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TECHNICAL MEMORANDUM 

BELLOWS FLOW-INDUCED VIBRATIONS 

1. 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. Thc. j\rob- 
lem is especially acute in aerospace components whe-e the diameters are kept s m J  (with correspocdhgly 
high velocities) to reduce weight and size. The use of internal liners has not been a completely satisfac- 
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 Aevelop 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 pu:pose. 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 mxtensive spring rate deflection tests, static pressure tests, and 
flow and failure tests performed at Marshall apace Flight Center and Wyle Laboratories. Results of these 
tests plus those earlier performed at Southwest Research Institute (SwRI) [ 1,21 will be used to  validate 
and empirically refine the analytical prediction methods. 

II. 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 in te r rJ  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 turn the 
dynamic vortex activity must exist to cause structural vibration. The above describes a coupled fluid- 
structural instability problem. 
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Figure 1 .  Eellows stress as a function of flow rate for four flow ey ited 
modes of vibration, PN 08046. 

2 



I 

b + c  

b + c  

P 

Figure 2 Sequence of coupled fluid-convolction events observed wit11 SwRI two-dimensional 
bellows flow visualization model. 
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B. Strouhal Number 

As shown in Figun. 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 flowexcited over a range of about 25 ft/sec to  38 ftlsec fluid velocity. Optimum or peak 
excitation OCCUN at about 32 ft/srtc. The fluid wlocity, frequency, and convolute geometry at which the 
hid-structure coupling OCCUN may be related by a Strouhal number of dimensionless quantity of the 
form 

Ideally, the Strouhal number i- descriptive only ot the vortex phenomena and defrnes the f r e  
quency at which vortex shedding and formation would like to occur (if t tc structure also vibrates) for 
3 given convolute tip width u 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 axisynimetric 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 w e r  one- 
half the bellows length move back 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 Figare 5 .  Response of cocking modes is not observed in all bellows for which the 
symmetric longitudinal nit- Irs 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 longitudirial 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 
tllesc modes, however, will couple with the dynamic vortex activity to  result in flow excitation. There 
are two explanations for fpilure of certain modes to be flow-excited. First, the periodic fonnation and 
shedding of vortices (Fig. 2) requires an openil:g and closing action between adjacent convolutes and 
this may not occur in 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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ILLUSTRATION OF LOCAL COPNOLUTE BENIING MODE 

Figure 4. Nonsyrnmetric and local convolute bending modes. 
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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. OtherFactors 

There are several factors which can significantly modify o r  change the general bellows flow- 
in ill zed vibration phenomena described above. First, the presence of an elbow or other flow skewing 
cz\.:e upstream of the bellows can cause a shift in the critical velocities where excitation occurs (Fig. 6). 
h - . e  also that the presence of an elbow can cause a higher convolute stress level for a given fluid 
vexcity. 

A second modifying factor is acoustic resonance. For the case of gaseous flows acoustic 
rewnance can couple with vortex shedding from the convolutes t o  produce extraordinarily high stress 
Iws!s. 

A third modifying factor is the action 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 
01 c-avitation, the flow-induced response levels (stresses) are reduced o r  completely suppressed. Figure 7 
illustrates this phenomena. 

111. FREQUENCY AND LOCK-IN RANGE PREDICTION 

A. Mechanical Model 

The bellows synimetric 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 
~:'JTJ?OSPS. Figure 9 shows the lumped spring-mass model used. In this model the bellows is assumed 
divided into 2Nc-' .lementa1 masses of mass m and 2Nc elemental springs of rate k. Each elemental 
spring i s  related to  the overall bellows spring rate Ka by the equation 

k = 2 Nc Ka 

Each eleinental m m  ic givcn by the equation 

n i =  m + m f  

whe-*: mm. which represents the elemental metal mass, is given by 

(3) 

and mf  r:presents an apparent elemental fluid mass to be discussed below. 
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I- CONVOLUTION NOMENCLATURE 

MECHANICAL MODEL AND NOMENCLATURE 

A mass ( m 1 is assigned each convolution crown 
and root; the number of masses is 2Nc- 1. 
The valueof m is mm + mi where 

c * 
mm =np m tN p m  D [ n a + ( h - Z a ) J  

The number of springs is 2Nc and 

k = Z N c K A  

where K A  is the overall bellows spring rate. 

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



6. Spring Rate 

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

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 does not improve the accuracy. 
Until an accurate method is available, the user is advised to employ experimental Ka values where 
possible. Section V1.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 show11 in Figurl 9 represents a 2Nc-1 degree of freedom representation 
of a metal bellows. Therefore, solution of the equations 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: 

n(2 Nc-N) 1 ! I 2  
f (N) =L ' 2  [ 1 + c o s  ( 'Nc )] 

zn I ni 

where N = 1 ,  2, 3, ..., 2Nc-I 

Values of BN for a limited number 01 i'Jc values are shown ir, Table 1. 

D. Fluid Added Mass 

There appear to be two types of fluid added mass loading on the vibrating convolutes, as illus- 
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 loa.  This fluid contributes a mass loading which is additive to the 
nietal mass. Thc. ideal value of this fluid mass is given by 
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a. FLUID 

ORlGfNAL F!‘?‘: ;‘.3 I- OF POOR QiikLi’iY 

CARRIED LONGITUDINALLY BACK AN> FORTH 

b. FLUID MOVIPK; IN AN3 W T  OF COl‘WOLUTES BECAUSE OF 
RELATIVE T I P  D I S F I A E K N T  

Figure 10. Fluid added masses. 

n 
= - pf Dm h (2a - t NP) (7)  mfl  2 

The fluid which is “squeezed” in and out of the space between convolutes, as illustrated in Figure lob,  
also contributes an apparent mass loading whose ideal value is proportions1 to  

D,, Pf h3 ... 
Ill = 

f, L 6 

The contribution of ni 

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

increases as mode number increases while the contribution of mf is constant 
f2 1 



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

OLD EQUATION 

Ficure 1 1 sI?ows a plot of experimentally determined normalized fluid added mass given by 

plotted versus N/Nc. Note the rather tight grouping of data anrl linear relationship with N/Nc. The 
results of Figure 1 1  indicate the validity of the current fluid added mass model. 

E. Strouhal Number and Frequency Prediction 

For 3 given bellows, having same 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 o! correlating the vibration frequency. fluid \,:locity and bellows geometry under 
these optimuni conditions, as is true foi any vibration phenomena involving vortex shedding. 

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

whew f is a frequency, Q is a length quantity, and V is a fluid velocity. For the case of bellows flow- 
induced vibrations, the only problem in csing this correlation parameter was in selecting a satisfachry 
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: 



WINc 

Figure 1 1 .  Normalized fluid added mass as function o f  N/Nc for SwRl test bellows. 
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Sop = lower Stroulial limit = 0.1 

SUc = critics1 Strouhrrl value = 0.2 

Sou = upper Strouhal h i t  = 0.3 

For a given bellows mode defined by frequency f. flow excitation may occur over a velocity range (called 
the lock-in ringe) and given by 

Figure 13 shows 3 plot of frequency versus fluid velocity illustrating the lock-in region. 

Fluid Velocity 

Figure 13. Frqticncy versus velocity plot to illustrate bellows flow excitation region. 
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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, fml and fmn as summarized in 
Section I11.C of this report. 

2) Calculate the limits of fluid velocity corresponding t o  these two frequencies. This calculatim 
is done with equation (1 1) and with the values of the Strouhal numbers Sop and Sou given above. 

3) Compare this flow excitation fluid velocity range with the known operating range of the 
bellows. If 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 

wliere CF is a vortex force coefficient (roughly analogous to a wing lift coefficient), CE is an elbow 
effect factor, Ap is some projected area over which the vortex force acts, and 1/2 pV2 is the fluid free 
stream dynamic pressure (Pd). It has beer? 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 

A p = n  D, h 

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

Where Cm is a vibration mode factor and Q is a dynamic amplificatib., 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 Sheddinq From C o n v o l u t i m  

Vortex Force 

Convolution Displacement 

C S E  t x The resultant stress is 

h' 
Stress = 

I n the above equations 
CF = vortex force coefficient 
CE = elbow factor 
Cm = vibration mode factor 

Cs = geometric stress factor 
Q = dynamic ampli f ic~t ion ( damping 1 

Figuw 14. lllristration of stress resulting from vortex force. 
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C S E t x  
Stress = 

h2 

where Cs is a geometric stress factor. 

6. Stress Indimr Approach 

In previous studies the above equations were combined, a simplified form for Ka, given by equa- 
tion ( 5 ) ,  was substituted, Cs was assumed constant, and C, was approxiimted by 

1 

C m r r 4 N ,  

This pmduced an equation for stress given by 

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

cF ‘E Q 
Stress Indicator = ( Np ) (p)z(ipvz) 

Graphs were developed presenting models of CF, 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 CE if an elbow was present upstream of the 
bellows. If  no elbow was present, a value of 1.0 was used for CE. Subsequently, a niore 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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ORiGKlAL PACL i3 
OF POOR QUALITY C. CFQ Approach 

The rationale of the CFQ approach was based on the data shown in Figures 16, 17, and 18, and 
led 10 the definition of the parameter 

Figures 16 through 18 show plots of the force coefficient parameter (CF*) 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=l)  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 be!lows. 

A vortex reinforcement occurs when tha 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 anives at the adjacent downstream convolute at the right moment to  detract from 
the formation at that adjacent convolute. 

Figure 
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16. Vortex force coefficient CF* versus pitch for the first mode of SwRI bellows 105. 
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Figure 17. Vortex force coefficient CF* as a function o f  mode number 
for SwRI bellows with constant (h/t). 

Figure 18. Vortex force coefticient CF* as a function of  mode number 
for SwRl bellows with different Nc. 
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Figurv 17 presents a plot of CF* versus the mode number N for four SwRI 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 IO (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 X 
achieved by stretching. Note that there is a spread of the combined CF* 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 h 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 CFQ 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 CF* 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 VL-tical spread of CF* for each mode is primarily caused by vortex reinforcement or 
vortex cancellation. 

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

4) The rapid rise of CF* 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 EwRI 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 quire low for the first two longitudinal modes. 
Also note the strong presence of the first cockink mode plotted for N = 1.5. For this bellows, the 
cocking mode was stronger than normal so it suppressed the fmt and second longitudinal modes causing 
their CF* values to  be abnormally !ow. 

The primary intent of the CF* relation 
generated Q surfaces into one relationship that 
hence, the stress indicator was computed from 

S.I. = C F * N C  (:)'( 2 1 p "c 2) 
N Np 

was to mathematically collapse all of the experimentally 
applies to all ranges of the bellows operational parameters, 

For the CFQ model, the parameter CF* 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  CF 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 CF, 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 from 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 m a s  effect was discussed and treated in 
Section 111. Note that the pumped fluid amplitude will also be a function of convolute height h and 
gap 6. Clearly the force coefficient CF and dynamic amplification factor Q should exhibit nonlinear 
behavior and be amplitude dependent. 

Figure 2 1  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. 

Ff?EE STREAM 
- v  

4 

coNvoLUTES 
PINCHING- 

FORCING CUT 
FLUID 

T 

WOLUI-ES 
SPREADIffi- 
ORAWIM; IN 

FLUID 

Y h 

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 2 1 .  

water, dense l i q u i d s  
high pressure gases ,  l i g h t  l i q u i d s  
water, dense l i q u i d s  

Spec i f  i c  Spring I Rate ( see  Note 1) 

2 
2 
3 

a l l  ranges 
over 2000 l b / i n 2  
over 2000 
under 2000 
under 2000 

over 3000 

under 2000 
under 2000 

2 000-3000 

I 

over 3000 

under 2001) 

under 2000 

2 000-3000 

2 000-3000 

Number of 
P1 ies  

a l l  
a l l  pressure gases  
d l  pressure gases  
a l l  l i q u i d s  
a l l  l i q u i e s  

a l l  
a l l  

a l l  pressure gases  
a l l  l i q u i d s  

~ ~~ 

4 
5 
5 
6 

Use of Table - The t a b l e  was used bv first  c a l c u l a t i n g  t h e  bellows s p e c i f i c  
spr ing ra te  (S.S.R.;, and then looking up t h e  a p p l i c a t i o n  
curve number corresponding t o  t h e  S.S.R., number of p l i e s ,  
and i n t e r n a l  media. 

