

659
660
661
662
663

457
458
459
460
461
462
463

464
465
466
467
4,68
469
470
471
472

473
474
475
476
477
478
379
480

BENCH
BENCH
BENCH
BENCH
(RUN #28) SWEEP

BENCH
BENCH
BENCH
BENCH
(RUN #27)SWEEP

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP

TEST

SPR. RATE ZERO
SPR. RATE 20.3#
SPR. RATE 40.3#
SPR. RATE 60.3#
FLOW

SPR. RATE ZERO
SPR. RATE 20.3#
SPR. RATE 40.3#
SPR. RATE 60.3#
FLOW

SPR. RATE ZERO

SPR. RATE 10#

SPR. RATE 20#

TEST ZERO

TEST 50 psig

TEST 100 psig

TEST 150 psig - FAILURE

SPR. RATE ZERO
SPR. RATE 10#
SPR. RATE 20#
ZERO

20 psig

40 psig

ZERO

FLOW

STEADY FLOW - FAILURE

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH

SPR. RATE ZERO
SPR. RATE 10#
SPR. RATE 20#
ZERO

20 psig

40 psig

ZERO

STEADY FLOW - FAILURE



BELLOW

5028-1
5028-1
5028-1
5028-1
5028-1
5028-1
5028-1
5028-1
5028-1
5028-1
5028-1
5028-1
5028-1

5028-2
5028-2
5028-2
5028-2
5028-2
5028-2
5028-2
5028-2
5028-2
5028-2
5028-2

5034-1
5034-1
5034-1
5034-1
5034-1
5034-1
5034-1
5034-1
5034-1
5034-1
5034-1
5034-1
5034-1
5034-1

TEST NO.

215
216
217
218
219
220
221
222
223
224
225
226
227

228
229
230
231
232
233
234
235
236
237
238

316
317
318
319
325
326
327
328
329
330
331
332
333
334

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP
SWEEP
SWEEP

TEST

SPR. RATE ZERO

SPR. RATE 20#
SPR. RATE 40#
SPR. RATE 60#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

FLOW

FLOW

STEADY FLOW - FAILURE

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP

SPR. RATE ZERO
SPR. RATE 20#
SPR. RATE 40#
SPR. RATE 60#
ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

STEADY FLOW - FAILURE

BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
BENCH
SWEEP
SWEEP
SWEEP
SWEEP

STEADY FLOW COMPRESSED 487 ~ FAILURE

SPR. RATE ZERO

SPR. RATE 20#

SPR. RATE 40#

SPR. RATE 60#

ZERO

50 psig

100 psig

150 psig

ZERO

FLOW

FLOW COMPRESSED 167
FLOW COMPRESSED 337
FLOW COMPRESSED 487%
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BELLOW TEST NO. TEST

5034-2 335 BENCH SPR. RATE ZERO
5034-2 336 BENCH SPR. RATE 20#
5034-2 337 BENCH SPR. RATE 40#
5034-2 338 BENCH SPR. RATE 60#
5034-2 339 BENCH ZERO

5034-2 340 BENCH 50 psig

5034-2 341 BENCH 100 psig

5034-2 342 BENCH 150 psig

5034-2 343 BENCH ZERO

5034-2 344 STEADY FLOW - FAILURE
5034-3 345 BENCH SPR. RATE ZERO
5034-3 346 BENCH SPR. RATE 20#
5034-3 347 BENCH SPR. RATE 40#
5034-3 348 BENCH SPR. RATE 60#
5034-3 349 BENCH ZERO

5034-3 350 BENCH 50 psig

5034-3 351 BENCH 100 psig

5034-3 352 BENCH 150 psig

5034-3 353 BENCH ZERO

5034-3 354 STEADY FLOW COMPRESSED 30%
5034-3 355 STEADY FLOW COMPRESSED 30% - FAILURE
5034-4 356 BENCH SPR. RATE ZERO
5034-4 357 BENCH SPR. RATE 20#
50344 358 BENCH SPR. RATE 40#
5034-4 359 BENCH SPR. RATE 60#
5034-4 360 BENCH ZERO

5034-4 361 BENCH 50 psig

5034-4 362 BENCH 100 psig

5034 -4 363 BENCH 150 psig

50344 364 BENCH ZERO

5034-4 365 STEADY FLOW COMPRESSED 177
5034-5 381 BENCH SPR. RATE ZERO
5034-5 382 BENCH SPR. RATE 20#
5034-5 383 BENCH SPR. RATE 40#
5034-5 384 BENCH SPR. RATE 60#
5034-5 385 BENCH ZERO

5034-5 386 BENCH 50 psig

5034-5 387 BENCH 100 psig

5034-5 388 BENCH 150 psig

5034-5 389 BENCH ZERO

5034-5 390 STEADY FLOW EXTENDED 117 - FAILURE



BELLOW TEST NO. TEST

5034-6 391 BENCH SPR. RATE ZERO
5034-6 392 BENCH SPR. RATE 20#
5034-6 393 BENCH SPR. RATE 40#
5034-6 394 BENCH SPR. RATE 60#
5034-6 395 BENCH ZERO

5034-6 396 BENCH 50 psig

5034-6 397 BENCH 100 psig

5034-6 398 BENCH 150 psig

5034-6 399 BENCH ZERO

5034-6 400 STEADY FLOW EXTENDED 26% - FAILURE
5034-7 401 BENCH SPR. RATE ZERO
5034-7 402 BENCH SPR. RATE 20#
5034-7 403 BENCH SPR. RATE 40#
5034-7 404 BENCH SPR. RATE 60#
5034-7 405 BENCH ZERO

5034-7 406 BENCH 50 psig

5034-7 407 BENCH 100 psig

5034-7 408 BENCH 150 psig

5034-7 409 BENCH ZERO

5034-7 410 SWEEP FLOW

5034-7 411 SWEEP FLOW EXTENDED 237%
5034-7 412 SWEEP FLOW EXTENDED 47%
5034-7 413 SWEEP FLOW COMPRESSED 247
5034-7 414 SWEEP FLOW COMPRESSED 47%
5034-7 415 STEADY FLOW COMPRESSED 717 - FAILURE
5034-8 515 BENCH SPR. RATE ZERO
5034-8 516 BENCH SPR. RATE 20#
5034-8 517 BENCH SPR. RATE 40#
5034-8 518 BENCH SPR. RATE 60#
5034-8 519 BENCH ZERO

5034-¢ 520 BENCH 50 psig

5034-% 521 BENCH 100 psig

5034-8 522 BENCH 150 psig

5034-8 523 BENCH 77K

5034-8 524 STEADY FLOW - FAILURE
5034-9 525 BENCH SPR. RATE ZERO
5034-9 526 BENCH SPR. RATE 20f
5034-9 527 BENCH SPR. RATE 40#
5034-9 528 BENCH SPR. RATE 60#
5034-9 529 BENCH ZERO

5034-9 530 BENCH 50 psig

5034-9 531 BENCH 100 psig

5034-9 532 BENCH 150 psig

5034-9 533 BENCH ZERO

5034-9 534 SWEEP FLOW

5034-9 535 SWEEP FLOW EXTENDED 247%
5034-9 536 SUEEP FLOW

5034-9 £37 SWEEP FLOW EXTENDED 247
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BELLOW

5034-10
5034-10
5034-10
5034-10
5034-10
5034-10

5034-11
5034-11
5034-11
5034-11
5034-11
5734-11

5034-12
5034-12
5034-12
5034-12
5034-12
5034-12

5034-13
5034-13
5034-13
5034-13
5034-13
5034-13
5034-13

5034-14
5034-14
5034-14
5034-14
5034-14
5034-14

5034-15
5034-15
5034-15
5034-15
5034-15
5034-15

TEST NO.

