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I. INTRODUCTION

This report summarizes all work performed by Southwest Research
Institute during the past one-year period to study the effect of cryogenic
fluid flow on the flow-induced vibration of bellows. The work was conducted
under Contract NAS8-21133, !"'Study of Minimum Pressure Loss in High
Velocity Duct Systems, "' and results reported herein supplement earlier
work described in Interim Technical Report No. I {Reference 1) .published
16 July 1969 on the same contract. During this same time period, investi-
gations of acoustical resonance phenomena, as they affect bellows vibrations,
were also undertaken, and preliminary results will be presented in a subse-
quent report. )

This study is being performed for the George C. Marshall Space
Flight Center of the National Aeronautics and Space Administration, admin-
istered technically by the Propulsion and Vehicle Engineering Laboratory
with Mr. R. H. Veitch serving as Technical Manager.

Objective and Scope of Work

The objective of this investigation is to perform a theoretical and
experimental study of heat transfer with respect to its effect on the flow-
induced response of bellows when gas is formed in the convolutes and/or
frost or liquid accumulates on the bellows exterior. The following questions
are typical of those discussed in this report:

(a) How does bellows response in liquid nitrogen (LN;)
compare to test results for water and air?

(b} In practical situations, can heat transfer change the
physical properties of the fluid in the bellows convolu-
tions sufficiently to influence the vortex excitation
phenomena ?

{c) If heat transfer does have an effect under certfain
conditions, can these conditions be predicted and how
do they relate to the physical properties of the cryogenic
liguid ?

(d) What effect does the external buildup of ice, slush and
liguid have on the problem?



(e}

(£)

What influence do changes in convolution geometry have
on a possible heat transfer effect?

What is the most realistic, and/or severe, method of
testing a bellows to account for possible heat transfer and
external damping effects; that is, what test procedure wiil
most likely show failure-prone bellows ?



II. BACKGROUND DISCUSSION

I1.1 Introduction

The occurrence of flow-induced vibrations of metal bellows contained
in fluid ducting systems has, for some time, been a problem for aerospace
applications. There are known instances where flow-induced vibrations of
bellows have resulted in fatigue failures which forced the premature shut-
down of some critical fluid systems. The most common methods for correct-
ing unsuccessful bellows installations have been either to install an internal
liner, where possible, or to use multiple plys or thicknesses of metal when
constructing the bellows. Unfortunately, increasing the number of metal
plys has not always cured the flow-induced vibration problem, and the use
of a bellow's liner generally leads to an increase in component weight and
cost, A major obstacle prior to the initiation of the present effort was that
the flow mechanism which causes bellows vibration had not been described
or understood, so that flow-induced failures could be anticipated. From
the standpoint of the designer, a desirable goal was to have available an
analytical procedure allowing the prediction of critical fluid flow ranges
for a given bellows configuration and, further, giving a method for estimat-
ing stress levels resulting from the flow excitation in these critical ranges.

Most of the current knowledge of bellows flow-induced vibrations is
presenied in detail in Reference 1 prepared under the current contract. This
state-of-the-art of bellows vibrations was derived from experimental and
analytical studies of free bellows, and flex hose, in a size range equal to or
less than 2 inches internal diameter. This effort dealt primarily with water
flows and has resulted in development of a very acceptable analytical model
of bellows flow-induced vibrations. 8&till, the work is not compléte in that,
(a) the results have not been verified for bellows of sizes greater than 2 inches
and for the entire range of geometries typical of current stage hardware
practices, and {b) the results are not adequate for gas flows where acoustical
resonances have been shown to have a significant influence; these areas are
currently under investigation.

Another area of significant importance is where cryogenic liquids
are the flow media, so that heat transfer and/or external damping play
an important role. The importance of this subject was discovered from
investigations into the cause of a flex hose failure {(J-2 engine, ASI fuel line)
on Saturn flight AS-502; this is reported by Daniels and Fargo in Reference 2.
The results of these authors, however, left unanswered questions as to the
relative importance of heat transfer as it affects the flow excitation process,
and external damping caused by frost and liquid condensation on the bellows.