Note 1: 

Note 2 :  

The s p e c i f i c  spr ing rate here  i s  def ined as 

KaNc 
S . S . R .  = - 

G N P  

o r  i s  t h e  spr ing ra te  per convolute,  per p l y ,  p e r  u n i t  of 
d iamet er . 
Low pressure gases  are defined here  as  those gases  below 
150 ps i a .  Light l i qu idF  are defined as  having a dens i ty ,  
r e l a t i v e  t o  water, of less than 0.2. 
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E. Final Flow-Induced Stress Model 

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

cs E t x 
Stress = 

h2 

where 

and 

1 cm - - 
Nc 

Combining, we have 

Stress = IT - 4 Cs CF Q E Pd ( )  (&) 
or 

R 

Stress = - 4 Cs CF U E Pd ( t) ( N p  .'SSR) 

Based 01.1 correlation with all available experimental strain and failure data (Siction IV.D), the term 
n/4 Cs CF Q has been empirically modeled in the form 

(1  5 )  

(22) 
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whew V, is the critil. ' *:elocity for mode N = Nc and C* is a force and damping cwfficient given by 

where V' = ViV,. The cmefticients C1. C1, C3, Cq, and C5 are constants and will be defined later in 
Section V1.D. The coefficient CNp is a damping modifKr coefficient for multi-ply bellows given by 

- 

CNp = 1.0 for Np = 1 

CNp = 1.0 - for N p  = 2.3,  ... 
1 + c ,  V'? (26) 

The cdficients  C6 and C, are constants and will be defiwd later in Section V1.D. The coefficient CE 
is an elbow factor for application where an elbow is p-nt immediately upstream of the bellows. This 
elbow factor will be defined later in Section V1.E. 

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

'd 
S t r s s s=C*CNpCE [1 +0.1 (i.,3 SSR (:)(;) (k) E SSR Np 

(27) 

Fig re 22 shows C* as a function of V' = V/V,. Note that this curve reflects a vortex reinforce- 
ment and cancellation variation. Figure 23 shows a plot of CNP as a function of V' and o/h. and repre 
x n t s  the added damping influence of multi-ply bellows. Figure 24 shows a preliminary model of CE, 
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 compder 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 originally Conceived, the MSFC test program was fairlv broad in scope. It included such 
effects ds static prcsure 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 
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Figure 23. Multi-ply bellows stress multiplier CNP as a function of V' and aJh. 
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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, Msrshall 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 gpni. Since the test position was a considerable distance from the ?urnping 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 reduced to  6 in. 
aird the flow was channeled through a straight section approximately 62 ft in length. A secondary Gin. 
buttenly valve preceded an elbow section immediately above the bellows test section. .4fter passing 
through the test specimen, the flow exited through a variable position Gin. Annin valve and into a 
drainage ditch. 

With the set-up shown in Figure 2 5 ,  the maximum flow was limited t o  2600 gpm, which was 
insufficient t o  iesonate 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 t o  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 t o  that shown in Figure . 7. This would eliminate virtually all 
piping located downstream of the bellows. 

The piping containing the elbows a i d  the Annin valve located downstream of the test specilnen 
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 performed by opening the Gin. 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 !low 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 IO-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 sould not be as fiiely 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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6. Test Procedure 

Prior to the installation into the flow facility, all bellov~s specimens riar. -ain gages applied t o  
specific convolute crowns. A spring rate test was then perfomied and strains were measured at loads of 
20. 40, and 60 Ib 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 t o  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 Gin. Annin globe valve. This valve was setup 
to automati,ally match a given transient condition of 0 to 100 p x e n t  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 mahtain 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 pnalyzed 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 th: 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 

Thc appendices of thls report include i~ significant amount of raw test data so that, as required, 
it may be used in subsequent model correhtion efforts in those areas not adequately pursued herein or 
not pursued at 311. 

Geometric data for ezch 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 summarited in Appendix B along with a table defining those bellows tested 
with an upstream elbow. Relative position of the upstream elbow is a h  defined in Appendix B. Results 
of the bench spring rate tests is presented in Appendix C along with corresponding theoretical calcula- 
tions. Stidin versus rwce 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 resonanct: 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 (VF), 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 givcn in Appendix G. 
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VI. 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-inducl : stress model. All 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 prese?+, 3 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 a h  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 th2 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 frequenc! vers11s velocity for all MSFC bellows tested. Each plot 
includes the calculated values for the 2Nc-l longitudinal modes and the test data. For these calculations, 
;1 constant value of Strouhal number (0.2) was used. While some bellows show significant variation of 
rest versus t h  '1 ry, a constant value of 0.2 appears t o  be a good compromise and is currently used. A 
more accurate model of Strouhal number must include as variables, for example, X/o and V/Vc or  N/Nc. 

In  prior SwRI tests, most bellows showed significant response in successive modcs, starting with 
thc first, as velocity was increased from zero. However, the SJRI flow facility operator was standing 
next to the test bcllows 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 modi 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 sI.ows comparison of theoretical and experimental frequency versus velocity for 
typical SwRI t, llows tests. This rather good agreement gives credence to  the frequency prediction 
met hod. 
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Figure 3 1 .  Calculated versus measured spring rate for both the vendor 
geometry and measured geometry. 
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In summary, tests coiducted at MSFC represented more nearly a “real world” situation ot !low 
and flow-induced vibration in a bellows, while the SwRl tests more typically represented strict labora- 
tory results. In both cases, the Strouhal and frequency prcdidion method works. however, actual modes 
excited are difficult t o  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. F I o w - I ~ u c ~  Stntss 

In Section 1V.E. a model of flow-induml stress was analytically developed in the form 

the t0:nr +/4 C CF Q I CSFQ was acknowledged as a function of geometric and flow variables t o  t e  
empirically derivd from the experimer tal results. We will now briefly discuss how this was 
accomplished. 

S 

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

1 All bellows, including the SwRl tests. where no elbow effect was in evidence. and no static 
or initial stress was irlduced. 

I1 Bellows tested with an elbow present at some variable dis.ance upstream. 

111 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 
correla:ion. The data given in Appendix G - failure velocity, time t o  failure and cycles to  failure - 
were used to ieentify 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  der-mine an “experimental” stress level for each failed bellows, since the cycles to  failure were 
known. Next. we  used this stress value t o  calculate experimental CSFQ since from the model 

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 
forni 

CSFQ ss Cf (a) (2) 
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where 

An initial set of coefficients were chosen and computer runs were maje to  calculate flow-induced stress 
u3ich was then compared with the experimmtd values. This comyu'son showed that corrections were 
netdl*d to  account for the added damping effect of multiple ply bellows and for a noticeable increase 
in s t i c s  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 
dcvdcped as 

CSFQ = C' CNP 

where 

l+o.l(E)2]($)(;)  SSR 

% (K) 
cNp= 1.0- 

1 .o + c,  V'2 
for Np = 2.3, ... 

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

C J  = 0.13 
C-j = 0.462 

& 

c3 = 1.0 

c4 = 10.0 

c5 = 0.06 

Cg = 1.25 

c7 = 5.5 

Using this model, final computer runs were made for the Group I bellows and the calculated 
results compared with actual data. Results of this comparison (both SwRl 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 I BELLOWS) 

BELLOWS 
NO. 

~- 

1 A  
2A 
3A 
4A 

1 B  
2 B  
35 
4B 
5B 
6B 
7 B  

1c 
2c 
3c 
4c 

1 D  
2 D  
3 D  

E 

F 

1C 
2 G  
3G 
4 G  
5 G  

1H 
2H 
3H 

- 

"F 
(FPS) 

55.5 
55.5 
57.0 
55.5 

41.5 
38.0 
55.5 
38.0 
58.5 
48.0 
55.5 

58.5 
48.0 
55.5 
46.0 

35.0 
29.0 
35.0 

33.0 

33.0 

52.5 
52.5 
43.0 
50.0 
43.5 

45.0 
45.5 
45.0 

2.6 
10.0 

6.9 
4 . 1  

1,C5 
0.7 
0.5 
1.4 
1.2 

11.0 
10.5 

1 .2  
11.0 
10.5 
3.1 

1.3 
1.9 
1 .7  

5.3 

3.1 

3.1 
4.4 
6.5 
2.4 
2.4 

2.5 
3.0 

11.0 

321 
32 1 
321 
321 

321 
321 
321 
32 1 
32 1 
321 
32 1 

321 
321 
32 1 
32 1 

321 
321 
321 

32 1 

321 

321 
321 
321 
321 
321 

321 
321 
321 

- 
ACTUAL 
STPESS 
(PSI) 

27,600 
26,500 
26,900 
27,400 

28,700 
29,000 
29,400 
28,200 
28,400 
26,500 
26,500 

28,400 
26,500 
26,500 
27,500 

28,300 
27,900 
28,090 

27,000 

27,500 

27,500 
27,300 
26,900 
27,800 
27,800 

27,700 
27,500 
26,500 

~ ~~ 

PREDICTED 
STRESS 
(PSI) 

58,300 
58,300 
59,870 
58,300 

34,520 
33,060 
35,770 
33,060 
35,070 
36,040 
35,770 

34,710 
31,070 
33,860 
30,160 

34,040 
31,360 
34,920 

33,040 

33,470 

31,070 
31,750 
28,470 
30,930 
28,680 

33,740 
32,410 
33,100 

.473 

.455 

.449 

.470 

.831 

.877 

.822 

.853 

.810 

.735 
-741 

-818 
-853 
.733 
-912 

.831 

.890 

.b02 

-817 

.822 

.885 

.e60 

.945 

.899 

.969 

.821 

.849 

.8 01 

ORIGINAL PAGE 1s 
OF POOR Q U A L I ~  

48 



ORIGINAL PA,;: is 
OF POOR QUALtTY 

& r n  

n 
rn 

2 E 
W 

0 0 0 0 00 00000 00 a m m N urn m u w m u  m o  

0 0 0 0 o a  00000 00 
0 0 0 0 00 00000 00 

C o m m  
rl 4 r( d (VN N a O r l d r l  r l N  
I I I I I I  I I I I I  I I  m 9 QI d m m  u u v u u  m m  
0 0 0 d r ( d  mmmmcc)(r, m m  
0 0 0 0 00 00000 00 
ln In In m lnln m m m m m  m m  

49 



1)  Predicted FlS values are always greater than actual values, hence, the model is conservative. 

vF 
(FPS) 

57.8 

74.8 

80.5 

2)  Model accuracy is best for single ply bellows. 

MATERIAL 

21-6-9 

21-6-9 

21-6-9 

3) Bellows of different mterials (32 1 and 2 1-6-9) are treated. 

Three antigeyser bellows, having internal ball and strut assemblies, were tested along with tho 
Group I category bellows. These three bel!ows w4-v 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 5 are not a true description of the actual stress. 

TABLt 5 .  COMPARISON OF ACTUAL AND PREDICTED STRESS FOR MSFC TEST BELLOWS 
L’;fTH INTERNAL BALL AND STRUT ASSEMBLY. NO ELBOW EFFECT AND NO 

lNITIAL STRESS INDUCED (GROUP I BELLOWS) 

BELLOWS 
NO. 

AG#1 

ASb2 

AGk3 

ACTUAL 
STRESS 
(PSI) 

~ 

PREDICTED 
STRESS 
(PSI) 

24,150 

31,980 

34,020 

ACT. STRESS 
PED. STRESS 

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 sb’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 CE multiplier as 

CE = 1.0 with no elbow present 

with elbow present (31) 
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where L/D is the ratio of 1, 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 
CE model given here seems to be quite accurate for the limited data base. The results in Figure 6 (SwRI 
elbow test) were at low V’ values and the model predicts CE 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 t o  test. The stretch or 
compress process was accomplished by adjusting the relative position of the spool end pieces with 
threaded fasteners. Subsequert calculations have chown 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 SwRl 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 .4C excited strain gage bridge unit 
proved unsatisfactory. Velocity sweeps were perfornied 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 t o  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 niight 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 dat.1 base compared with the fatigue results obtained at 
SwRI. First, all SwRl failures were for single ply bellows constructed of 321 S.S. The majority of the 
MSFC bellows were miiltiple ply, some 371 S.S. and some 21-69 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 500s) were conducted at a much higher iiornialized 
velocity V’ than any prior tests. These particular tests showed, for the first time, that excitation of the 
bellows longitudinal modes continues indcfinitcly 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 SwRl programs were 
quite diverse. Internal diameters of test bellows ranged from about 3 in. to 14 in. Bellows having as 
few as 5 convolutes and as many as 20 convolutes were tested to fai1w-e. Bellows of 1, 2, and 3 plies 
were included, and both 321 S.S. and 21-6-9 alloy niaterials 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 nt 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 o r  without an upstreaci elbow, but not conservative where a high mean 
stress is present because of internal pressure o r  other prestress means. Use of a seven ordinate stress- 
fatigue life plot would be useful in accounting for the effect of  prestress and this should be one subject 
of further study. 

Conclusions 

The following conclusions have bcen made regarding t h s  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/Vc 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 tu/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 = Vc, the bellows tends to  respond in a subharmonic manner. 

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

7) A good correlation of frequency and velocity where V > Vc does not prescntly 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 
prestrcss is negligible. 