608
609
610
611
612 (RUN
613 (RUN

614
615
616
617
618 (RUN
619 (RUN

620
621
622
623
624 (RUN
625 (RUN

626
627
628
629
630 (RUN
631 (RUN
632 (RUN

633
634
635
637
637 (RUN
638 (RUN

639
640
641
642
643 (RUN
644 (RUN

TEST

BENCH SPR. RATE ZERO
BENCH SPR. RATE 204
BENCH SPR. RATE 40f#
BENCH SPR. RATE 60#

#23) SWEEP FLOW
#23A)STEADY FLOW - FAILURE

#22)

BENCH SPR. RATE ZERO
BENCH SPR. RATE 20#
BENCH SPR. RATE 40#
BENCH SPR. RATE 60#
SWEEP FLOW

#22A, STEADY FLOW

#18)
#19)

#15)
#16)
#17)

#20)
#21)

#24)
#24)

BENCH SPR. RATE ZERO
BENCH SPR. RATE 20#
SENCH SPR. RATE 40#
BENCH SPR. RATE 60f#
SWEEP FLOW

STEADY FLOW

BENCH SPR. RATE ZERO
BENCH SPk. RATE 20#
BENCH SPR. RATE 40%
BENCH SPR. RATE 60#
SWEEP FLOW

STEADY FLOW

STEADY FLOW - FAILURE

BENCH SPR. RATE ZERO
BENCH SPR. RATE 20#
BENCH SPR. RATE 40f#
BENCH SPR. RATE 60#
SWFEP FLOW

STEADY FLOW

BENCH SPR. RATE ZFRO
BENCH SPR. RATE 20#
BENCH SPR. RATE 40#
BENCH SPR. RATE 60#
SWEEP FLOW

STEADY FLOW - FAILURE



BELLOW

ANTI-GEYSER
ANTI-CEYSER
ANTI-CLYSER
ANTI-GEYSER
ANTI-GEYSER
"NTI-GEYSER

ANTI-GEYSER
ANTI-GEYSER
ANTI-GEYSER
AN1I-GEYSER
ANTI-GEYSER
ANTI-GEYSER
ANTI-GEVSER
ANTI-GEYSER

ANTI-GEYSER
ANTI-GEYSER
ANTI-GEYSER
ANTI-CEYSER
ANTI-GEYSER
ANTI-GEYSER
ANTI-GEYSER

5035-1
5035-1
5035-1
5035-1
5035-1.
5035-1
5035-1
5035-1
5035-1
5035-1
5035-1
5035-1

#1
#1
3
1
#1
#1

#2
{2
#2
#2
it2
#2
{2
2

#3
#3
#3
#3
#3
#3
#3

TEST NO.

538
539
540
541
542
543

544
545
546
547
548
549
550
551

552
553
554
555
556
557
558

369
370
371
372
373
374
375
376
377
378
379
380

TES:

BENCH ZERO

BENCH 50 psig

BENCH 10 psig

BENCH 150 psig

BENCH ZERO

STEADY FLOW - FAILURE

BENCH ZERO

BENCH 50 psig

BENCH 100 psig

BENCH 150 psig

BENCH ZERO

STEADY FLOW

STEADY FLOW

STEADY FLOW - FAILURE

BENC:: ZERO

BENCH 50 psig

BENCH 100 psig

BENCH 150 psig

BENCH ZERO

S1EADY FLIOW

STEADY F.0W - FAILURE

BENCH SPR. RATE ZERO
RENCH SPR. RATE 10#
BFNCH SPR. RATE 20#
BENCH SPR. RATE 40#
BENCH SPR. RATE 60#
BENCH SPR. R‘TE 70#
BENCH ZERO

BENCH 50 psig

BENCH 100 psig

BENCH 150 psig

BENCH ZERO

STEADY FLOW - FAILURE
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BELLOW

5035-2
5035-2
5035-2
5035-2
5035-2
5035-2
5035-2
5035-2
5035-2
5035-2
5035-2
5035-2
5055-2

5035-2
5035-3
5035-3
5035-3
5035-3
5025-3
5035-3
5035-3
5035-3
5035-3
5035-3
5035-3
5035-3

5035-4
5035-4
5035-4
5035-4
5035-4
5035-4
5035-4

5035-5
5035-5
3035-5
5035~5
5035-5
5035-5
5035-5
5035-5
5035-~5
5L55~5
5035-5
5035~5

335-5
5035-5
5035-5

TEST NO.

430
431
432
433
434
435
436
437
438
439
440
441
442

443
444
445
446
447
448
449
=70
451
452
+53
454
455

566
567
568
569
570
571
572

500
501
502
503
504
505
506
507
508
509
510
511
512
513
514

(RUN #3;
(RUN #4)

TEST

BENCH SPR. RATE ZERO
BENCH SPR. RATE 20#
BENCH SPR. RATE 40#
BENCH SPR. RATE 60#
BLNCH SPR. RATE 70#
BENCH ZERO

BENCH 50 psig

3ENCH 100 psig

BENCH 150 psig

BENCH ZERO

SWEEP FLOW

STEADY FLOW

STEADY FLOW - FAILURE

BENCH SPR. RATE ZERO
BENCH SPR. RATE 20#

BENCH SPR. RATE 40#

BENCH SPR. RATE 60#

BENCH SPR. RATE 70#

BENCH ZERO

BENCH 50 psig

BENCH 100 psig

BENCH 150 psig

BENCI! ZERO

SWEEP FLOW

STEADY FLOW COMPRESSED 38%
STEADY FLOW "OMPRESSED 387

BENCh SPR. RATE ZERO
BENCH SPR. RATE 20#
BLNCH SPR. RATE 404
BENCH SPR. RATE 60#
BENCH SPR. RATE 70#
SWEEP FLOW

STEADY FLOW

BENCH SPR. RATE ZFRO

BENCH SPR. RATE 2(#

BENCH SPR. RATY: «O#

BENCH SRR. RAIE 60#

BENCH SPR. RATE 70#

BENCH ZERO

BENCH 50 psig

BENCH 100 psig

BENCH 150 psig

BENCH ZERO

SWEEP FLOW

STEADY FLGW COMPRESSED 387
STEADY FLOW COMPRESSED 38%
STEADY FLOW COMPRESSED 387
STEADY FLOW COMPRESSED 38%



BELLOW

5035-6
5035-¢
5035-6
5035-6
5035-6
5035-6
5035-6

5035-7
5035-7
5035-7
5035-7
5035-7
5035-7
5035-7

5035-8
5035-8
5035-8
5035-8
5035-8
5035-8
5035-8

5035-9
5035-9
5035-9
5035-9
5035-9
5035-9
5035-9

5035-10
5035-10
5035-10
5035-10
5035-10
5035-10
5035-10

TEST NO.