The present report discusses these two possible flow-excitation suppression
mechanisms and, we feel, clears up the inconsistencies and unanswered
questions brought forth in Reference 2.

I1.2 Bellows Flow-Induced Vibration Model

Figure 1 illustrates the fluid and structural dynamics involved in
bellows flow excitation. The process of periodic vortex formation and
shedding causes a corresponding periodic pressure to be exerted on the
convolutions, The amplitude of this alternating pressure is proportional
to the free-stream stagnation pressure (1/2 prZ')_ So far as the bellows
structure is concerned, the effect of this alternating pressure may be
considered as a net force applied at the tip of each convolution, as shown
in Figure 1. The amplitude of this force is assumed to be of the form

where Cx is a vortex force coefficient (a dimensionless coefficient) and
Ap is the projected convolute height area over which the pressure acts
(the fluctuating pressure producing the force).

If the frequency of the vortex shedding coincides with some bellows
mode frequency, then a resonance will'occur and the bellows convolutions
will experience a vibratory displacement, as illustrated in Figure 1, of
the form

x = | (2)

In equation (2), C,, is a dimensionless factor dependent on the bellows
mode of vibration (mode factor}, ¥ is the vortex shedding force defined
in Equation (1), KA is the bellows overall spring rate, and Q is the
dynamic amplification factor (damping). This convolution vibratory dis-
placement x will cause a corresponding stress, and the magnitude of
this stress is dependent on the convolution geometry, as illustrated in
Figure 1.

Accepting this simple concept of bellows vibration resulting from
a coupling with the vortex shedding, the problem of calculating resultant
dynamic stress levels boils down to one of requiring a forehand knowledge
of the various "factors' illustrated in Figure 1. The primary factors are:
CF, a vortex force coefficient; Cm a vibration mode factor; Q a dynamic
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The resultant stress is CoEtx
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Cr = vortex force coefficient
Cg = elbow factor
Cm = vibration mode factor

Q = dynamic amplification (damping )

Cs = geometric stress factor 233)

Figure 1. Illustration Of Stress Resulting From Vortex Force



amplification factor: and Cg» @ geometric stress factor. Other factors
may also be introduced to account for various unique situations. For
example, when an elbow is located upstream of a bellows, this can have
an effect and cause higher-than-normal stress levels for a given flow
velocity. This can be accounted for by an "elbow factor" Cg, as indicated
in Figure 1. If an acoustic resonance exists, this can change the picture,
also.

Mode Factor Cm

In Reference 1, an analysis was presented showing that the mode
factor C,, is of the form

1 N . TN

This equation takes into account the fact that only one convolute per wave-
length of the longitudinal vibration mode has an effective vortex shedding
force imposed on it. Also, Equation (3} accounts for the form of the axial
distribution of convolute displacement {mode shape).

Dynamic Amplification Factor Q

QOur current knowledge of the dynamic amplification factor for bellows
is fairly good for sizes up to about 2 inches. A large number of experiments
have been conducted in which bellows were excited with an electromechanical
shaker to determine response amplitude as a function of frequency. This
_data was then reduced to obtain Q values for a variety of bellows configura-
tions, including 1, 2 and 3 ply, and with various internal fluids. This data
was finally reduced to a single plot, shown in Figure 2, which gives Q
values in terms of a unique and easily calculated '"‘bellows operational
parameter. ™

Vortex Force Coefficient Cp

Values for the vortex force coefficient have, to date, been obtained
entirely from experiments. This is accomplished in a very straightforward
manner by doing the following:

(a) The bellows is strain gaged and then "calibrated' to obtain

force-deflection and strain-deflection curves.
L
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(b) Next the bellows is mechanically excited on a shaker to
obtain sufficient response data to yield a Q value. This
step may be omitted if the bellows is close enough in
configuration to bellows for which Q values have already
been established.

() The bellows is next subjected to a flow test and dynamic
strain versus flow velocity data is obtained,

{(d) Finally, the data is reduced using the analytical model,
represented by Equations (1) and (2}, to obtain a value
for Cy. This is easily done at this point since all
quantities except CF are known (x can be obtained from
the observed dynamic strain data using the ''calibration
factor™ for strain-deflection determined previously).