9) Calculation of stress versus velocity by this method allows a consent ive 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. 

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

GEOMETRIC DATA FOR MSFC BELLOWS 

PRECEDING EAGE BLANK NOT FILMED 
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DIXENSIONAL CATA FOR COMPRESSED AND EXTENDED BELLOWS 

BELLOWS 

5006-1 

5012-1 

5034-1 

5034-3 

5034-4 

5034-5 

5034-6 

5034-7 

5034-9 

5035-3 

5035-5 

TEST NO. 

3 67 
3 68 

426 
427 
428 

331 
332 
333 
334 

3 54 
355 

3 65 

3 90 

4 00 

411 
4 12 
113 
4 14 
415 

535 
537 

4 54 
4 55 

511 
512 
513 
514 

L 

2.50 
2.50 

4.50 
4.50 
4.50 

1.46 
1.46 
1.46 
1.46 

1.47 
1.47 

1.47 

1.47 

1.47 

1.19 
1.19 
1.19 
1.1? 
1.19 

1.19 
1.19 

1.570 
1.570 

1.570 
1.570 
1.570 
1.570 

- 

- 

L' - 
1.95 
1.61 

4.003 
3.506 
3.01 

1.34 
1.22 
1.11 
1.11 

1.25 
1.25 

1.34 

1.55 

1.66 

1.297 
1.41 
1.08 
.97 
.36 

1.30 
1.30 

1.401 
1.401 

1.401 
1.401 
1.401 
1.401 

- 
A' - 

.254 

.214 

.275 

.239 . 2 04 

.2 99 

.269 

.241 

.241 

.276 

.27 6 

.299 

.3 51 

.379 

.288 

.316 

.234 

.2 06 

.179 

.289 
,289 

.160 

.160 

.160 

.160 

.160 

.160 - 

- 
6 

.163 

.163 

.152 

.152 

.152 

.18L 

.183 

.184 

.184 

.186 

.186 

.156 

.186 

.186 

.116 

.116 

.116 

.116 

.116 

.116 

.116 

.056 

.056 

.056 

.056 

.056 

.056 

- COMPRESSION OR 
EXTENSION 

.084 

.044 

.117 

.081 

.046 

.154 

.123 

.096 

.096 

.131 

.131 

.154 

,206 

.234 

.I47 

.171 

.089 

.061 

.034 

.144 

.144 

.035 

.035 

.035 

.035 

.035 

.035 

48 % 
73% 

23% 
47% 
7 0% 

16% 
33% 
48% 
48% 

3 0% 
3 0% 

17 % 

11% 

2 6% 

23% 
47% 
24 % 
47% 
71% 

24% 
24% 

38% 
38% 

38% 
38% 
38% 
38% 

C O W  RES S I ON 
COMP RES 3 I ON 

COMPRES S I ON 
COMPRESS ION 
COMPRESS I ON 

COMPRESS I ON 
c o m R E s  s I ON 
COWRESSION 
COKPRES S I ON 

COMP RE s s I ON 
COMPRESS ION 

COMPRE s s I ON 

EXTENSION 

EXTENS ION 

EZTENS A ,d 
EXTENSION 
COMPRESSION 
COMPWSS I O N  
COXPRES S I ON 

EXTE?!SION 
EXTENSION 

COMPRESSION 
COMP RE S S I ON 

CONPRESS I ON 
COFPRESS ION 
COMPRESS I ON 
COMPRESS I ON 

NOTE: PRIME EiARK INDICATES DIMENSION AFTER THE BELLOW 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 



BELLOW TEST NO. TEST 

5002-1 
5002-1 
5002-1 
5 002 -1 
5002-1 
5002-1 
5002 -1 
5002 -1 
5002-1 
5002-1 
5002 -1 
5 002 -1 
5 @02 -1 
5 002 -1 

5 002 -2 
5 002 -2 
5002-2 
5 002 -2 
5 002 -2 
5 002 -2 
5 002 -2 
5002-2 
5002-2 
5002-2 
5 002 -2 
5 002 -2 
5 OC2 -2 
5 002 -2 
5002-2 

1 "02-3 
5 ~ 3 2 - 3  
5002 -3 
5002-3 
5 002 -3 
5 002 -3 
5 002 -3 
5002-3 
5002-3 
5002-3 
5002-3 

2 65 
2 66 
2 67 
268 
2 69 
270 
271 
272 
273 
274 
275 
275 
277 
278 

239 
24 0 
241 
242 
243 
244 
245 
24 6 
247 
248 
24 9 
2 50 
2 5 1  
2 52 
2 53 

2 54 
2 55 
2 56 
2 57 
2 58 
259 
2 60 
2 61 
2 62 
2 63 
2 64 

BENCH S P R J G  RATE ZERO 
BENCH SPR. RATE lo# 
BENCH SPR. RATE 201 
BENCH SPR. RATE 408 
bE!!c)! ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 1 5 0  p s i g  
BENCH ZERO 
SWEEP FLOW 
SWEEP FLOW 
SWEEP FLaJ 
SWEEP FLOW 
SWEEP FLOW - FAILURE 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE lo# 
BENCH SPR. RATE 20# 
BENCH SPR. RATE 401 
BENCH ZERO 
BENCH 50 p s i g  
BENCii 100 p s i g  
BENCH 1 5 0  p s i g  
BENCH ZERO 
SWEEP FLOW 
SWEEP FLOW 
SWEEP FLOW 
SWEEP FLOW 
SWEEP FLOW 
STEADY FLOW - FAILURE 

BENCH SPX. RATE ZERO 
BENCH SPR. RATE 101'1 
BENCH SPR. RATE 20t 
BENCH SPR. RATE 40# 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
SWEEP FLOW 
STEADY FLOW - FAILURE 
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BELLOIU' TEST NC). TEST 

5002-4 
5002-4 
5 002 4 
5002-4 

5002-4 
5002-4 
5002 -4 

5 002 -4 

5002-4 
5 002 -4 
5002-4 
5002-4 

5002 -5 
5002-5 
S O L - 5  
5OC2-5 
5002-5 
5002-5 
5GO2-5 
5002-5 
5002-5 
5002-5 
5007 -5 
5002-5 

5002-6 
5002-6 
5002-6 
5002 -6 
5002-6 
5002-6 
5002-6 
5602-6 
5002-6 
5002-6 

27 9 
28 0 
281 
282 
283 
284 
285 
28 6 
287 
288 
28 9 
2 90 

2 91 
2 92 
2 93 
2 94 
2 95 
2 96 
2 97 
2 98 
2 99 
3 00 
3 01 
312 

3 02 
3 03 
304 
3 05 
3 06 
3 07 
308 
309 
310 
311 

BENCH SPR. RATE ZERO 
BENCH SPR. R4TE 10% 
BENCH SPR. RATE 201 
BENCH SPR. RATE 40d 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i s  
BENCH ZERO 
SWEEP FLOW 
STEADY FLOU 
STEADY FLOW - FAILURE 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE lot1 
BENCH SPR. R4TE 208 
BENCH SPR. RATF 40!/ 
BENCH ZERO 
BENCH 50 ? s i g  
BENCH IQ3 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
STEADY FLOW 
STEADY FLOW 
STEADY FLOW - FAILURE 

BENCH SPR. F-'.TE ZERO 
BENCH SPR. RATE 10#  
BENCH SPR. RATE 20?/ 
BENCH SPR. RATE 40W 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
STEADY FLOW - FAILURE 



BELLOW 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 
5005-1 

TEST NO. TEST 

5005-2 
5005-2 
5005-2 
5005-2 
5 005 -2 
5005-2 
5005-2 
5005-2 
5 005 -2 
5005-2 
5 005 -2 
5 005 -2 
5005-2 
5005-2 
5005-2 
5005-2 
5005-2 
5005-2 
5 005 -2 
5005-2 
5005-2 
5005-2 
5005-2 
5005-2 
5005-2 
5005-2 
5005-2 
5005-2 
5005-2 
5005-2 
5 005 -2 
5005-2 

001 
002 
003 
004 
07 0 
07 1 
07 2 
07 3 
07 4 
559 
5 60 
5 61 
5 62 
5 63 
564 
565 

005 
006 
007 
008 
03 3 
03 4 
03 5 
33 6 
065 
066 
067 
068 
069 
07 5 
07 6 
07 7 
07 8 
07 9 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 

BENCH ZERO 
BENCH COMPRESSION .11" 
BENCH COMPRESSION .22" 
BENCH ZERO 
BENCH 2: ANGULATION 
BENCH 40 ANGULATION 
BENCH 6 ANGULATION 
BENCH 8' ANGULATION 
BE3CH ZERO 
BENCH ZERO 
BENCH 25 p s i g  
BENCH 50 p s i g  
BENCH 75 p s i g  
EENCE! ZERO 
STEADY FLOW 
STEADY FLOW - FAILURE 

BENCH ZERO 
BENCH COMPRESSION -11" 
BENCH COWRESSION .22" 
BENCH Z E R 3  
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
BENCH 20 ANGULiTION 
BENCH 40 ANGULATION 
BENCH 60 ANGULATION 
BENCH 8 ANGULATION 
BENCH ZERO 
RERUN OF BFT-0065 
RERL? OF BFT-0066 
RERUN OF BFT-0067 
RERUN OF BFT-0068 
RERUN OF BFT-0069 
BENCH ZERO 
BENCH 50 ps ig  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
BENCH 20 ANGULATION 
BENCH 40 ANGULATION 
BENCH 60 AhGULATION 
BENCH 8 ANGULATION 
BENCH ZERO 
BENCH DEFLECTION .11" 
BENCH DEFLECTION .22" 
BENCH ZERO 
SWEEP FLOW - FAILURE 
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BELLOW TEST NO. TEST 

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 
5006-2 
5006-2 
5006-2 
5006-2 
5006-2 
5006-2 
5006-2 
5006-2 
5006-2 
5006-2 
5006-2 
5 "06-2 
5006-2 
5006-2 

02 9 
03 0 
03 1 
03 2 
03 7 
03 8 
03 9 
040 
080 
08 1 
08? 
083 
118 
119 
12 0 
121 
122 
123 
124 
12 5 
12 6 
3 66 
3 67 
3 68 

02 1 
02 2 
02 3 
02 4 
041 
042 
043 
044 
ob4 
085 
086 
087 
127 
128 
12 9 
130 
131 
132 
133 
134 
135 

BENCH ZERO 
BENCH COMPRESSION .08" 
BENCH COMPRESSION .12" 
BENCH ZERO 
BENCH 50 p s i 3  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
BENCH lo AKGULATION 
BENCH 2 ANGULATION 
BENCH 3 O  ANGULATION 
BENCH ZERO 
BENCH SPR. RATE ZERO 
BENCH SPR. RATE 608 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCB 150 p s i g  
BENCH ZERO 
SWEEP FLOW 
SWEEP FLOW 
STEADY FLOW 
SHEEP FL@W COKPRESSED 48% 
SWEEP F"L,OW COMPRESSED 73% 

BENCH ZERO 
BENCH COFPRESSION -08" 
BENCH COMPRESSION ,12" 
BENCH ZERO 
BENCH 5@ p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
BENCH lo AVGULATION 
BENCH 20 ANGULATION 
BENCH 3 ANGULATION 
BENCH ?ERO 
BENCH SPR.  EL ZERO 
BENCH SPR.  k job 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 psig 
BENCH ZERO 
SWEEP FLOW 
SWEEP FLOW 

h 5 



BELLOW TEST NC TEST 

5006-3 
5006-3 
5006-3 
5006-3 
5QO6-3 
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 
5006-3 
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 
5006-4 
5006-4 

02 5 
02 6 
02 7 
02 8 
045 
046 
047 
048 
088 
089 
090 
091 
13 6 
137 
138 
13 9 
14 0 
14 1 
142 
14 3 
144 
18 3 
184 

01 3 
014 
01 5 
01 6 
18 5 
18 6 
187 
188 
18 9 
190 
191 
192 
193 
194 

BENCH ZERO 
BENCH COMPRESSION .08" 
BENCH COMPRESSION .12" 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
BENCH lo ANGULATION 
BENCH Z0 ANGULATION 
BENCH 3 ANGULATION 
BENCH ZERO 
BENCH SPR. RATE ZERO 
BENCH SPR. RATE 2011 
BENCH SPR. RATE 40P 
BENCH SPR. RATE 608 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
SWEEP FLOW 
SWEEP FLOW 

BENCH ZERO 
BENCH COMPRESSION .Os" 
BENCH COPWRESSION -12" 
BENCH ZERO 
BENCH SPI .  RATE ZERO 
BENCH SPR. RATE 20# 
BENCH SPR. RATE 40% 
BENCH SPR. RATE 608 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
REMCH ZERO 
SWEEP FLOW 
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BELLOW TEST NO. TEST 