573
574
575
576
577

578 (RUN
579 (RUN

580
581
582
583
584

585 (RUN
586 (RUN

587
588
589
590
591

592 (RLN
593 (RUN

594
595
596
597
598

599 (RUN
600 (RUN

601
602
603
604
605

#1)
#2)

#7)
#8)

£5)
#6)

BENCH SPR.
BENCH SPR.
BENCH SPR.
BENCH SPR.
BENCH SPR.
SWEEP FLOW

TEST

RATE
RATE
RATE
RATE
RATE

STEADY FLOW

BENCH SPR.
BENCH SPR.
BENCH SPR.
BENCH SPR.
BENCH SPR.
SWEEP FLOW

RATE
RATE
RATE
RATE
RATE

STEADY FLOW

BENCH SPR.
BENCH SPR.
BENCH SPR.
BENCH SPR.
BENCH SPR.
SWEEP FLOW

RATE
RATE
RATE
RATE
RATE

STEADY FLOW

BENCH SPR.
BENCH SPR.
BENCH SPR.
BENCH SPR.
BENCH SPR.

#11) SWEEP FLOL.

#12) SWEE?

606(RUN #9)
607 (RUN #10) STEADY FLOW

BENCH SPR.
BENCH SPR.
BENCH SPR.
BENCH <PR.
BENCH SPR.

SWEEP FLOW

RATE
RATE
RATE
RATE
PATE

FLOW

RATE
RATE
RATE
RATE
RATE

ZERO
20#
40#
60#
704

ZERO
204
4o
60#
704

ZERO
20¢
4Lo#
60#
70#

ZERO
20#
40#
604
704#

ZERO
204#
40o#
60#
70#

77
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BELLOW FLOW TESTS CONDUCTED ON THE

ORICINAL MSFC TEST FACILITY (FIGURE 25)

BELLOW TEST NO. POSITION NO. L/D ELBOW UPSTREAM
5002-1 274 5 10.17 902
275 5 10.17 907
276 4 8.17 90
277 4 8.17 90°
278 4 8.17 90°
50n2-2 248 6 28.3 902
249 6 28.3 90°
250 6 28.3 30
_51 6 28.3 90”
252 6 28.3 90°
253 3 28.3 90°
5002-3 263 6 28.3 902
264 6 28.3 90
5002-4 288 3 6.17 902
289 3 6.17 90
290 1 2.17 90°
5002-5 300 1 2.17 902
301 1 2.17 90
312 6 28.3 90°
5007 -6 311 6 28.3 90°
5005-2 117 6 20.45 90°
5006-1 125 6 20.45 902
126 1 1.5 90
5006-2 134 1 1.5 902
135 1 1.5 30
5006-3 183 1 1.5 902
184 1 1.5 90
5006-4 194 1 1.5 90°
5006-5 152 1 1.5 90°
5006-6 162 1 1.5 90°
5006-7 1.2 1 1.5 90°
5006-8 182 1 1.5 90°
5006-9 204 1 1.5 90°
5006-10 214 1 1.5 90°
5028-1 224 1 1.813 9¢°
225 2 3.8, 90°
226 5 9.81 902
5028-2 237 % %'8% 98°
- 53¢ 1 3-8 0°




BFELLOW FLOW TESTS CONDUCTED ON THE
MODIFIED MSFC TEST FACILITY (FIG. 27)

BELLOWS TEST NO. BELLOWS | TEST XO. BELLOWS TEST NO.
£105-1 564 5034-1 330 5034-9 534
565 331 535
332 536
5006-1 | 166 133 537
| 367 334
i 368 AGHL 543
' 5034-2 344
5009-1 488 AG#2 549
489 5034-3 354 550
355 551
5011-1 498
499 50344 365 ACH3 557
558
501z2-1 425 5034-5 390
426 5035-1 380
427 5034-6 400
428 5035-2 440
5034-7 410 441
5013-2 471 411 442
472 412
413 5035-3 454
5013-3 480 414 455
415
5035-5 510
5034-8 524 511
; 512
? 513
514
BELLOW FLOW TESTS CONDUCTED AT THE WYLE LABORATORY
TEST FACILITY (FIGURE 28)
BELLOWS TEST NO. BELLOWS | TEST No. I BELLOWS ! TEST NO.
5006-8 649 5034-11 518 5035-4 571
650 619 572
5006-9 651 5034-12 624 5035-6 578
625 579
5006-10 652
653 5034-13 630 5035-7 585
631 586
5012-2 658 632
5035-8 592
5012-3 663 5034-14 637 593
638
5034-10 612 5035-9 599
i 613 5034~15 643 600
! 64l
’ 5035-10 606
607
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PRECEDING PAGE BLANK NOT FILMED

ug__f@ _ITENTIONALLY. BLANK. 81



r— UZ u )Nm e
-] = ol .
(PouIsK uuBwzIEs) mAu Ty 0 =5 =0 VO 11ad0dNL
)

(s) (POYIBW Pt 3T 1duns) mm. ._l“. T%aR1%y v 1l40HHL
g oL o0'st v 0’8t 969 09 L 4 Z-8208
o€l oL9 8'v vig z8 g6y ors or—ve 1-8208
g'Le zzL L'et £0L L'09 L'EY L88 ort €-€108
UbE 2z el goL 0'zs L'EY 1) ort Z-€108
LYE et LEL coL 218 LEY 8'06 ovL L-£108
g 89g v'EL Lie 62 92 99€ oLe €-2108
ze 89¢ 9'9L LLe S'0¢ voz o8t ole z-2108
9L 89¢ ) LiE 822 92 Zve oLe L~Z10s
¥iE vie 804 992 £ 062 8€2 062 L-1108
v'e2 v'26 e Y7 o'zt Ve sz €9 1-600S
L 868 0z 88 8'62 2Ls v08 095 0L—0005
e'st 868 L 8s¢L zoz zLs stL 09 6-900S
zoz 868 s'g 88L v'€Z 28 e 095 8-9005
€8 868 6 88 o'Lg s 628 095 £—900S
oot 868 G 88¢ 1’82 AT viL 085 99005
z'sz 868 66 88L z'0z 28 L 083 8-9005
ze 868 iy 88¢L '0€ s zz8 093 #—9005
€8l 868 8¢ 88t 9'v2 zes 8stL 09 £-900S
ol 868 £ 88 zee zLs 8L 099 Z-900S
zot 868 el 88¢ 092 2L el 008 1~9005
- e'zy - 8'z¢ - 1’82 - 08-05 Z-500%
- 62y - 8'Ze - 182 - 08-08 1-500S
ve L9 v'oL 02 8'sz 18t e 1 9-200S
£z Iz gL poz U 181 0zz 1 9-200%
6'sZ 192 8'e 02 9oL 18t 212 91 ¥—-2005
6'vE 92 o€ 02 98 181 86l ot £-2005
66 L9z o'aL 02 8'sZ 18t eve ot Z-200s
LeL 82 £l %02 €12 181 0€Z 91 1~200S
wowwa | . (NVEY) youy3 o Nve wouwa | Invel) (Nven | (Nved) ‘ON
% EOWQU sSvaw % w039 ‘'SYIw % SONOQKOOZW\' .8 1831 % HOAN3A SMO1138