Figure 3 shows a summary of the vortex force coefficient data
obtained to date for bellows of about 2 inches I.D.

1.3 'Stre.ss Indicator Parameter

As discussed in Reference 1, a special "Stress Indicator' has been
developed to aid in rapidly judging the severity of bellows flow~induced
vibrations. This parameter is essentially an approximation of the "Best
Model' for bellows vibrations described briefly above, and is given by

2
CrQ) (n 5
Stress Indicator = \"Ng T 1/2 pgVe (4).

Using values for Cg and QQ easily obtained from Figures 2 and 3, the stress
indicator can quickly and easily be calculated for any situation.

Based on a number of bellows failures experienced in our laboratory
and reported by others, a preliminary plot of bellows fatigue life as a
function of the Stress Indicator has been compiled. This data is shown
in Figure 4. Information of this type will undoubtedly prove very valuable
to the designer, however, this plot has not yet been validated for larger
bellows sizes and for the range of geometries typical of current stage
hardware practices.

I1.4 Heat Transfer Effects

Heat transfer effects as well as vortex, acoustic, geometric and
cavitation influences must sometimes be considered in obtaining an under-
standing of the flow-induced vibrations in flexible metal bellows. The
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consequences of heat transfer in the case of cryogenic flow in bellows are

of particular interest since large temperature differences exist between

the flowing liquid and the bellows environment which could lead to a phase
change near the inside bellows wall. Vapor formation will result in a
Ykilling off" of the vortex shedding, and a change in the bellows flow response.
Even low rates of heat transfer, which do not produce large scale boiling,
may raise the vapor pressure near the wall so cavitation can occur and
suppress the flow induced vibration. In additionto vapor effects on the flow
nduced vibration, frost buildup and liquid condensation on the outside bellows
surface will affect the heating rate and add damping to the bellows struc-
ture, thus influencing its operating characteristics. Another question
regarding bellows operation is the change in the bellows characteristics

at extremely low temperatures in contrast to conditions tested in air and
water at near ambient conditions. Once the bellows response to heat trans-
fer is established, a more realistic evaluation of bellows performance in

the field will be available in order to establish failure criteria under operat-
ing conditions,

The remainder of this report is devoted to discussion of results of
our investigation of these various heat transfer effects.

11



Iri. EXPERIMENTAL FACILITY

IIi.1 Cryogenic Flow Loop

A special cryogenic flow loop was designed and fabricated for
the purposes of this study. The loop is shown in Figures 5 and 6 before
and after the insulation was installed. The pump is a standard centrifugal
cryogenic unit, designed for liguid oxygen service, which was converted
from electric motor drive to a hydraulic motor drive to provide a variable
speed capability. The pump rating is 600 GPM at 110 ft total head when
pumping liquid oxygen. The flow rate is measured with a turbine type
flow meter which was calibrated in place with a pitot tube using water as
the flow medium.

The flow loop has a total capacity of approximately 90 gallons.
The system is filled from a 1500-gallon dewar which is installed adjacent
to the laboratory. Any liquid remaining in the loop after completion of a
test can be pumped back into the dewar.

Insulation of the loop consists of 2-inch thick styrofoam panels
built into a box-like enclosure. A small amount of boiloff gas from the
loop is vented into the enclosure to prevent any possible dangerous buildup
of oxygen. The insulation is quite adequate for the short term tests such
as those performed in this program. Liquid loss resulting from heat
transfer was small compared to pumping loss. The styrofoam panels
are easily removed when necessary for repair or modification of the loop.