5006-5 
5006-5 
5006-5 
5066-5 
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 

009 
01 0 
01 1 
012 
049 
05 0 
05 1 
052 
092 
093 
094 
695 
14 5 
146 
147 
148 
14 9 
150 
151 
152 

017 
01 8 
01 9 
02 0 
05 3 
054 
05 5 
C5 6 
096 
097 
098 
099 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 

BENCH ZERO 
BENCH COMPRESSION .08" 
BENCH CONPRESSION .12" 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
BENCH 1: ANGULATION 
BENCH 20 ANGULATION 
BENCH 3 ANGULATION 
BENCH ZERO 
BENCH SPR. RATE ZERO 
tlENCH SPR. RATE 60t 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
SHEEP FLOW 

SENCH ZERO 
BENCH COMPRESSION .08" 
BENCH COMPRESSION .12" 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
BENCH lo ANGULATION 
BENCH 20 ANGULATION 
BENCH 3 ANGULATIOX 
BENCH ZERO 
BENCH SPR. PATE ZERO 
EENCH SPR. RATE 201f 
EENCH SPR.  RATE 408 
BENCH SPR.  RATE 608 
BENCH ZERO 
BENCH 50 p s i g  
SENCH 100 p i g  
BENCH 150 p s i g  
BENCH ZERO 
SWEEP FLOW 
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BELLOW 

5006-7 
5006-7 
5006-7 
5006-7 
5006-7 
5 006-7 
5006-7 
5006-7 
5006-7 
5006-7 
5006-7 
5006-7 
5006-7 
5006-7 
5006-7 
5006- 7 
5006-7 
5 006-7 
5006-7 
5006-7 
5006-7 
5006-7 

500643 
5006-8 
5006-3 
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 
058 
05 9 
060 
061 
062 
063 
064 
100 
101 
102 
103 
163 
164 
165 
166 
167 
168 
169 
170 
1 7 1  
172 

173 
174 
175 
17 6 
177  

1 7  9 

181 
182 
645 
64 6 
64 7 

178 

i a o  

648 

TEST 

BENCH ZERO 
BENCH COMPRESSION .08" 
BENCH COMPRESSION .12" 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
BENCH lo ANGULATION 
BENCH Z0 ANGULATION 
BENCH 3 ANGULATION 
BENCH ZERO 
SENCH SPR. RATE ZERO 
BENCH SPR. RATE 201 
BENCH SPR. RATE 408 
BENCH SPR. RATE 60% 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
SWEEP FLOW 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE 2011 
BENCH SPR. PATE 401 
BENCH SPR. RATE 60W 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZE93 
SWEEP FLOW 
BENCH SPRING RATE ZERO 
BENCH SPRING RATE 20?1 
BENCH SPRINC RATE 4011 
BENCH SPRING RATE 6r)B 

649 (RUN #13)SWEEP FLOW 
650 (RUN 814)SWEEP FLOIJ 

195 BENCH SPR. RATE ZERO 
196 BENCH SPR. RATE 23t  
197 BENCH SPR. RATE 4 0 t  
198 BENCH SPR. RATE 608 
199 BENCH ZERO 
2 00 BENC)! 50 p s i g  
2 01 BENCH 100 p s i g  
2 02 BENCH 150 p s i g  
2 03 BENCH ZERO 
204 SWEEP FLOW 
651 (RUN W26)SWEEP FLOW 
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BELLOW TEST NO. TEST 

5006-10 
5006-10 
5006-10 
5006-10 
5006-10 
5006-10 
5006-1 J 
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 
501 1-1 
5 0 - .  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 

2 05 BENCH SPR. RATE ZERO 
2 06 BENCH SPR. RATE 206 
2 07 BENCH SPR. RATE 40P 
2 08 BENCH SPR. RATE 606 
2 09 BZNCH ZERO 
210 BENCH 50 p s i g  
2 1 1  BENCH 100 p s i g  
2 12  BENCH 150 p s i g  
213 BENCH ZERO 
214 SWEEP FLOW 
652 (RUN 825: SWEEP FLOW 
653 (RUN b25)STEADY FLOW - FAILURE 

481 
482 
483 
484 
485 
486 
487 
488 
48 9 

4 90 
4 91 
4 92 
4 93 
4 94 
4 95 
496 
4 97 
4 98 
4 99 

416 
417 
418 
419 
42 0 
421 
422 
423 
424 
425 
42 6 
427 
428 
42 9 
456 

BENCH SPR. RATE ZERO 
BENCH SFR. RATE lo# 
BENCH SPR.  RATE 206 
BENCH ZERO 
BENCH 2 0  p s i g  
BENCH 4 0  p s i g  
BENCH ZERO 
SWEEP FLOW 
STEADY FLOW - FAILURE 

BENCH SPR. RATE ZERO 
BENCEI SPR. RATE 108 
BENCH SPR. RATE 2 0 #  
BENCH SPR. RATE 401 
BENCH ZERO 
BENCH 30 p s i g  
BENCH 60 p s i g  
BENCH ZERO 
SWEEP FLOW 
STEADY FLOW - FAILURE 

BENCH SPR.  RATE ZERO 
BENCH SPR. RATE 208 
BENCH SPR.  PATE 408 
BENCH SPR.  RATE 6 0 t  
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
SWEEP FLOW 
SWEEP FLOK COXPRESSGP 23% 
SWEEP FLOV COXJRESSEC 47% 
SWEEP FLOW COMPRESSED 70% 
SWEEP FLOW FACILITY CEECK-OUT 
SWEEP F1,OW FACILITY CHECK-OUT 
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BELLOW TEST NO. TEST 

5 012 -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 

654 BENCH SPR. RATE ZERO 
655 BENCH SPR. RATE 20.311 
656 BENCH SPR. RATE 40.3t  
657 SENCH SPR.  RATE 60.31 
658 (RUN 128)SWEEP FLOW 

65 9 BENCH SPR.  RATE ZERO 
660 BENCH SPR. RATE 20.311 
661 BENCH SPR. RATE 40.3P 
662 BENCH SPR. RATE 60.311 
663 (RUN 1127)SWEEP FLOW 

4 57 BENCH SPR. RATE ZERO 
4 58 BENCH SPR.  RATE 108 
459 BENCH SPR. RATE 2011 
4 60 BENCH TEST ZERO 
4 61 
4 62 
4 63 

BENCH TEST 50 p s i g  
BENCH TEST 100 psig 
BENCH TEST 150 p s i g  - FAILURE 

4 64 
4 65 
4 66 
4 67 
4 b9 
4 69 
470 
471 
472 

473 
474 
47 5 
476 
477 
478 
37 9 
480 

BENCH SPR.  RATE ZERO 
BENCH SPR.  RATE l o #  
BENCH SPR. RATE 201 
BENCH ZERO 
BENCH 20 p s i s  
BENCH 40 p s i g  
BENCH ZERO 
SWEEP FLOW 
STEADY FLOW - FAILURE 

BENCH SPR.  RATE ZERO 
BENCH SPR. RATE 108 
BENCH SPR. RATE 208 
BENCH ZERO 
BENCH 20 p s i g  
BENCH 40 p s i g  
BENCH ZERO 
STEADY nOW - FAILURE 

70 



BELLOW TEST NO. TEST 

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 

215 
216 
217 
2 1 8  
219 
220 
221 
222 
223 
224 
225 
22 6 
227 

228 
229 
230 
231 
232 
233 
2 34 
235 
236 
237 
2 38 

316 
317 
3 18 
319 
325 
32 6 
327 
328 
32 9 
330 
331 
332 
333 
334 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE 20!! 
BENCH SPR. RATE 40# 
BENCH SPR. RATE 608 
BENCH ZERO 
BENCH 5 0  p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
SWEEP FLOW 
SWEEP FLOW 
SWEEP FLOW 
STEADY FLOW - FAILURE 

BENCH SPR. RATE ZERO 
BENCE SPR. RATE 20# 
BENCH SPR. RATE 40# 
BENCH SPR. PATE 60# 
BENCH ZERO 
BENCH 5 0  p s i g  
BENCH 100 p s i g  
BENCH 1 5 0  p s i g  
BENCH ZERO 
SWEEP FLOW 
STEADY FLOW - FAILURE 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE 2 0 1  
BENCH SPR. RATE 4 0 1  
BENCH SPR. RATE 608 
BENCH ZERO 
BENCH 5 0  p s i g  
BENCH 100 p s i g  
BENCH 1 5 0  p s i g  
BENCH ZERO 
SWEEP FLOW 
SWEEP FLOW COMPRESSED 16% 
SWEEP FLCW COMPRESSED 33% 
SWEEP FLOW COXPRESSED 48% 
STEADY FLOW COIPRESSED 48% - FAILURE 
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BELLOW TEST NO. TEST 

5034-2 
5034-2 
5034-2 
5034-2 
5034-2 
5034-2 
5034-2 
5034-2 
5034 -2 
5034-2 

5 034 -3 
5 034 -3 
5034-3 
5034-3 
5934-3 
5034-3 
5034-3 
5034-3 
5034-3 
5034-3 
5034-3 

5034-4 
5034-4 
5034-4 
5034-4 
5034-4 
5034-4 
5034-4 
503G -4 
5034-4 
5034-4 

5034-5 
5034-5 
5034-5 
5034-5 
5034-5 
5034 -5 
5034-5 
5034-5 
5034-5 
5034-5 

335 
33 6 
337 
338 
3 3 9  
34 0 
341 
342 
343 
344 

34 5 
34 6 
347 
348 
34 9 
350 
351 
3 52 
353 
3 54 
355 

356 
357 
3 58 
359 
3 60  
3 61 
3 62 
3 63 
3 64 
3 65 

381 
382 
383 
384 
385 
38 6 
387 
388 
38 9 
3 90 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE 2 0 f  
BENCH SPR. RATE 4 0 t  
BENCH SPR. RATE 608 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
STEADY FLOCV' - F A I L U U  

BENCH SPR. RATE ZERO 
BENCH SPR. RATE 2011 
BENCH SPR. PATE 40#  
BENCH SPR. RATE 608 
BENCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
STEADY FLOW COMPRESSED 30% 
STEADY now COMPRESSED 30% - FAILURE 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE 20#  
BENCH SPR. RATE 408 
BENCH SPR. KATE 60W 
BENCH ZERO 
BENCH 5 0  p s i g  
BENCH 100 p s i g  
BENCH 1 5 0  p s i g  
BENCH ZERO 
STEADY FLOW COMPRESSED 17% 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE 20# 
BENCH SPR. RATE 4 0 t  
BENCH SPR. RATE 6 0 t  
BENCH ZERO 
BENCH 5 0  p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCX ZERO 
STEADY FLOW EXTENDED 11% - FAILURE 
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BELLOW TEST NO. TEST 

5034-6 
5034-6 
5034-6 
5034-6 
5034-6 
5034-6 
5034-6 
5034-6 
5034-6 
5034-6 

5034-7 
5034-7 
5034-7 
5034-7 
5034-7 
5034-7 
5034-7 
5034-7 
5034-7 
5034-7 
5034-? 
5034-7 
5034-7 
5034-7 
5034-7 

5034-8 
5034-8 
5034-8 
5 034 -8 
5034-8 
5 0 3 4 4  
5034-5 
5034- 8 
5034-8 
5034-8 

5034-9 
5034 -9 
5034-9 
5034-9 
5034-9 
5034-9 
5034-9 
5034-9 
5034-9 
5034-9 
5034-9 
5034-9 
5034-9 

3 91 
3 92 
3 93 
3 94 
3 95 
396 
3 97 
3 98 
3 99 
4 00 

4 01 
4 02 
4 03 
404 
4 05 
4 06 
4 07 
4 08 
4 09 
410 
411 
412 
413 
4 14 
415 

5 1 5  
516 
517 
518 
51 9 
52 0 
52 1 
522 
5 2 3  
524 

52 5 
52 6 
527 
528 
52 9 
530 
53 1 
532 
533 
534 
5 3 5  
5 3  6 
537 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE 2011 
BENCH SPR. RATE 4 0 #  
BENCH SPR. RATE 6011 
BENCH ZERO 
BENCH 5 0  p s i g  
BENCH 1 0 0  p s i g  
BENCH 1 5 0  p s i g  
BENCH ZERO 
STEADY FLOW EXTENDED 26% - FAILURE 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE 2011 
BENCH SPR. RATE 408 
BENCH SPR. RATE 608 
BENCH ZERO 
BENCH 5 0  p s i g  
BENCH 100 p s i g  
BENCH 1 5 0  p s i g  
BENCH ZERO 
SWZEP FLOW 
SWEEP FLOW EXTENDED 23% 
SWEEP FLOW EXTZNDED 47% 
SWEEP FLOW COMPRESSED 24% 
SWEEP FLOW COMPRESSED 47% 
STEADY FLOW COMPRESSED 71% - FAILURE 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE 20/1 
BENCH SPR. RATE 406 
BENCH SPR. RATE 608 
BENCH ZERO 
BENCH 5 0  p s i g  
BENCH 100 p s i g  
BENCH 1 5 0  p s i g  
BENCH 7ZkG 
STEADY FLOW - FAILURE 