ze, . e 1
) '03IHL N 'OFHL % ‘03HL

82



AL
A;, 2N 2 _ze
(poyian uuewzies) ‘v d. 4 — =C¥3  IVOILAYO0IHL
A/ 9K 7S LS
UZ e

(9 (Poy3Iap pat st duts) %l lydmfa_ A IVOILIYOAHL
zoL yovl 09 L 9'0L 88l 6zeL »00i 0L-g€0g
v's vovL zol el g'vL 88l 6scL 00t 6-9£08
z8 vovL 8t LzL T 88iL £9€L 001 8-£08
£ vavL L'st e 1’6l esLL LT 001 L~5£08
ze vavi LzL W £oL 8Ll et vonL 9-8€05
59 vovL €6 e 9L 8gLL SLEL 001 9-5£08
€9 vovL v'6 LzL LEL 8Ll 9LEL 001 05
Lol vovL Ls el zoL 8silL €zeL 001 £-5€08
ozt vovL oY Lzl L6 88Li Lot 0oL T-SE05
voL vovL 6's Lzl £oL 8silL szeL 001 L-§£05
- zv9L - sepL - o0zoL - 0891-0ZLL €# OV
- ZvoL - sopi - 0L0L - 0891-02LL Z# ov
- zvoL - savi - oot - 089L-0ZLL L# oV
1z zvoL 9zL gspL zu oot zezL 089L-0ZLL SL-¥£0S
9'0z oL vol gepL 6t oot e 089102t L PL-¥£0S
oL zvoL v sswL v'sZ 0L0 sEvL 0891024 L £L-v£05
iz zvoL ve sovL 0Lz 0201 SsEL 089L—-0ZLL ZL-vE08
vzz zvoL v'8 ssvL £02 0coL ZoEL 089t-0ZLL LL-pE0S
92 zvoL 9’6 ssoL 561 o0LoL 62EL 0891-0211 OL-vE05
9'92 ZvaL ze sspL gL oLoL L6zl 089L-0ZL L 8-¥£05
§'is zvel zve sspL €L 0L0L v80L 089L—-0ZLL 8-¥£05
922 zvaL Ls sevl Loz 0oL 6EEL 089L-0Z1L L-¥E0S
g'ig oL CETE syl Lol 9L0L 8vzi 089L-02t L 9-¥£0S
§'92 zvoL Lt sepL 9L 0L0L 8621 089L-0ZL1 5-p£0S
1’62 zvoL oL sapL st 0LoL 2z 089L—02t1 v—v05
52¢ zvoL vieL sspL 9'EL 0LoL 6czL nggL-0ZtL 1L £-¥£05
SvE zvoL z6l ssyL vzl 0L0L 1zzL 089L—0211 Z-¥£05
Lot oL (NY4 svL 601 0oL Lozt 089L-0Z4 1L L-¥£05
youu3 | | (N8 ¥ouHY? iNVa) ¥o. . (NV/87) INI/87) INVEY) ‘ON
% | WO3IO'svaw % ‘WO3Y 'SV % | WO39uOAN3A *wisaL | *wwoanan | smo1r13e

3 'O3IHL % "03HL » '03HL

83






APPENDIX D

VELOCITY BAR GRAPHS FOR MSFC BELLOWS FLOW TESTS

PRECEDING PAGE BLANK NOT FILMED

PAGE '%k INTENNONALLY BLANK
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® ACTUAL. 1ST RESONANCE

ORIGINAL PAGE 19
OF POOR QUALITY

B MUCGMM FLOW (NO RESONANCE)

VELOCITY (FT/SEC)

BELLOW ST PASS
FAIL 10 20 30 40 S50 60 70
NO. NO. / 1 1 i 1 { 1 1

5002-1 274 - 42.0

275 -® 44.4-46.6

276 - 30.5

277 NO DiIGITAL DATA

278 FAIL —@ 34.4-39.8
5002-2 248 prea» 16, O

249 > 36.5

250 ® 41.3-44.0

25] 4 %‘ 6'39-5

252 NO DIGITAL DATA

253 FAIL -8 39.1-42.7
5002-3 263 @ 36.3-42.2

264 FAIL —@ 36.5-38.0
5002-4 288 - 32.1-34.1

289 ® 29.5-30.7

290 FAIL -® 29, 8-31.5
5002-5 300 ® 30.6-32.6

301 -~y 27.0-30.0

312 FAIL —$ 32,4-40, 4
5002-6 3 FAIL -@® 34.2-36.1
S005-1 564 preeeel) 15, 6-17. 1

565 FAIL peeeedl) 16, 2-19. 0
8005-2 17 FAIL ‘L—-—-O 12.3-14.7
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® ACTUAL 1ST RESONANCE

ORIGINAL Fr D i
OF POOR QuUALITY

> MAXIMUM FLOW (NO RESONANCE)

VELOCITY (FT/SEC)

Belon ) ST PAS/eal 10 20 2 a0 s0 e 70 80 %
NO. NO. N M N Ny Ny M i "
— 125 - 53,1
125 > 54.8
126 > 69.5
: & 69. 1
%7 onss —> 67.
. . > 53.2
5006 134 PASS > 48,3
5006-3 183 > 5.2
184 PASS > 52.2
coes o PASS > 53.2
5006-5 152 PASS & 53.0
5006-6 162 PASS > 53.0
ooy 172 PASS > 53.4
- e > 52.5
=008 649-650 | Pass & 75.7
. oa - 52.7
651 PASS D 90,0
oo 10 i © 52,7
652-653 | FAIL —® 72.6-74.0
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® ACTUAL 1ST RESONANCE
> MAXIMUM FLOW (NO RESONANCE)

ORIGIAL PRGE IS

OF POOR QUALITY

VELOCITY (FT/SEC)

BEL1L OW TEST PASS
Al 10 20 30 40 S0 60 70 80
NO. NO. /F L ] 1 ] 1 1 L1 1
5009-1 488 —— 12.9
489 FAIL p—9 12.4-13.0
50] ]-] 4% 4 %. 6-50 4
499 FAIL @ 36.8
S012-1 425 $ 60.7
426 + 60.9
427 D 60.1
428 PASS $ 62.0
5012-2 658 PASS > 64.5
S5012-3 6~3 PASS D 64.5
5013-2 47" BAD DATA
472 FAIL |p—— 12,3-12.4
5013-3 480 FAIL |jpr——— 18,1
5028-1 224 -® 63.8
225 -® 63.9-64.1
226 $ 65.9
227 FAIL BAD DA A
5028-2 237 D 65.6
238 FAIL -@® 65. 7-66.




® ACTUAL 1ST RESONANCE

Quiliess m oy
OF Pui.. :

D MAXIMUM FLOW (NO RESONANCE!