The test section of the loop can be isolated by closing the upstream
and downstream valves. The test piece can then be replaced without drain-
ing the system. The downstream valve can also be used to increase the back
pressure in the test section during flow tests. System pressure can be
controlled by manually venting gas or by setting an automatic relief valve,

II1.2 Instrumentation

All bellows installed in the cryogenic flow loop described above were
instrumented as illustrated in the schematic drawing shown in Figure 7.
Four copper-constantane thermocouples were provided in order to monitor
(1) the upstream fluid temperature, (Z) downstream fluid temperature,

(3) the bellows metal or skin temperature, and (4) the surrounding tempera-
ture of the environment in which the bellows were placed. All of these
thermocouples were referenced to ~-320°F (boiling point of liquid nitrogen

12



Figure 5. Cryogenic Flow Loop Without Insulation

13



Figure 6. Cryogenic Flow Loop With Insulation




at standard conditions) in order to provide accurate results. A digital
voltmeter was employed in conjunction with the thermocouples, and the
accuracy was established to be + 0.5 degrees F.

Bellows pressure was measured with a bourdon pressure gage,
while the pressure drop across the bellows was measured with a mercury
manometer. The static pressure of the system was measured with the
same bourdon gage when the flow velocity was zero, and is referred to in
the report as Py (tank pressure or static system pressure). The downstream
valve shown in Figure 7 was used to create the back pressure (Pg-Pr)
required to excite the bellows vibration.

Dynamic strain was monitored through the use of 1/32-inch gages
mounted on the first convolution tip of each bellows. Since the strain fre-
quencies were expected to be relatively high, ordinary constantare foil type
gages were used without temperature compensation. These gages are less
expensive than those produced specifically for use at cryogenic temperatures,
and they can readily be obtained in configurations which are convenient for
bellows applications.

The fact that the apparent strain curve for constantane has a very
large slope at cryogenic temperatures is of little consequence since the
strain readout equipment was AC coupled, and the temperature changes were
slow compared to the strain frequency.

The strain gages were installed with a 100% solids epoxy adhesive.
Bellows surface preparation consisted of light sandblasting and application
of a degreaser. The gages were positioned by the holding-tape technique,
and the adhesive was cured under a light clamping force. Following strain
gage installation, each bellows was tested to obtain static force-deflection
and strain-deflection curves. This provided experimental spring rate values
which allowed more accurate mode frequency calculations. The force-
deflection and strain-deflection data for the six bellows tested in the cryo-
genic flow facility are shown in Figures 8 and 9.

At the cryogenic temperatures, considerable '"zero drift" occurred
with the strain gages, and the question was raised as to the reliability of
the strain gage readings at these extreme temperatures under a dynamic
situation. According to the manufacturers' specifications, the gage factor
would change only 4% at these temperatures. As a check, one of the bellows
was mounted on a mechanical shaker with one end fixed rigidly and the other
free to move with the shaker (Figure 10). A dial deflection gage was used

15
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to measure the movement of the free end while the shaker vibrated at a

low frequency to simulate a dynamic loading on the bellows. This test

was conducted with the bellows at room temperature, and again at -320°F
by filling the bellows with boiling liquid nitrogen. The strain-deflection
data for both temperatures is shown in Figure 11. The change in slope
represents a change in gage factor of 4.5% at the cryogenic temperature
which is very near the manufacturers specifications, therefore the dynamic
strain data was verified for the low temperature conditions encountered in
the tests,

The strain gage readout circuit consisted of a standard DC powered
bridge which was AC coupled to an audio-frequency amplifier. The strain
signal was displayed on an oscilloscope, and also plotted as a function of
fluid velocity on an X-~Y recorder. The DC equivalent of peak-to-peak
strain was recorded as the ordinate, and the fluid velocity was recorded as
the abscissa. A DC signal directly proportional to fluid velocity was
obtained by connecting the turbine meter output to a frequency-DC converter.

20
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IV. EXPERIMENTAL RESULTS

IV.1l Imtroduction

The cryogenic flow loop described in the previous section was
utilized to study bellows flow excitation for a number of fluid and sur-
rounding conditions. Initially, a number of exploratory tests were con-
ducted simply to get a feel for the overall problem. Following this,
detailed tests of various kinds were conducted, To obtain a comparison
of bellows response with LNZ versus water, a series of tests were con-
ducted with identical bellows using both mediums, but with heat transfer
effects maintained at a minimum. Heat transfer effects with LN, were
then studied by controlling the bellows environmental conditions (tempera-
ture, frost buildup and convection rate) and recording the strain levels at
different flow rates and pressures. Finally, pressure drop data was
obtained under varying heating rates and operating conditions to yield
additional information on bellows operating characteristics. The results
of these tests are discussed in the following sections.