BENCH SPR. RATE ZERO 
BENCH SPR. PATE 20# 
BENCH SPR. RATE 4011 
BENCH SPR. RATE 60# 
BENCH ZERO 
BENCH 50 p s i g  
BE?ICH 1 0 0  p s i g  
BENCH 1 5 0  p s i g  
BENCH ZERO 
SWEEP FLOW 
SWEEP FLOW EXTENDED 24% 
WEEP FLOW 
SWEEP FLOW EXTENDED 24% 
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BELLOW TEST NO. TEST 

5 034 -1 0 
5034 -1 0 
5034 -1 0 
5 034 -1 0 
5034 -1 0 
5034-10 

5034-11 
5 034 -1 1 
5034-11 
5034 -11 
5034-11 
5334-11 

5 034 -12 
5 034 -12 
5034-12 
5034 -12 
5 034 -12 
5034-12 

5034-13 
5034-13 
5034 -13 
5034-13 
5034-13 
5034-13 
5 034 -13 

5034-14 
5034-14 
5034-14 
5034-1.4 
5 034 -14 
5034-14 

5034 -1 5 
5034 -15 
5034-15 
5034-15 
5034 -15 
5034 -15 

608 BENCH SPR. RATE ZERO 
609 BENCH SPR. RATE 2011 
61 0 BENCH SPR. RATE 4011 
611 BENCH SPR. RATE 60Q 
612 (RUN #23)  SWEEP FLOW 
613 (RUN t23A)STEADY FLOW - FAILURE 

614 BENCH SPR. RATE ZERO 
615 BENCH SPR. RATE 2011 
61 6 BENCH SPR. RATE 408 
617 BENCH SPR. RATE 606 

619 (RUN B22A;STEADY FLOW 
618 (RUN W22) SWEEP FLOW 

62 G BENCH SPR. RATE ZERO 
62 1 BENCH SPR. RATE 2011 
62 2 BENCH SPR. RATE 4 0 t  
62 3 BENCH SPR. RATE 6011 
624 (RUN W18) SWEEP FLOW 
625 (RUN 819)  STEADY FLOW 

62 6 BENCH SPR. RATE ZERO 
62 7 BENCH SPh. RATE 2011 
62 8 BENCH SPR. RATE 401; 
62 9 BENCH SPR. RATE 6011 
630 (RUN #15)  SWEEP FLOW 
631 (RUN t 1 6 )  STEADY FLOW 
632 (RUN t17) STEADY FLOW - FAILURE 

63 3 BENCH SPR. RATE ZERO 
634 BENCH SPR. RATE 2 0 #  
63 5 BENCH SPR. RATE 4011 
63 I: BENCH SPR. RATE 606 
637 (RUN 620)  SWEEP FLOW 
638 (RUN 121)  STEADY FLOW 

63 9 BENCH SPR. RATE ZERO 
64 0 BENCH SPR. RATE 2011 
64 1 BENCH SPR. RATE 408 
64 2 BENCH SPR. RATE 60# 
643 (RUN #24)  SWEEP FLOW 
644 (RUN 824)  STEADY FLOW - FAILURE 
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BELLOW TEST NO. T E S i  

ANTI-GEYSER #I 
ANTI-GEYSER 81 
ANTI-GEYSER #1 
ANTI-GEYSER B1 
ANTI-GEYSER dl 
'NTI-GEYSER #l 

ANTI-GEYSER '12 
ANTI-GEYSER W2 
ANTI-GEYSER P2 
ANI I-GEYSER 02 
ANTI-GEYSER #2 
ANTI-GEYSER !I2 
A!!TI-GEYSER 82 
ANTI-GEYSkR W2 

AN'i'I-GEYSER #3 
ANTI-GEYSER 83 
ANTI-GEYSER f 3  
ANTI-GEYSER w3 
ANTI-GEYSER R3 
ANTI-GEYSER /!3 
ANTI-GEYSER #3 

5035-1 
503 5-1 
5035-1 
5035-1 
5035-1. 
5035-1 
5035-1 
5035-1 
5035-1 
5035-1 
5035-1 
5035-1 

538 
539 
54 0 
54 1 
542 
54 3 

544 
54 5 
54 6 
54 7 
548 
54 9 
550 
55: 

552 
553 
554 
555 
556 
557 
558 

369 
370 
37 1 
372 
373 
374 
375 
376 
377 
3?8 
379 
380 

BENCH ZERO 
BENCH 5 0  p s i g  
BENC3 ''lo p s i g  
BENCH 150 p s i g  
BENCH ZERO 
STEADY FLOW - FAILURE 

BENCH ZERO 
BENCH 50 psig 
BENCH 100 p s i g  
BENCH 150 ps!.g 
BENCH ZERO 
STEADY FLOW 
S T E D Y  FLOW 
STEADY FLOW - FAILURE 

BENC! ZERO 
BENCH 5 0  p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
S'lE,2ii'i Z*JW 
STEADY TdOK - FAILURE 

BENCH SPR. RATE ZERO 
3iEX:H SPR. RATE l o #  
BFNCH SPR. RATE 2 0 #  
BENCH SPX. RATE 4 0 #  
BENCH SPR.  RATE 601 

BENCH ZERO 
BENCH 5 0  p s i g  
BEWCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
STEADY FLOW -FAILURE 

BENCH SPR. K T E  70/1 
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BELLVd TEST NO. TEST 

5035-2 
503 5-2 
5035-2 
5035-2 
5035-2 
5035-2 
5035-2 
5035-2 
5035-2 
5035-2 
5035-2 
5035-2 
5035-2 

5035-3 
5035-3 
5035-3 
5035-3 
5035-3 
501 5-3 

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 
5 G 5 - 5  
5035-5 
5035-5 
335-5 
5935-5 
5035-5 

430 
431 
432 
433 
4 34 
435 
436 
437 
438 
439 
440 
44 1 
442 

44 3 
444 
44 5 
44 6 
447 
448 
44 9 
-70 
C 51 
4 52 
4 5 3  

4 5$ 
455 

BENCH SPR. RATE ZERO 
BENCH SPR. RATE 208 
BENCH SPR. RATE 401 
BENCH SPR. RATE 606 
BLNCH SPR. RATE 701 
BENCH ZERO 
BENCH 50 p s i g  
3ENCH 100 p s i g  
BENCH 150 p s i g  
BENCH ZERO 
SWEEP FLOW 
STEADY JXOW 
STEADY FLOW - FAILURE 
BENCH SPR. RATE ZERO 
BEXCH SPR. RATE 208 
BENCH SPR. RATE 40# 
BE?ICH SPR. RATE 6O1 
BENCH SPR. RATE 70/1 
BLNCH ZERO 
BENCH 50 p s i g  
BENCH 100 p s i g  
BENCH 150 p s i g  
BmC! ZERO 
SWEEP FLOW 
STEADY FLOW COMPRESSED 38% 
STEADY FLOW rOMPRESSED 38% 

566 BEN& SPR. RATE ZERO 
5 67 BENCH SPR. RATE 208 
5 68 BLNm SPR. RATE 4Oe 
569 BENCH SPR. RATE 60f 
57 0 BENCH SPR. RATE 70# 
571 (RUN 13; SWEEP FLOW 
572 (RUN 84) STEADY FLOW 

5 00 
501 
5 02 
5 03 
504 
505 
506 
5 07 
5 08 
5 09 
510 
511 
512 
513 
51 4 

BENCH SPR. RATE ZFRO 
BENCH SPR. RATF 2 C #  
BE?XH SBR. R A E  *O# 
BENCH SRR. RA;E 60% 
BENCH SPR. RATE 708 
BENCH ZERO 
BENCH 50 p s i g  
BCNCH 100 p s i g  
BZKCH 150 p s i g  
BSNCH ZERO 
SWEEP FLOW 
STEADY FLGtJ COMPRESSED 38% 
STEADY FLOW COMPRESSED 38% 
STEADY FLOU COMPRESSED 38% 
STEADY FLOW COMPRESSED 38% 
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BELLOW TEST NO. TEST 

5035- 6 
5035- 6 
5035-6 
503 5- 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 
5035-3 

5035-8 
5035-8 

5035-8 

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

5035-10 
503 5-1 0 
5035-10 
5035-10 
5035-10 
503 5-10 
5035-10 

573 BENCH SPK. RATE ZERO 
574 BENCH SPR. RATE 201 
57 5 BENCH SPR. RATE 406 
57 6 BENCH SPR. KATE 601 
577 BENCH SPR. RATE 706 
578 (RUN 111) SWEEP FLOW 
579 (RUN #2) STEADY FLOW 

58 0 BERCH SPR. RATE ZERO 
58 1 BENCH SPR. RATE 20# 
58 2 BENCH SPR. RATE 408 
58 3 BENCH SPR. "UTE 60# 
584 BENCH SPR. RATE 70# 
585 (RUN 87) SWEEP 'FLOW 
586 (RUN C8) STEADY 

58 7 BE!?CH SPR. RATE ZERO 
588 BENCH SPR. RATE 20# 
58 9 BENCH SPR. RATE 408 
590 BENCH SPR. RATE 60P 
5 91 BENCH SPR. RATE ?Of 
592 (RLT !!5) SWEEP FLOW 
593 (RUN 86) STEADY FLOW 

594 BENCH SPR. RATE ZERO 
595 BENCH SPR. RATE 20& 
596 BESCH SPR. RATE 40C 
5 97 BENCH SPR. RATE 608 
5 98 BENCH SPR. P4TS 706 
599 (RUN #lljSWEEP FLa. 
600 (RU?T b12)St'EZD FLOW 

601 BENLY SPR. RATE ZERO 
602 BENCH SPR. RATE 208 
603 BENCH SPR. RATE 406 
604 BENCH CPR. RATE 60t 
605 BENCH SPR. RATE 70W 
606(RUN #9) SWEEP FLOW 
607 (XUN !lo) STEADY FLOW 
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- BELLOU 

5002 -1 

5002-3 

5 0 0 2 4  

5002-5 

5OC"-6 

5005-2 

5006-1 

5006-2 

5006-3 

5006-4 

5006-5 

5006-6 

5005-7 

5006-8 

5006-9 

5006-10 

5028-1 

5028-2 

BELLOW FLOW TESTS CONDUCTED or1 THE 
o P . m r m  WSFC TEST FACILITY (FIGURE 25) 

- 

TEST NO. 

274 
275 
276 
277 
278 

248 
24 9 
2 50 
-51 
2 52 
2 53 

2 63 
264 

288 
289 
Z 90 

3 00 
3 01 
312 

311 

117 

125 
126 

134 
135 

183 
184 

I 94 

152 

162 

182 

204 

214 

224 
22 5 
226 

5 
5 
4 
4 
4 

6 
6 
6 
6 
6 
6 

6 
6 

3 
3 
1 

1 
1 
6 

6 

6 

6 
1 

1 
1 

1 
1 

1 

1 

1 

1 

1 

1 

1 

1 
2 
5 
2 
2 
1 

LID 

10.17 
10.17 
8.17 
8.17 
8.17 

28.3 
28.3 
28.3 
28.3 
28.3 
28.3 

28.3 
25.3 

6.17 
6.17 
2.17 

2.17 
2.17 

28.3 

28.3 

20.45 

2 @ . 4 5  
1.5 

1 . 5  
1 . 5  

1.5 
1 . 5  

1 .5  

1.5 

1 .5  

1 . 5  

1 .5  

1 . 5  

1 . 5  

1.313 
3.61 
9.81 
3.81 
- .!13 3 .  1 

ELBOW UPSTREAM 

90" 
90" 
90" 
90" 
90' 

90" 
90" 

90" 
90" 
90" 

90" 
90" 

90" 

90" 
90" 
90" 

90" 
90" 
9 0" 

90" 

9 0" 

90" 
90" 

90" 
90" 

9 0" 
9 0" 

90" 

9 0" 

90' 

90" 

90" 

90" 

90" 

90" 
9 0" 
9 0" 
9 0" 

88; 
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BELLOW FLOW TESTS CONDUCTED ON THE 
YODIFIED MFC TEST FACILITY (FIG. 2 7 )  

BELLOWS TEST NO. 