VELOCITY (FT/SEC)

BELLOW TEST [ PASS/cail 10 20 320 40 50 60 70 8 90
NO. NO. 1 ] ] l 1 ] 1 1 i
5034-1 330 —® 79.0
33 ® 78.3
32 ® 69.4-70.6
333 - 61.6-67.0
334 FAIL ® 61.2-65.5
5034-2 344 FAIL —® 83.6-83.8
5034-3 354 ® 75.0
355 FAIL ® 73.8-76.8
5034-4 %5 FAIL ® 80. 1-80.5
5034-5 390 FAIL ® 61.2-63.0
5034-6 400 FAIL -——® 68.8-60.6
5034-7 410 > 84.1
an —> 83.9
a12 > 84.2
4‘3 —.&-6"84-3
414 —® 75.6-76.2
a5 FAIL —® 66.3-68.3
5034-8 524 FAIL ® 74.2-79. 1
5034-9 534 > g5, 7
535 ® 57.7-50.4
536 ' ® 77.0-79.2
537 PASS —® 64.8-65.6
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ORIGHIAL PA7% 74
OF POOR GuUALtTY
® ACTUAL 1ST RESONANCE

> MAXMMM FLOW (NO RESONANCE)

VELOCITY (FT/SEC)

BELLOW | TEST [ PASS/c, il 10 20 30 40 S50 6 70 8 90
NO. NO. L L [ i 1 [ ] |
5034-10 | 612 ® 56.1-57.1
613 FAIL ® 66.6-70.7
5034-11 | 618-619 | Pass ® £0.4-82.4
5034-12 | 624-625 | PASS ® 66.1-70.2
5034-13 | 630 -9 76.5-79. 1
631 > 5.7
632 FAIL ® 79.1-79.6
5034-14 | 637-638 | PASS —® 56.1-59.2
5034-15 | 643-644 | FAIL ® 50.9-65.3
AGS 1 543 FAIL —® 47.2-48.4
AGS2 549 - -® 48.3-49.8
550 - -9 5.7
581 FAIL - ® 51.2-52.3
AGe 3 557 - ® 46.6-47.2
558 FAIL ® 47.8
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-- v T
OtLaiL PrOT I8

® ACTUAL 1ST RESONANCE OF POOR QUALITY
D MAXIMUM FLOW (MO RESONANCE)

VELOCITY (FT/SEC)

BELLOW TEST | PASS/p\ii 10 20 30 40 50 €0 70 80 90
NO. NO. | ] ] L ] | | ] ]

5035- 1 380 FAIL —® 590.2
5035-2 440 BAD DATA

44 BAD DATA.

442 FAIL - 70.9
5035-3 453 ® 53.8-58.0

454 ® 47.2-50.9
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TEST 389 CH 1 &+ 653
+1.0008E+0905 T Y Y ™ T T ™~ Y 4
2238 33964.8730
2225 20465.3598
2213 7096.2678
2250 5471.8731

SLICE TIME ¢SEC»
1.28

BW=12.5

HO. SPECTRA =16¢

COMPOSITE
1844.€4
183¢.29

i.00000 . _a A .
19-1 0. FREQUENCY C(H2)

*“35000.

POWER-SPECTRAL-DENSITY PLOT
BELLOWS NO. 5035-1
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MSFC TEST BELLOWS

ORIGINAL PR 3

OF POOR CUALIT:

|

BELLOWS '-F TIME TO CYCLES TO MATERIAL |ACTUAL VARTATION

NO. FAILURE FAILU STRESS

WIe) | sk (x10§§ (PSI)

5002-1 62 |148-158 .17-.18 321 29,800 ELBOW
5002 -2 72 [525-535 .70-.71 321 28,200 ELBOW
5002-3 48 |313-333 .34-.36 321 29,000 ELBOW
5002-4 56 |2255-2309 2.5-2.6 321 27,800 ELBOW
5002-5 70 |10460-10585| 16.0-16.1 321 26,500 ELPOW
5002-6 70 |730-736 .95-.96 321 28,110 ELBOW
5005-1 33.2 |1841-1863 .78-.79 321 28,200
5005-2 65.2 | 75-100 —— 321 ~33,000 ELBOW
5006-10 77.7{1500-1530 1.7 321 27,900
5009-1 40.5|2728-2743 1.8 321 27,900
5011-1 49.4]3107-3133 1.9 321 27,600
5013-2 50 |2107-2027 1.3 321 28,000
5013-3 45 1749-760 J47-.48 321 28,800
5028-1 65.8(787 —— 21-6-9 #33,000 ELBOW
5028-2 66.6[150 .16 21-6-9 | 37,000 ELBOW
5034-1 82.5{1672 2.3 21-6-9 | 31,200 A
5034-2 84 |1427-1467 1.9-2.0 21-6-9 | 31,200
5034 -3 84.2|3391-3402 5.0 21-6-9 | 31,000 ~
5034-4 84 .4|3683 5.3 21-6-9 | 31,000 A
5034-5 65.5]353-373 37-.39 21-6-9 | 34,000 A
5034-6 85.5{226-256 .28-.32 21-6-9 | 34,200 ~
50347 85 [2199 2.9 21-6-9 | 31,000 A
5034 -8 85.8}560-590 .74-.78 21-6-9 | 31,900
5034-10 70.9{3580-3760 3.9-4.1 21-6-9 | 31,000
5034-13 79.5(1375-1495 1.6-1.8 21.6-9 | 31,200
5034~15 69 |4180 4.5 21-6-9 | 31,000
AG#1 57.811604-1634 1.7 21-6-9 | 31,400
AG#2 74.8/20099-20124 | ---- 21-6-9 | ———-
AG#3 80.5/11248-11278 | -——-—- 21-6-9 | ———-
5035-1 113 |1976-1996 4.4-4.5 21-6-9 | 31,000
5035-2 110 |437-477 .€3-1.1 21-6-9 | 31,800
5035-3 94 |7916-8036 16.3-16.6 21-6-9 | 31,000 A




)
'3
Y
)
A v
e
P
-9
P (4 0L 1) 'S’S 1T€ foj weidei(q N-S
“)ﬁ F,
<o
S3IJAD
10+0L XL gp+0t X 'L Go+0t XL po+0L *°L £0+0L X°L
1 0
174
ITI
I/
oy
09

185

1SM 'SS3IHLS WNWIXVIN



£ |

L IT I
[ Sz ¢
e D
LW 4
4
<3 (4 0L 18) A0V 6-9-1¢ 10§ wiesBer(j N-§
2
K w
(o Neo]
$3T0AD
(0400 XL 90404 X 'L o4Ot X't p0+0L X 'L £0+0L XL
0
174
ot
N
l/
09

IS) 'SS3AULS WNWIXYW

186



APPENDIX H

BELLOWS FLOW-INDUCED VIBRATION COMPUTER PROGRAM
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ORIGINAL PAGE 2
OF POOR QUALITY,

1

o LXXKXIHIS 18 THE H1S DECK

3 L THIS FROGRAM FREDICTS FATIGUE LIFE OF BELLOWS WHEN EXPOSED TO0

4 o FLOW-INDUCED VIBRATION,

S C INFUY

b [ JFLAG = 1(COMFUTE KA)»y 22(USE GIVEN KA), KA IS

7 C OVERALL SPRING RATE» LB/IN

8 ¢ NFLUID = 1(GAS)y 2LIQUID)

9 C NDEG = NUMBER 0OF BELLOWS LONGITUDINAL DEGREES OF FREEDOMs 2%NC-1
10 C NC = NUMBEKR OF BELLOWS CONVOLUIES

11 C SI6MA - CUNVOLUTE WIDTH» IN.

12 (] | AMBDA = NISTAMNCE BETWEEN ADJACENT CONVOLUTE UROWNS» IN.

13 (M H = MEAN DISEC HEIGHTy IN.

14 2 I' = THICKNESS FER CONVOLUTE FLYs IN.

15 o NHLY = NUMBER DF »LYS IN (HE gELLOWS CONVOLUTES

1¢ r D2 = BFLLOWS INSiDE DIAMETER» IN.

17 M U - BELLOWS OQUISTUE UIAMETERs IN.

18 e 7+ YUUNG S MODULUS OF THE SELL.OWS MATERYIALy LB/SQ IN,

19 [ HHOM = WELGHT DENSITY OF THE RELLOWS MATERIAL, LB/CU IN.
00 C LOVERD = LENGTHM FROM TERMINATION OF ELBOW TO FIRST CONVOLUTE

21 . DIVIDED BY THE 1.0, OF FIFE JUST BEFORt THE BELLOW.

a0 (M Ch = DIMENSIONLESS FLEBOW FACTUR
23 (M iF NFLUID = 1iGASYy THE FERFECT GAS EQUATION OF STATE 1S USED FOR
24 (W oL CULAYING 1AS DENSITY AT 1HE STATE DEFINED RY F AND TEMF.
oh " 1y 18 ASSUMLD THAT YHFE GAS FRUFEKTIES ARE KNOWN AT A REFERENCE
2% l STATE OEF INSD BY RHORERy FREFy AMD TREF .
7 ¢ o AYS PRESSURE Yy FSIG

“8 r I“ME = GAS TEMPERATUR » DEG. F o

29 { PRES AND (RED - REFERENCE 545 STATEy FSIA AND DEG. F.

40 1, PBHUKEE = LA pENSLEY 4l REFERENCE STAVELR/CU FT,

31 ! 2AMMA = RAT LU N SFEULIFIC HEATS FOK GAS

1 ! oL UEe o 200D e THE LJQUTIT DENSITY MUST RE KNOWN APRIOR. AT
3a i THE 1 IRULLO STATE(F AN{t TEMF)

34 N o L1QUTHN PREGSHIRE Yy FPOIG
K3v) L fEME = LIQUID TEMPERATNGy Tkt Fo

kYA N WHOF = DR IENSTTY AL o ANT O TEMFy L B/CU FT.

5/ I, X % K X K X X X X XK X ¥ K # 2w ¥ X X 2 K K K ¥ KK X X X X X % X % X %
K1) (MFLAICLT INTEGERX2C]-N»4)

1% IMFLICLT REAL(A-H»O~2)

40 REAL MOLERyMASS e MFI L LIe %F L UDE » MME 1AL y MCF y MASSR

41 REAL KAsRKoN1 ol DVERD

4. Viach: LARELS

43 INTEGE RED ANGyDEY

44 INTLGER¥T TITLECBOY»DF TLEC20) v OFTLE(R20)

Al DIMENSION FREQOZS) »y V(28 3) 8T (7%)

G DIMENSION VELR(B0) yMOF(S50) v STI2(350V s VEFEC(20) v FISVEL (20)

4/ COMMON NFL.v»SSEK NFLUSLyFy RHOF « JCURVE » 30F +

A4 ReAL NUsNIEL Y LAMBLA» VL UEDY yFLUIDZ2 yMFLUTIUy MMETAL r KA Ky MASS

4¢ Fom & K % X Ok XK K X K K X K X K K ¥ K K X K K K X XK X X XK X X K X K K X
=0 CALL LONEW &)
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7

g5

1

100

1000

1010

1020

1030

10

M S

30
35

36

37
48

CALL BFDEV(Sy‘DCS
CALL BFDEV(S»‘DK1
CALL BFDEV (4 ‘KBO
CALL BFDEV(3y/LPO
WRITE(691000)

FORMAT(1X “INPUT DATA FILE NAME = XXXXXX DAT’r/91Xe """""",DAT)

READCAyX)DFILE
CALL BFALT(SsBFILE

)
‘)
‘)
‘)

)

ORIGINAL PAGE S
OF POOR QUALITY

REATICS»1010) (TITLECL v I=1,80)

FORMAT (80A )

READ(S» 2020) JFLABYNFLUID»NDEG

FORMAT * 4T7,)

REAN(Sr1030)NCoHPLY » SIGHAYLAMBDAsHy
READ(S91030)01+D0vE » RHOMy KA LLOVERD

FORMAT (6F10.0)

GO TO (310»11) NFLUID

READ(S»1030)F y TEMP» FREF » TREF » RHOREF » GAMMA

GO TO 12

CALL BFCLOH

CALCULATION DF NATURAL FREQUENCIES AND EXCITATION VELOCITIES % X X

P1=3,1415927
3=42,174049
DMEAN=(DI+D0) /2.

1 READ(991030)Fy TEMF» RHOF
¢ CONTINUE

GO TO (30¢35) »r JFLAG
KA=DMEANXEX (NFLY/NC)RCT/H) XX 3

K= KNCKKARL2,
A=(SIGMA-TENPLY) /2

MME T AL =P TRRHOMX T XNPL YXDMEANX (FIXA+H-2 . XA) /6

+

GO YO (36¢37) o NFLULD

RHOF =RHOREFX(P+14.,7)K((TREF+460.,)/ (TEMP+460,) )/ (FPREFX1728.)

GO TO 38
RHOF=RHOF 71728,
FLUID1=0.0

VEL fA=LAMBUA -~ SIGMA
FLUID2=0.6BXRHOF KDMEANK (HX%3) / (GXDELTA)

S1k=0.3
1L0=0.1
SICRIT=0.2
AMODE=1. "
MODER=NC

MELUDR= (FLUID2RMODER) /NC

MASSR=MFLUDR+MMETAL
FREQC=(SART (2 XK/MASER) )/ (2.%P1)
VELC=FREQURSYOMA/(STCRITX1D,)

WRITEC(&rX)
no 40 MODE=1,NDEG

MFLULD=FLUID2% (AMODE/NC)

MASS=MFLULID+MMETAL

189



ORIGINAL PAGE 19
OF POOR QUALITY

101 B1=SQRT(2. % (1. +COS((FIK(2,XNC~MODE) )/ (2,%XNC))))
102 FREQ(MODE) =SQRT(K/MASS)XB1/(2.%FI)

103 o 55 J=1.3

104 GO 10(405,45+50) 4

105 40 V(MODE » D) =Fii Q(MODE) XSIGMA/ (STUPX12.)
106 GO 10 55

107 4%5 V(MODE+.)) =FREQ(MODE)¥SIGMA/ (STCRITX12.)
108 G0 TO 5%

10¢ 50 V(MODE» J)=FREQ(MODE ) XSIGMA/ (STLOX12.)
110 S% CONTINUE

111 VELR(MODRE)=V(MODE,»2)/VELC

112 MG (MODE ) =2 . XVELR (MODE)

113 HC AY LUE=ANODE+1.

114 CX K X d KX X X X X X KX XXX EX X &X ¥ XK XXREXEXXERXEKX
) C THEORETICAL FLOW-LNDUCED STRESS FOR CRITICAL STROUHAL NUMBER
116 SSR=RKAKNC/ (IIMEANYNFLY)