5 305-1 

5006-1 

5035-8 

5035-9 

5009-1 

501 1-1 

5015-1 

5013-2 

5013-3 

5 92 
593 

599 
6 00 

564 
565 

356 
3 67 
368 

488 
489 

4 98 
499  

425 
426 
427  
428  

471 
472 

480  

~ _ _ _ _ _  

BELLOWS 

5034-1 

5034-1 

5034-3 

5 0 3 4 4  

5034-5 

5034-6 

5034-7 

5 0 3 4 4  

330 
331 
332 
333 
334 

344 

3 54 
355 

3 65 

3 90 

4 00 

410  
411 
412 
413 
414 
415 

524 

BELLOWS 

BELLOI:' FLOW TESTS CONDUCTED AT THE h'YLE LABORATORY 

BELLOWS TEST NO. E E E F  
I 650 

5012-2 

5012-3 

5034-9 

AGf1 

ACq2 

IG#3 

5035-1 

5035-2 

5035-3 

5035-5 

653 

658 

663 

I 5034-10 I 612 
1 613 
I 
! 

TEST FA 
BELLOWS 

5034-11 

bU34-12 

5034 -1 3 

5034-14 

5034-15 

:LITY (FI( 
TEST NO. 

618 
61 9 

624 
62 5 

63 0 
63 1 
632 

637 
638 

643 
64L 

TEST NO. 

534 
535 
536 
537 

54 3 

54 9 
550 
551 

557 
5 58 

380 

440  
44 1 
442 

4 54 
455 

51 0 
511 
512 
513 
514 

RE 2 8 )  

I 5:: 5035-4 

5035-6 

5035-7 I 585 

I 586 
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APPEFJOIX C 

SPRING RATE DATA 

PRECEDING PAGE BLANK NOT FILMED 
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a 

a 
% u  
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0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0  a J ( D " z z g g z c 0 "  
I - b b b r - b b b b h h P b ~ b b ~ h  
0 0 0 0 0 ~ 0 ~ 0 0 0 0 0 0 ~ 0 0 0  Z L z c ~ c c e z z  
c c c c c  c c c c c  c c c c c c c c c c c c c c  

h 

.a 
0 c 
U 

2 
C 
C 
(D 
E 
N 
d 
(D rn 
v 
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APPENDIX D 

VELOCITY BAR GRAPHS FOR MSFC BELLOWS FLOW TESTS 
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ORIGINAL PAGE 13 
OF POOR Q U A L l n  

0 4 a O  . 44.4-46.6 
0 30.5 

NO DIGITAL DATA 
e 34.4-39.8 

0 15.0 
0 36.5 

41.3-44.0 
38.6-39.5 

NO DIGITAL DATA 
a 39.1-42.7 

0 36.3-42.2 
a 36.5-38.0 

0 32.1-34.1 
a 29.5-30.7 

29.8-31.5 

0 30.6-32.6 
a 27.0-30.0 

e 32.4-40.4 

a 34.2-36.1 

L 4 15.6-17.1 
16.2-19.0 

4 12.3-14.7 

BEIl-w 
No. 

5002- 1 

5002-2 

5002-3 

5002-4 

!5002-5 

5002-6 

m- 1 

5006-2 

- IST 
No. 
274 
275 
276 
277 
278 

248 
249 
250 
251 
2!52 
253 

263 
264 

200 
209 
290 

300 
3 0 1  
31 2 

31 1 

564 
565 

117 

F A I L  

FAIL 

FAIL 

FAIL 

F A I L  

F A I L  

F A I L  

F A I L  
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ELLW 
M). 

5006- 1 

5006-2 

5006-3 

5006-4 

5006-5 

5006-6 

5006-7 

5006-8 

5006-9 

5om-10 

'=/FAIL TEST 
No. 

1 2 5  
1 2 6  
366 
367 
368 

1 3 4  
1 3 5  

1 8 3  
1 8 4  

194 

1 5 2  

1 6 2  

1 72 

1 8 2  
649-650 

204 
651  

214 
652-653 

10 20 30 40 50 60 70 80 90 
I I I 

PASS 

PASS 

PASS 

PASS 

PASS 

PASS 

PASS 

PASS 

PASS 

F A I L  

90.0 

0 52.7 
0 72.6-74.0 
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BOI-wv 
No. 

5009- 1 
- 

5 0 1  1 - 1  

5012-1 

5 0 1  2-2 

5012-3 

5 0 1  3-2 

5 0 1  3-3 

5028- 1 

!5028-2 

T€ST 
No. 

488 
489 

498 
499 

425 
426 
427 
428 

658 

E 3  

471 
472 

480 

224 
225 
226 
227 

237 
238 

'-/FA I L 

F A I L  

F A I L  

PASS 

PASS 

PASS 

F A I L  

F A I L  

F A I L  

F A I L  

VELOCITY (Fr/SEC) 

10 20 30 40 50 60 70 80 90 

129 
4 12.4-13.0 - 35.6-36.4 - 36.0 

0 60.7 
0 60.9 
b 6 0 . 1  
0 6 2 0  

0. 64.5 

0.64.5 

BAD DATA 
4 12.3-12.4 - 1 8 . 1  

0 63.8 
0 63.9-64.1 
b 65.9 

BAD DKIA 

b &E. 6 
65.7-66.5 
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BE1Lm 
No. 

5034- 1 

‘=/FA I L 

5034-2 

5034-3 

10 20 30 40 50 60 70 80 90 
I 

5034-4 

5034-5 

5034-6 

5034-7 0 84.1 
c b 83.9 

0 84.2 
I 83.6-84.3 - 75.6-76.2 

0 66.3-68.3 

e 74.2-79. I 

0 85.7 

77.0-79.2 
0 57.7-59.4 

, 
4 64.8-65.6 

5034-8 

5034-9 

TEST 
No. 
330 
331 
3 2  
333 
334 

344 

354 
355 

36!5 

390 

400 

410 
41 1 
412 
41 3 
41 4 
41 5 

524 

534 
535 
536 
537 

F A I L  

F A I L  

F A I L  

F A I L  

F A I L  

F A I L  

F A I L  

F A I L  

PASS 

- 79.0 -- 7a3 
69.4-70.6 

61.6-67.0 
61.2-65.5 

83.6-83.8 8 
e80.1-80.5 

0 61.2-63.0 

4 68.8-69.6 
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BE1Lw 
No. 

5034-10 

5034-1 1 

5034-12 

!jO34-13 

5034- 14 

5034- 15 

AW 1 

AW2 

40.3 

TEST 
No. 

612 
61 3 

61 8-61 9 

624-625 

630 
631 
632 

637-638 

643-644 

543 

549 
560 
5 5 1  

557 
558 

p A s s / ~ ~  I L 

FAIL 

PASS 

PASS 

FAIL 

PASS 

FAIL 

FA 11. 

FAIL 

FAIL 

VELOCITY (Fr/S€C) 

1 0  20 30 40 50 60 70 80 90 
-~~ ~ 

e s. 1-57.1 
0 69.6-70.7 

e 80.4-e.4 

0 66.1-70.2 

0 76.5-79.1 

0 79.1-79.6 
096.7 

0 56.1-59.2 

* 59.9-65.3 

@ 47.2-48.4 

-- -A 48.3-49.8 -- --- 51.7 
-vi-- 51.2-52.3 

9-- 46.6-47.2 
47.0 
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0 ACTUAL IST RESONANCE 

D MAXIM FLOW (rIo RESONANCE) 

1 0 59.2 

BAD DATA 
BAD DATE. - e 70.9 

0 53.9-58.0 
0 47.2-50.9 

NO DATA 

0 61.9-66.7 

e S.O-SI.O 
49.9-51.4 
51.2-52.5 

4 "3.7-51.2 
4 51.3-52.0 

47.6-52.4 

- @ 51.4-57. 1 - 57.1-62.9 
be5.7 

BELLOW I TEST -- 
5035-2 

5035-3 

5035-4 

5035-5 

5035-6 

5035-7 

5035-8 

5035-9 

5035- 10 

440 
441 
442 

453 
454 
e35 

571 -572 

51 0 
51 1 
51 2 
51 3 
SI 4 

578-579 

585-586 

592-593 

599-600 

606-607 

F A I L  

FAIL 

t=rtIL 

PASS 

PASS 

PASS 

PASS 

PASS 

PASS 

PASS 

VELOCITY (FT/S€Cl 
10 20 30 40 50 60 70 80 90 p A s s / ~ ~  I 7 1 

I I I I 
I 

-0 47.6-51.4 

. 

91 





APPENDIX C 

VELOCITY VERSUS TIME PLOTS FOR MSFC BELLOWS FLOW TESTS 

PRECE3JNC PAGE BLANK NOT FILMED 



ORIGINAL PAGE 19 
OF POOR QUALlW 

BELLOMS FLOU 'EST pI.c 117 

I- 

\ 40 

* 35 

u r n  
0 

i n  

29 
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- Zk 1 

w 
J 
\ t? , 

3 
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t --- , d  
r 
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. ,a 

1 
-7 ' 

* 
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c Y 

c, 
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4 

.a - 
1 

260 508 588 e m  8 188 
TIME ISECl 
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Rur, 'E2 

55 -- 

sa 

I 

d h 

' 0  

a 

4 0  

! 

i 
\ 
i '/ 

-3 
10 

5 

0 

98 



ELLOUS FLOW TEST 

50 

46 

- 3s 
i) 

S 

0 
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P 

I 
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EELLOUS FLOY TEST TEST 211 

100 



a 1 

BELLOWS FLOW TEST ulm 225 

- 
I I I I I 

101 



BELLOWS FLOW rES1 RIm 228 

:: 3 
n 
os 

00 

5s 

J 
w 25 
> 

BELLWS FLOW l E S 1  nuC 227 



BELLOWS FLOW YEST RIY 237 

ea 
75 

7 8  

65 

W 

55 

BELLOYS FLOY TEST 

W 75 

70 

85 

e0 

55 

c u, 48 

* 35 

30 

LI1 25 

20 

- 

J 

> 

i d 
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BELLOWS FLOW TEST R W  248 

BELLOWS FLOU TEST R V I  240 

:”_ W c \ 

29 

W 

10 bS 5 i 
-1 
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ELLOUS FLOU TEST 
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4 
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i 
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APPENDIX F 

FREQUENCY VERSUS VELOCITY PLOTS AND POWERSPECTRAL-DENSITY 
PLOTS FOR MSFC BELLOWS FLOW TESTS 



0 THEORETICAL DATA 
ATEST * 276 DATA 
0 TEST if 278 DATA 

A 

BELLOU ko 5002-' 

BELLOWGEOMETRY 

0 - .OB6 
A - 113 
h - 312  
I ,007 
m -  100 
Nc- I 
NP- 3 

+ 
1 
1 

3 -1 

i 
__1 

0 THEORETICAL DATA 

0 TEST d: 251 DATA 
V T E S T  P ZS3 DATA 

ATEST = ZSODATA 

4 A  

BEL.0U Ug SBBZ-2 

0 

BELLOWGEOMETRY 

152 



0 THEORETICAL DATA A TEST 0 263 DATA 
0 TEST II DATA 

4 
1 - 
1 

BELLOW GEOMETRY 

0 - .os 
h 9 . l l 3  
h - 312  
I .W? 

WC- 16 
a- aw 

NP* 3 

V a4rp 
I - 
i 

-3 
j 
I f  -i 

V 

BELLOW D E W T R V  

0 - .086 
X ,113 
h ,312 
I - .M)? 

h- 3.00 
Ne- 16 
NP- 3 
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L 
'ea 

3 
c6&) 

IA 588 

LA. 
a 

- -  
I 

54 
I 

0 THEORETICAL DATA 
A TEST I so0 M I A  
0 TEST R a01 M I A  v TEST P 312 DATA 

aa 

0 

V V  V 

BELLOW GEOMETRY 

0 . 0 9 6  
A - 113 
h - ,312 
t - .007 

Ne- 16 
Np- 3 

m -  am 

-1 ---- _._.._ 

I 

0 THEORETICAL DATA 
ATEST t 311 DATA 

BBB -4 

- 
- 4  
i 

-3 
'Be 388 -- -I 

A 
A 

BELLOW GEOMETRY 

0 - 
k = .113 
h - ,312 
1 - .m7 
01- 3.00 
Nc- 16 
Np- 3 
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Si: 

c. :cc 
L 

L 

I 7c 

ae 

a 

c 
L9 

BELLOW GEOMETRY 

0 - -130 
h - 205 

' B e 0  - -, 



0 THEORETICAL DATA 
A T E S T  IT188 DATA 

,#" A 
BELLOW GEOMETRY 

0 - . I 3 2  
A - .Is0 
h - ,330 
I - 007 
DI- 5.00 
Nc- lb 
Npo 1 

0 TWE0RET:CAL DAT4 

0 TEST S4SS DATA 
A TEST x am DATA 

BELLOW OEOMETAV 

a - .I76 
A - ,309 
h - 510 
I - ,011 
DI- 4.64 
Nc- 14 
N p i  1 

I 
0 le  20 38 4e 58 oe 'd ea 

VELOCITY I f T / S ( C l  

0 - + 1  I ' I ' I ' I ' 1 ' I ' ' I I 

I56 



0 THEORETICAL DATA 
A TEST t1472 DATA 

0 THEORETICAL 9ATA 
A TEST I: 480 DATA 

B E L L ~ U  NO 5813-3 

P 

157 



BELLOY NO 5028-1 0 THEORETICAL DATA 

0 TEST R 226 DATA 
ATEST o ZH OATA 

0 THEORETICAL DATA 
ATEST *UgDATA 

BELLO* NO SBZB-2 

BELLOW OEDMETRV 

a - .1W 
h 9 ,310 
h .W 
t - .008 
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2000 

Z'BB 

- 
- 
- - - - - 

2280 

n - 185 

h - 3 1 6  
t - 010 
01- 400 
Nc- 5 
Np* 2 

A - ,211 

I 1 I I I I 1 I 1 I 

6BB 

488 

8 

2288 

2808 

ZBB 

0 

---I 

I --. 
-- -1 

--i 

0 THEORETICAL DATA 
A T E S T  tt 332 DATA 

BELLOV Ho S034-1 331 CMPRESSI(H 

I 
-1 

-3 

0 THEORETICAL DATA 
ATEST v w DATA 

d 
BELLOW GEOMETRY 

159 



0 THEORETICAL DATA 
ATEST It 344 OAT4 

- - 
- 

dELCOM NO 5034-2 

01 - 0.00 
Ne- 1 
NP= 2 

2e00 

2400 

zznn 

znnn 

1 tinn 

em 

e 

2100 

2400 

I Bee 

N : 1 4 8 8  

znn 

0 

/"ip 
d' ie" 

0 THEORETICAL DATA 
ATEST S366 DATA 

1 

BELLOW GEOMLTRV 

0 - .186 
A - ,276 
h - ,321 
t - 010 
Di'  4.00 

160 



2400 

2290 

2000 

I RBB 

1 ow 
N 
:I400 

- 

400 

200 

0 

2800 

2800 

2488 

q00 

2ae 

0 

0 THEORETICAL DATA 
ATEST U 366 DATA 

BELLOW OEOMETRV 

a - .:s 
x - ,290 
h - ,326 
t - .010 
o*= 4.M) 
Ne. 6 
Np. 2 

mi- 
B 28 40 cy  ea IW 120 148  toe IRB 

VELOCITY IfTlSECl 

0 THEORETICAL DATA a TEST + 390 DATA 
BELLOW M 5014-5 1 1 %  EXlEwSION 

1 4 

~ 

BELLOW OEOMETRV 

0 - ,186 
A - ,361 

t - ,010 q , , ‘ ,  l , l , l , l i , , , ~ ; ~ , l ,  DI - 4.00 

B 20 40 w 89 l e a  I20 I40 I W  I W  M8 

Np- 2 

3 
VELOCITV IFT ISEC’  
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ZBI 

2w 

0 

zdeo 

1-88 

zm 

1898 

Y 
a 
h r n  

e0a 

-t 

I 

-7 - 
I 

3 
i 

--! 
i 
1 
4 

7 

0 TIiLORETIUL D*-A 
ATEST 413 DATA 

J -i 

--4 

i - 
.-I 

162 



0 TM€WEni*L DATA 
TEST S 414 DATA 

BELLOW GEOMETRY 

a .I 165 
k -  208 

W 

2 loo0 
W 
a em 

0 

0 THEORETICAL DATA 
AnsT = 41s DATA 

h 

163 



2400 

h 
f iqm 

2*00 

2298 

aee 

'ea 

288 

0 

164 



'00 

288 

B 

2 * 8 8  

1288 

2888 

i am 

'688 

N 

5 1.88 

200 

0 

0 TWEORETICAL DATA 
A TEST # 612 DATA 
0 TEST 0 6 1 3  DATA 

BELLOW GEOMETRY 

3 + 

4 , 
1 - -4 
-i BELLOW GEOMETRV 

165 



ORIGINAL PAGE E 
OF POOR QUALlw 

2 6 W  

24w 

N : 1488 

298 

e 

2498 

228p 

2898 

880 

288 

0 

BELL& WO 5834-12 

d 

e 
leb 

166 



OTMfORETlCAL DATA 
ATEST* W?-GSDATA 

2288 

- -4 

-- . BELLOW GEOMETRY 

0 - .le 
A - .zBQ 
h - .3l5 
1 - .OlO 
DI- 4.00 
Nc- 5 
NE- 2 

888 

e 

O T M f  ORf TICAL DATA 
ATEST = w-6~ DATA 

BLL-UU N3 5834-'5 

3 4 2288 

1899 1 

i eea 

1 

zw 

E 

167 



I L L O V  M r C m l  

2688 

2*88 

2288 

2- 

1888 

I6W - 
h 
f I.W 

w 
888 

2888 

'888 

288 

8 

168 



2200 

2000 

I000 

U12W 

Y 2 1 000 
w 
K 
lA we 

'00 

200 

e 

TWEORETICAL DATA 
ATEST t667 DATA 

BELLOW GEOMETRY 

0 - 166 
x - ,260 
h - .325 
I - ,010 
h- 4.00 

0 TMEORETICAL DATA 
ATEST ir 380 DATA 

BELL% UO 5835-1 

BELLOW GEOMETRY 

0 - ,125 
x - .1?4 
h - .Jo8 
t - ,012 
09- 2.83 
N e -  B 
Np- 2 

169 



E L L O U  M WS-2 

0 

I 70 



0 THEORETICAL DATA 
ATEST ( t 4 4  DATA 

i 

1 

0 THEORETICAL DATA 
A T E S T  610 DATA 

BELL~Y MO 5835-5 

BELLOW GEOMETRY 

0 - ,125 
A = 174 
h - .306 
t - ,011 
01 - 2.93 
Nc - 9  
up - 2  

171 



0 THEORETICAL DATA 

0 TEST 4 612 DATA 
A T E S T  x 611 DATA 

I 

BELLOU M) S015-5 381 COPPRESSID( 

I I (  I I 1 1 1  ' 1 ' 1  

Ne - 0  
Np - 2  

172 



0 THEORETICAL OATA 
A TEST # 6 a -  OATA 

0 THEORtTlCAL DATA 
A TEST 0 692-693 DATA 

IIELLOY u! 5 ~ 3 5 - e  

3200 

3888 

2800 

2600 

1400 

2200 

2000 - 
; !e00 
I , I600 
U 2q.w 
w g 1200 

Q 
IA 1888 

E00 

668 

4 8 8  

208 

e 

BELLOW OEOMETRV 

0 - ,125 
h - ,114 
h - .308 
I - 012 
DI - 283 
Nc - 8  
No - 2  

173 



*1.800€+804 
1138 !727.159? 
1125 071.9431 
1158 ESS. 4656 
1023 116.7763 

SLICE T I f l E  CSEC) 
1.28 

BI(=12.5 
HO. SPECTKk =16 
COMPOS I TE 

'25.75 
224.84 

11-1 0. FREQUEHCY (HZ) 5888. 

POWER-SPECTRAL-DENS1 TY PLOT 
BELLOWS NO. 5002-1 90" ELBOW-L/D = 8.17 

TEST 253 CH 1 S+ 512 
+1.000E+003 

1325 222.f013 
1339 217.4365 
1380 193.7905 
1480 164 9425 

SLICE TIHE ( S E C i  
1.26 

bY=12.5 
WO. SPECTPk =16 
CORPOS I TE 

181.54 
168.74 

e. 0 1 8 8 e ~  
9- 1 4. FREQUENCY ( H t Z  see8 . 

POWER-SPECTRAL-DENSI TY PLOT 
BELLOWS NO. 5002-2 90' ELBOW-L/D = 28.3 

174 



POWER-SPECTRAL-ENS I TY PLOT 
EELLOWS NO. 5002-4 90' ELBOW-L/D = 2.17 

R 
n 
S 

S 
a 

TEST 964 CH 1 (S*1374-13?6) 

I 410 789728.49 
419 216407.59 

428 31280.41 

SLICE TIPIE (SEC; 

8U=5 
NO. SPECTliFl a32 
CORPW! TE 

6.48 

2437.75 
2434.30 

1 0. 00008 

POWER-SPECTRAL-DENSITY PLOT 
BELLOnS NO. 5005-1 

i 75 



TEST 965 CH Q (5+432-434) 
+i.eeeE+ 

319 295. 
3a5 84. 

69 84. 
320 41. 

SLICE TIRE ic, ;i 

eM=5 
No. SPECTPCI 132 
COWOSI 7E 

6.48 

62.64 
61.19 .. 

36-8 8. FREQUENCY <Hi!? 2688. 
e. w e e  A 

P Y-c9-SP€CTRAL-OEWSITY PLOT 
!Lows No. 5005-1 

TEST 6S2-653 C.4 i S* 189 

WWFR-SPECTRAL-ENS1 TY PLOC 
BELLOWS No. 5006-10 



TEST 489 CH 2 S* 2314 

698 
663 
688 
56 3 

+1.088E+084 
~ 3 1 . 4 4 a s  
546 1.?S%S 
4981.1838 
LZ76.8399 

R 
tl 
S 

S 
8 

H - c 
SLICE T I R E  SECj 

1.28 
BY= 1 2.5 
NO. SPECTR6b =16 
COWOS I TE 

648.36 
648.12 

25-2 8. FREQUENCY <HZ> 5888. 
8.18888 

POWER-SPECTRAL-DENS1 TY PLOT 
BELLOWS NO. 5009-1 

TEST 499 CH 3 CS*2276) 8% 
4 I .  808E +e85 

613 25546.9648 
625 683'5.9466 
608 1649.4247 
633 1869.9538 

SLICE 4E {SECi 
1.28 

BLI= 12.5 
HO. SPECTlik =16 
COrlF'OS I TE 

701.32 
788.65 

26-3 FREQUENCY <HZ> 3888. 

POWER-SPECTRAL-OEflTY PLOT 
BELLOWS NO. 5011-1 

177 



PMR-SPECTRAL-DENS I TY PL@T 
BEUOWS MI. W13-2 

POWER-SPECTRAL-DENSITY PLOT 
BELiOnS NO. 5028-2 

178 



+ i . e ~ e ~ + e m  
1398 I02S.7228 
1339 598.2413 
1363 72.6156 
1325 69.3474 

R 
M 
S 

TEST 334 CH 3 s+ 358 m 

POblER-SPECTRAL-DENSITY PLOT 
BELLOWS NO. 5034-1 CWRESSED 48% 

TEST 3S5 CH 3 (S+14SSi 8% 

POUER-SPECTRAL-OEI!TY PLOT 
BFILLWS No. 5034.3 CorpRESsED 3wc 

I79 



TEST 365 CH 1 S* 3482 
+1.888E+884 

1438 8337.387: 

NO. SPECTSfi =16 
COllpOS I TE 

426.29 
423.14 

18- 1 e. FREQUENCY CHZZ 5888. 

PMR-SPECTRAL-DENSITY PLOT 
BELLOWS NO. 5034-4 CWRESSED 17% 

TEST 398 CH 1 S* 245 
+1.BQBE+BBS 

1833 17022.7608 
1925 1517.15S2 
1858 618.8591 
1013 309.7633 

POWER-SPECTRAL-IIENSITY PLOT 
BELLOWS NO. 5034-5 EXTENDED 11% 

180 



OF pcc;;~ i;: 

PMR-SPECTRAL-DENS I TY PLOT 
BELLmS NO. M34-6 EXTENDED 26% 

POWER-SPECTRAL-MNSI TY PLOT 
BELLOWS NO. 5034-7 COHF'RESSEL 71% 



POWER-SPECTRAL-DENSITY PLOT 
BELLOWS NO. AG 11 

TEST 388 CH 1 S+ 655 
+ I .  080E+085 

-3239 33964.8730 
2 2 5  3465.8589 
2213 XW6.2675 
2250 6471.8731 

SLICE TIME i5EC.j 
1 .Z8 

BY=IT'.S 
NO. SPECTFfi =16 
COMPOS I TE 

1044.64 
1836.29 

15-1 

POWER-SPECTRAL-DENS1 TY PLOT 
BELLOWS NO. 5035-1 



APPENDIX G 

FATIGUE LIFE DATA FOR MSFC TEST BELLOWS 



BE1,LOWS 
NO. 