117 IF(NFLUIN-1>70+45+70

P £ ot Ri=D1/2,

11¢% HF 1 =H/R]

120 CI=50K 1 {GAMMAX(F+14.7) X6/ (RHOF %12, ))
120 CALL ACDURE (HR1»RI¢COIREQLOyRALIUS)

J2 70 AMODE=1.0

123 Cl1=.12%

124 L3=446,"

HIR C3=1.0

126 L4-10,

127 CH=,0%

128 Cé=L o 20

129 C/2=%9.0

130 CM=1.

1 .51 Nt=1.0

132 I CLOVERDWZEW. 0,0 N1=0.0

153 Ct21 .+ (N1X4, /(2. +LOVERD) )

134 )} 100 MODE=1sNDESR

13% THINFLY.GT,1, GD YU 7%

136 (NF=1,

137 G0 10 30

148 79 VP-VIMODE, 2 /VELC

139 AA=1,+ ([ 7KVFKX2)

140 ONF=1,0-(CEXSTGMA/H) 7 AM

t41 8O VP=V(MOLE, ) /VELC

142 BE=C1/(R2HVFPXR2)

143 CE=CIRARSCSINCPLIRVE)Y ) /(C4+VEXEL)

144 CET=RBRILCLILY

145 = 12 KKHOF ¥ (V(MODE » ) XX2) /(2. X6)

146 DU=CSTAHXTXFD/ (VEXHXSSREDEL TA)

147 LE=1et,1XCCA00, /SSR)IXXD)

148 P L=E L KNI CNFXCMRCE /NPLY

14Y IV eNELUTL- 12028590

150 B8 0 (FRENOMOME Y GE L FREQCYY F1S5=F15%QADJIVS

190 C-?7



151
152
153
154
159
156
157
158
o9
140
141
142
148
144
145
18446
147
168
169
170
171
172
123
174
i 25
174
1/
18
179
180
181
182
181X
184
185
136
13/
[R2EH
18y
190
1921
1?2
193
1Y4
195
196
197
vy
19y
200

ORIGINAL ppox
g
OF POOR QuALiTy

Y0 SI(MODE)=FIS
AMODE=AMODE+1 .
100 CONTINUE
WRITE (462500)
S60 FORMAT(’ DO YOU WANT THE STRESS AT A SPECIFIC
$ FLUID VELOCITY ? (YES=1sNO=2) ‘)
READ (Se%) FAIL
GO TO (510+600)y FAIL
910 CONTINUE
WRITE(69520)
920 FORMAT(’ HOW MANY SPECIFIC FLUID VELOCITIES ? )
READ(S,%) NN
WRITE(6¢3530)
5330 FORMATC INPUT FLUID VELOCLTIY(S) IN FT/SEC ‘)
B0 600 I=1sNN
READRN(SyX) VSFEC(I?
IF (VSFEC(I).EQ.0.) GO TO 540
IF (NFLY.GY.1.) GO 70 540
CNP=1,
GO TE G50
LWA0 UF=YSEFECOL ) /VELD
NA=1 . +(C7RVPRED)
CNE=1.,0-(CH6XS1GMA/H) /AR
SH0 UF=USPEC(1) /VELC
BE=C1/(C24VFPkX2)
LC=CI3XAES(SINCPIRVF) ) 7 (CA+VFXX2)
LST=RE+CCHCS
PO=1.2  KRHOF K (VYSPEC (L2 XR2) /(2. X6)
DU=CS TRHXTRPD/ (VPXHXSSRERDELTA)
EE=1,4,1X( (400, /SSRIK¥2)
FIS=EEXDDREXCNFRCMELc /NPLY
FlSVELCD)=F IS
GO 1D %70
B4Q FISVEL(T)=0.0
570 F{l.EQ.NN> GU 1O 510
A0 CoN g INUE
510G CALD  ERASE
WRITECO» 10102 (TITLEC(I) »I=1,80)
WRITE(469940) SIGMA.LAMBDArH> T DI DOy NCyNFLYPE
WRITL(6»950)KAYRHCM «Fy TEMF » RHOF o NFLUIDNY CE
WRITE (6y950)
N0 A20 MODE=1yNTLG

A0 WRITE(S»270YMODEyST (MODE) » FREQ(MODE ) yV(MODE » 1)y V(MODE»2) yV(MODE » 3

1,
IF (NFILUID-1)>710+700,710
/0G WRTITE (6 280)FREQCOQANIUG
It (FAlL.EQ.2) GO 10 800
NRITE(&62991) (VSPECC(I) sFISVELCI)» T=19NN)
GO 10 800
210 1F (FAIL.EQ.2) GO 1L 80¢
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192

201
202
203
204
205
206
207
208
209
210
211
212
13
214

NERY
s oWt

16
A/
e
A Ry
220
221
2
224

224

s
285

226
LS Sl d

ot

28
229
230
231

2372
234
235
RE T
237
238
237
240
a1
242
243
44
RE 3]
244
e
248

250

ORIGINAL PAGE IF
OF POOR QUALITY

WRITE(469990) (VSPEC(1)sFISVEL(I)2I=1sNN)
B00 WRITE(6¢810)
810 FORMAT(//»1Xy “WHERE DO YOU WANT OUTPUT SENT? O0-EXITs1-FILE
+2-FRINTER’)
19
READC(4rX) ANS
LF(ANS . EQ.0) GO 1O 2000
I C(ANSEQ.1) DEV=S
1F (ANS . EQ.2) DEV=3
IF(AN% .EQ.1) GO TO 820
GO 10 v0O

820 WRITE(6+830)

830 FORMAT (1Xy "OUTFUT FILE NAME?')
READ(4,%) OFILE
CaLL BHFNEW(SOFILE)

CO0 WRITE(DEVY10Q10X(TITLECT) »I=1+80)
WRITE(DEV,240)51GMA LAMBDAYHy Ty DIy DOy NCYyNPLYE
WRITE(LEV»950)KARHOM»F» TEMF yRHOF ¢+ NFLUID»CE
WRITE(DEV»260)

0 210 MODE=1»NDED

Y10 WRIIEC(DEV,?70)MODE » ST (MODE) » FREQ(MODE ) »V(MODE »1) » V(MODE » 2) » V(MODE

13)

JE(NFLULD-1) 930,920,930
FL0 WRITE(DEV280)FRENCOy QAIIIU-
930 LALl RFCLOCH)
Y40 FORMAT(29Xr 18BHRELLOWS FARAMETERS//
12Xy 26HSIGMACONVOLUTE WIDTHy IN)»11XrF6.30/

19X e 27HLAMBDACCONVOLUTE FPITCHy IN)»10X2FO.3¢/

19Xy 23HH(MEAN DISC HEIGHTy IN)+14XsF 639/

19X e 30HT (CONVOLUTE THICKNESS/PLYy IN) e Z2XeFb.30/

19X 2SHDICINSIDE DIAMETERy IN)914XeFb6.3¢/

19X 24HNOCOUTSIDE DIAMETERs IN)»13XeFb.39/

19X r 24HNC  NUMKBER OF CONVOLUTES) s12X9F7.39/

18Xy JIHNFLY (NUMBER 0OF FLIES)»15XyF7:30/

19X 2EHE(YOUNG 'S MODULUS, LB/SQ.I1N)»4AXyE11.4)
7930 FORMAT (19X s 30HKACOVERALL SFRING RATEy LER/ZIN)»2XeFl1.39/
12Xy I2ZHRHOM(MATERIAL DENSITYs LE/CUJIN)2AXsF7,.30//
30X 16HFLUID FARAMEIERS»//
192X 1 /HF(FRESSURE» FSIGY 2 19XeF7.3v/