5002 -1 
5002-2 
5002-3 
5 002 -4 
5002-5 
5002-6 

5005-1 
5005-2 

5006-10 

5009-1 

5011-1 

5013-2 
‘5013-3 

5028-1 
5028-2 

5034-1 
5034-2 
5034-1 
5034-4 
5034-5 
5034-6 
5034-7 
5034-8 
5034-10 
5034-13 
5034-15 
AG !I 1 
AG82 
AGb3 

5035-1 
5035-2 
5035-3 

. 
‘F 

( r T 0 )  

62 
72 
48  
56 
70 
70 

33.2 
65.2 

77.7 

40.5 

40.4 

50 
45 

65.8 
66.6 

82.5 
84 
84.2 
84.4 
65.5 
85.5 
85 
85.8 
70.9 
79.5 
69 
57 .e 
74.8 
80.5 

113 
110 

94 

I ’ TIME TO 
FAILURE 

(SEC) 

148-158 
525-535 
3 I 3  -333 
22 55-2 3 09 
104 60-10585 
730-736 

1841-1863 
75-100 

1500-1530 

2728-2743 

3107 -3133 

3307-3 937 
759-760 

787 
150 

1672 
1427-14 67 
3 3 91 -34 02 
3683 
3 53 -37 3 
226-256 
2199 
560-590 
358 0-37 60 
137 5-14 9.5 
4180 
1- 6 04 - 1 63 4 
2 0099-2 0124 
11248-11278 

197 6-1996 
0 3 7 -4 7 7 
7 91 6-8 03 6 

CYCLES TO 
F A I L U P  

( X I 0  1 

.17-. 18 
-70-.71 
.34-.36 

2.5-2.6 
16.0-16.1 

.95-. 96 

.78-.79 
---- 

1.7 

1.8 

1 .9  

1 .3  
.47-. 48 

---- 
.16 

2.3 
1.9-2.0 
5.0 
5.3 

.37-.39 

.28-. 32 
2.9 

.74-.78 
3.9-4.1 
1.6-1.8 
4.5 
1 . 7  
---- 
---- 

4.4-4.5 
* 53-1.1 

16.3-16.6 

MAT E RI AL 

32 1 
3 2 1  
321 
321 
321 
321 

3 2 1  
321 

321 

321 

321 

32 1 
321 

21-6-9 
21-6-9 

21-6-9 
21-6-9 
21-6-9 
21-6-9 
21-6-9 
21-6-9 
27 -6-9 
21-6- 9 
21-6-9 
21.6-9 
21-6-9 
21-6-9 
21-6-9 
21-6-9 

21-6-9 
21-6-9 
21-6-9 

9CTP.U 
S T E S S  
(PSI) 

29,800 
28,300 
29,OCO 
27,800 
26,5dO 
28,190 

28,200 
*33,000 

27,900 

27,900 

27,600 

28,900 
28,800 

~33,000 
37,000 

31,200 
31,200 
31,000 
31,000 
34,000 
34,200 
31,000 

31,000 
31,200 
31,000 
31,400 

-_. 

31,900 

---- 
---- 

31,000 
31,800 
31,000 

VARIATIOEi 

~ 

ELBOW 
ELBOW 
ELBOW 
ELBOW 
ELF OW 
ELBOW 

ELBOW 

ELBOW 
ELBOW 

3c 

x 
-A 
7L 
-2- 
’h 

x 



1 E 5  



P 
Y 

v 
m 

186 



APPENDIX H 

BELLOWS FLOW-INDUCED VIBRATION COMPUTER PROGRAM 

187 



188 



ORIGINAL PAGE 
OF PQOR QUALITV 

51 
52 
53 
54 
55 
sc. 
5 i 
58 
59 
40 
61 
62 
63 
54 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
7.3 
77 
78 
19 
RO 
81 
83 
83 
84 
8s 
86 
81 
38 
8 Y  
90 
9 1. 
9 
9 3  
94 
Y 5 
96 
97 
98 
99 

100 

1 89 



1 0 1  
102 
103 
'I. 04 
105 
106 
10:' 
108 
109 
110 
1 1 1  
112 
113 
1 I .? I: - '5 c 
? 16 
1 l? 
: 18 
119 
120 
1. ?' 
122 
12.3 
> 24 
; .!5 
1 ?6 
I?.' 
1x5 
12Y 
130 
I .SI 
132 
13.3 
134 
135 
t 3 t b  
1.57 
1 .J8 
139 
? 40 
! 4 1  
14-n 
I 4 3  
144 
3.45 
146 
1 47 
1 4 8  
13Y 
I 5 0  

190 c - 3  



191 



20 1 
202 
203 
204 
205 
206 
20 7 
208 
209 
210 

192 



1 
..b 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
1 c. 

193 



. 
In 
OJ 

LL 

E I 

wz 
U 

J 

W w 
u, 

n 

P 

. . 
8 8  

. . 

- .  . .  
e 

ORlGlMAL PAGE Is 
OF POOR QUALITY 

P a- - 
h . 
9 

I 

8 

194 



APPENDIX I 

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

195 



1 2om 

loo0 

800 

z e z 
a - 600 
L a a 

- 
-. 
c 
v) 

400 

200 

BELLOW NO. 5002-1 

1 I I I 
10 20 30 40 

FORCE (LBS) 



700 

80(1 

!iOa 

0 S2L 
0 S3L 
0 S4L 

0 10 20 30 40 56 00 
FORCE (LBS) 

0 

197 



0 

BELLOW NO. 501 1-1 

198 



800 - 

700 - 

600 - 

500-  

z e 

a 

U 

I 
- 400 5 
a 
5 

- 

300 - 

200 - 

100 - 

BELLOW NO. 5012-1 

0 S1L 
0 S3L 

a SSL 

0 S4L 

FORCE (LBS) 

199 



BELLOW NO. 6013-2 

100 

0 

800 

700 

600 

500 

4w 

300 

200 

- 

I I I I 

ORIGINAL FAG: 
OF POOR QUALln 

0 5 10 15 20 

3 S1L 
0 S2L 

A WL v S5L 
0 S3L 

200 



BELLOW NO. 8428-1 

lo00 

900 

800 

700 

600 

MK) 

400 

300 

200 

100 

0 

0 S1L 
0 S2L 

A S ~ L  v SSL 

0 S3L 

1 1 I 1 1 1 1 I 
0 10 20 30 40 50 60 70 

20 1 



Q S l t  
0 S2L 
0 S3L 
n SllL v SSL 

100 

0 

202 



BELLOW NO. 5035-2 

0 S1L 

0 

a S5L 
0 

I I I I I I I I 
10 29 30 40 ti0 60 70 

FORCE (LESI 

203 



2000 I-- 

1800 - 

1600 - 

1400 - 

1200 - 

r 
z = 1 m -  
z 

\ 

U 
p: c 
v) 

800 - 

600- 

400 - 

200 

ORIGJNAL FALi 
OF POOR Q u A L : n  BELLOW NO. 5002-1 

0 S1L 

a S2L 

0 S3L 

A S4L 

T7 S5L 

0 1 1 I 1 
0 25 50 75 100 125 150 

PRESSURE (PSI) 

204 



BELLOW NO. 5005-2 
. I  

PRESSURE (PSI) 



1400 

1200 

loo0 

800 

600 

400 

200 

BELLOW NO. 5006-3 

I 1 I I 1- 
150 

0 
0 25 50 75 100 

PRESSURE (PSI) 

206 



1800 - 

1600 - 

1400 - 

1200 - 

l - 1  800 

400 

200 

BELLOW NO. 5009-1 

0 SIL 

0 S2L 

A S4L 

v S5L 

0 S3L 

0 1 I I I 
0 10 20 30 40 

PRESSURE (PSI) 

207 



1300 

lz00 

1100 

loo0 

900 

800 

700 

600 

500 

400 

300 

200 

ORIGINAL PAGE :s BELLOW NO. S011-1 

OF POOR QUALITY 

Q S2L 
0 S3L 

A S5L 
0 s4L 

0 10 20 30 40 50 60 70 

PRESSURE (PSI) 

208 



BELLOW NO. 5012-1 ls00 

1400 

1Mo 

lo00 

800 

600 

400 

200 

0 

0 S1L 
0 S3L 

A S ~ L  

0 S4L 

I I I 1 1 
0 25 50 75 loo 125 150 

‘/ / - 
/ 

4 

209 



1800 

1600 

1400 

lZ00 

lo00 

800 

600 

400 

200 

0 

BELLOW NO. 5013-2 

0 S1L 
0 SZL 

n S4L 

v S5L 

0 S3L 

1 1 1 1 
10 20 30 40 

PRESSURE (PSI) 

210 



BELLOW NO. 5028-1 

0 S1L 
0 S2L 

Q S ~ L  a S4L 

v S5L 

0 25 60 75 100 125 160 
PRESSURE (PSI) 

21 1 



BELLOW NO. 5034-1 

lz00 

1100 

loo0 

900 

8M) 

700 

600 

500 

400 

300 

200 

100 

0 

n S5L 

0 25 50 75 100 125 150 

PRESSURE (PSI) 

212 



BELLOW NO. AG # 1 

lsoo 

1400 

1200 

lo00 

- 

- 

- 

- 
z = 
I 
a 
E 
4 a 
k 

- 
800 

600- 

400 

200 

0 S2L 
0 S3L 

0 S4L 

A S5L 

- 

- 

- 

0 I I 1 I I I 
0 25 50 75 100 125 150 

PRESSURE (PSI) 

213 



1600 

1400 

lz00 

lo00 

800 

600 

400 

200 

O O  

BELLOW NO. AG # 2 

25 50 75 loo 125 150 

0 S2L 

0 S3L 

A S ~ L  

0 S4L 

214 



BELLOW NO. AC + 3 

0 S2L 

S3L 

0 S4L 

A S5L 

PRESSURE (PSI) 

215 



, ... BELLOW NO. 6036-2 

I 

PRESSURE (PSI) 

il6 



APPENDIX J 

FREQUENCY VERSUS VELOCITY PLOTS FOR TYPICAL SwRl BELLOWS FLOW TESTS 

217 



U 

0 THEORETICAL DATA 
A TEST DATA (TYPICAL) 

0 THEORETICAL DATA 
A T E S T  DATA ITYPlCALl 

a 
s' 

. 

BELLOW GEOMETRY 

0 I .115 
A .  nS 
h - r n  

218 



-- * 

J 
1 Ye2 - 
* -- 

0 THLORC'ICAL DATA 
A TEST DATA ITVPICALI 

,A' T e e  - ~- 

q a e  - '  / 3 6 " 
z2e - 4 

3 
L 

P 
z' 

,' 
,+A BELLOWGEOMETRV 

u I .120 
x . .230 
h - =  , . .010 

.3.m 
Nc. 13 
u p .  1 

0 THEORETICAL DATA 
A T E S T  DATA (TYPICAL1 

---1 

. 
- 4  -. 

4' :-A 
/' 

BELLOW GEOMETRV 

x - 224 
h I J 0 0  
I '.ooB 
DI - 6.00 
Nc- 13 
NP. 1 

219 



sue: E L - C Y  PIC E 

Tee 

ee 

ee - . A‘ . ~ -  

OWEORETICAL DATA 
ATEST DATA ITVPICAL) 

BELLOW GEOMETRY 

u - 120 
A -  m 
h -  300 
t - o a d  
h - 6-00 
NC. 14 
Np- 1 

‘P? 

9 THEORETICAL DATA 
A T E S T  DATA ITVPICALI 

& L0.3 

a? . -. 

_ _  d 

BELLOW GCOMEIRV 

I 7  - 120 
1 = 224 
h - 3 0 0  
1 = 0 0 8  
0 1 - 6 0 0  
Nc- 12 
Np- ‘ 



OTHEORETICAL DATA 
ATEST DATA ITYPICALI 

8 

?-.a - 

A ,YY 

,B ' 
1' 

d' 

Bf LLOW GfOMETRY 

0 THEORETICAL DATA 
ATEST ONA ITVPICALI 

22 1 



ORIGINAL PAGZ 
OF POOR QUALITY 

0 THEORETICAL DATA 
ATEST DATA ITYPICALI 

Sur): BELL% -3 ' 4  

BELLOW GEOMETRY 

11 I 135 
h = 221 

1 - M u  

0, I 3.00 
Nc- 13 
Np- 2 

h I .m 

r. 
T 'EP 

0 THEORETICAL DATA 
&TEST DATA (TYPICAL) 

;'A 
BELLOW GEOMETRY 

0 - 120 
A ,201 
h - .m 
t 8 0 0 6  
0 1  - 3 0 0  
Ne- 13 
NP= 2 

222 



APPROVAL 

BELLOWS FLOW-INDUCED VIBRATIONS 

By Dr. C. R. Gerlach, P. J. Tygielski and H. M. Smyly 

The information in this report has been reviewed for technical content. Review of any informa- 
tion concerning Department of Defense or  nuclear energy activities or programs has been made by the 
MSFC Security Classification Officer Ttus report, in its entirety, has been determined to  be unclassified. 

A. A. McCOOL 
Director, Structures and Propulsion Laboratory 

e US. GOVERNMENT PRINTING OFFICE 1903-746-Q70/97 223 