LEX S QAHTEMF (TEMPERATURE s DEG F)v11XoFB.30/

Ly 2PHRHOF (FLUID DENSITYy LR/CU.IN)»3XsE11.45/

19X 23HNFLUIDC1=6ASy 2=LIQUID)»19Xs[1s/

19Xy ‘CECELROW FACTORy DIMENSIONLESS)  v6XeF6.3//
25Xy " THEORETICAL BELLOWS FPERFORMANCE ' » /)
260 FUORMAT C1Xy 79HMODE NO.  FLOW-IND, STRESS NATURAL FREQUENCY

LW FXCIIATION RANGEFT/SECy /918X IHFSIy

S 16X 2HHZ v 13Xy SHLOWER » SX ¢ BHURITICAL » 4X » SHUPPER» /)
Y70 FURMAT(IX vy 129 BXeE11.4r7XyF11.35ySXy3F11.3)

WP B PR R

P RA W W

P80 FORMAT(//93Xe ‘FIRST MODE KADIAL ACOUSTIC RESONANT FREUWUENCY=‘,F9

134Xy UALLIUGS 9F 5,29/

PO LAY SIRESS AL Ty 1y FL/SEL G wF11,4¢° FEI 72

W L DRMAT Y Ty HINALL IS TED SIRESS Al yF/ 1y’ FT/8EC 15 7 vET1.4y

[

SO0 CANT NN

[

m



10

20
50

ORSAINAL PAGF |
cmoum:

SUBROUTINE ACOURE (X»YrZ»FREGCO»QADJIUS)
IMPLICIT INTEGERX2(I-N»®)
IMPLICIT REAL(A~Hv0~-2Z)
FI=3.1415927

HRI=X

R1=Y

Co=2

IF(HRI.LE.0.55) 6O 10O 20
FNCU=1,972-1 222%HRI

GO 1O 3¢

FNCO=3.8-4,545%HR?
FREQCO=12,XFNCOXCO/ (2. XP1%RI)
QARJIUE=5.0

RETURN

L ND
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ORIGINAL PAGE IS
OF POOR QUALITY

(1-ONC “QINTIN “VH)
(NOILVIIJILIN3GI)

20+ COOhiZ® €0+ 00096C° -£0+ 0OOH6L"
J0HY dW3l d
00+ 000000° 00+ 000000* 0O+ 00008Z° 80+ 00006° <0+ 008S8L° 0+ OOCLZL'
QY3707 (dX3) Vi WOHY 3 od 1a
L0- 00009L° 00+ 000289° 00+ 000%09° 00+ 00000¢° LO+ 00000 LO+ OCOOOS®
1 H X 0 AN N
6 ¢ |

MOV “6-9-LC “Sddh’SZ °496¢- 91Sdh6c LV INITT G334 X011 90¥d MOT138L

330 vVivVa INANT - F1dWvVX3

(S30vdS 08 - 1)
NOIS3a Q¥VD TVH3NIO
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APPENDIX |

STRAIN VERSUS FORCE PLOTS AND STRAIN VERSUS PRESSURE PLOTS
FOR MSFC BELLOWS BENCH TESTS
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196

STRAIM ( 4 IN/IN)

1200

1000

800

600

400

200

ORIGINAL PAGE 1€ BELLOW NO. 50021

OF POOR QUALITY

] | N |

10 20 > -
FORCE (LBS)



STRAIN (u IN/IN)

700

ORIGINAL PAGE iS
OF POOR QUALITY

BELLOW NO. 5006-3

FORCE (LBS)

O sa
0O s3L
O saL
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198

STRAIN (4 IN/IN)

1000

700

100

ORIGINAL PAGE T

<

OF POOR QUALITY

BELLOW NO. 5011-1

)
o
,////.
V4
V4
/'/
y 4
/J"
Y/
o
o
NG
-,
A
O suiL
D sa
O sa
D saL
< ssL
A L i J
10 20 0 40

FORCE (LBS)



STRAIN {u IN/IN)

700

600

»
3

300

200

100

OR!Gaietv. . . 34
OF PUCR .0 it

] ]

BELLOW NO. 5012-1

10

20 30
FORCE (LBS)

40

g
SL
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BELLOW NO. 5013-2

- %
ORIGINAL PAGZ i€
800 - OF POOR QUALITY

STRAIN (4 INAN)

FORCE (LBS)
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IN/IN)

STRAIN (u

1000

700

400

100

eI AY e - on am
CRIGINAL T o

OF PGOR ClL.iiy

BELLOW NO. 50281

b 400,

O siL

0O sa

O sa

N saL

v ssL

| 1 l 1 1 ' '
FORCE (LBS)
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BELLOW NO. 50341

ORIGHAL F... ,
OF POOR QUALLY

1200 ¢~ O $IL
1100

1000

700

STRAIN (1 IN/IN)

100

FORCE (LBS)
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STRAIN (4 IN/IN)

1000

100

BELLOW NO. 5035-2

r-—

L 1

al
10 29

30 40 %0 60 70
FORCE (LBS)
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STRAIN (u IN/IN)

204

2000

1800

1600

1400

1200

1000

800

400

200

ORIGINAL FAU: IS
OF POOR QUALTY BELLOW NO. 5002-1

O s
O sa
O s
A saL
YV SsL

0 25 50 75 100 125 150

PRESSURE (PSI)



STRAIN {u IN/IN)

1600

1400

1200

1000

400

200

CRi =
OF POUR tw- vtV

-t
1N

BELLOW NO. 5005-2

O su
O sa
O sa
1 | 1 ] 1 |
25 50 75 100 125 150

PRESSURE (PS1)

205



1400 —
ORIGittaL &7 o ™
OF POCR CuhAnitY BELLOW NO. 50063
1200 |-
1000 -
2 sl
2
2
2
q
T e00|-
(7]
400 |-
200 |~
0 | ] i 1 1 J
0 25 50 75 100 . 150

PRESSURE (PSI)
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STRAIN {u IN/IN}

2200

1800

1600

1400

1200

1000

800

600

400

S isiian

em -_

BELLOW NO. 5009-1

3/

10

PRESSURE (PSI)

30

40
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STRAIN (1 IN/IN)

1300

1200

1100

1000

700

400

ORIGINAL PACE S
OF POOR QUALITY

BELLOW NO. 50111

| | ]

30 40 50

PRESSURE (PSI)

70



STRAIN (u IN/IN)

BELLOW NO. 5012-1

1600 OR:S:IL 17T
OF PCuUR Lihuli o
1400
A
1200 0
()
1000
9,
800
A
(-)
Q.
600
400
A
200
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FREQUENCY VERSUS VELOCITY PLOTS FOR TYPICAL SwRi BELLOWS FLOW TESTS
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