IV.2 Description of Test Bellows

Throughout this study, six different test bellows were employed.
Dimemnsional data for these bellows is given in Table I.

Bellows #1, #2, and #6 have basically the same convolute geometry,
except the pitch has been varied from the original configuration (#6) by
stretching in one case (#1) and compressing in the other case (#2). Similarly,
bellows #3, #4, and-#5 have essentially the same geometry except for the
pitch and were derived by the stretch and compression technique. Figure 12
illustrates a bellows identical to those from which specimens #3, #4, and
#5 were made, and shows the effect of the stretch and compression.

IvV.3 Initial Test Results and Effect of Back Pressure

When the testing of bellows with liquid nitrogen was first begun, it
was observed that no matter what tank or system pressure the flow loop
was operated at, the bellows would not vibrate except at the higher velocities,
where low-level vibration of the higher frequency modes occurred. It was
assumed that since the liquid nitrogen was so near the liquid-vapor line, a
very small reduction in pressure, or increase in temperature, would cause
cavitation, and hence, reduce or kill the vortex shedding excitation mechanism.
(This assumption was later proved to be correct and is discussed in greater

22



Table I

Dimensional Data

Bellows #l (Long 2.22) Bellows #2 (Short 2.22)
ol = 1.49 h = .312 13D =149 h=.36
OB 2225 = 2545 O D =222 % =187
D =) 86 ot = 125 Py = L38b g = 125
N = b=t N Sl t =013
Np = T = 2075 Np = 4l EE= 1.5
Bellows #3 (2.02 Nom) Bellows #4 (Long 2.02)
1.1 = 1,46 B=a27 120, = 14b h=225
B a2 0d e 20 O.D. =202 A=t 282
Emt=1.74 o = .144 Dm =1.74 o=.144
Ne =8 AT U N, — t = 013
N =4l ks = e 52 N =i L =01005
P P
Bellows #5 (2.02 short) Bellows #6 (2.22 N)
1.5 = .46, - B = ol BB =149 h =345
O.B. =2.02:0% =556 DD S2. 20 e el
Brane =G4S eies i 125 Pimgs =108 G = 125
Nc =8 =01 N, =7 fer S0
N =0 LE=1.25 N == LL =2.0
P P

1D = internal diameter

OD = outside diameter

Dm = mean diameter

N = number of convolutes

N = number of plys

hp = convolute height

A = convolute pitch

(o3 = convolute tip width (internal)

t = ply thickness

LL = live length

Z3
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Figure 12. Photographs Of Stretched And Compressed Bellows
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detail in a later section of this report.) The first attempt to correct this
condition and produce stronger flow excitation was to close a valve on

the tank and let the pressure of the system build up. However, it soon
became obvious that this was simply moving the fluid state to a point further
along the liquid-vapor line, since the temperature was also increasing with
the pressure (along the equilibrium or liquid vapor line). In order to
increase the pressure at the bellows, and hopefully induce vibrations of

the lower modes, a valve was installed into the loop (Figure 7) downstream
of the bellows. This valve was used to restrict the flow and cause an
increase in pressure in the bellows greater than the system pressure.

This allowed an increase in pressure and only slight, if any, temperature
increase in the bellows or test section. Therefore, the state of the fluid

in the bellows could be arbitrarily adjusted away from the liquid-vapor line,

By closing the downstream valve in increments, successive increases
in the bellows pressure was produced. The effect of increasing this back
pressure can be seen in Figures 13 through 18 which present the maximum
strain level recorded versus the bellows pressure at various values of the
tank system pressure (PT) for the six test items. In all cases it can be
seen that the strain increases with increasing back pressure (Pp-Pg) up
to a maximum where it levels off and becomes invariant with further increases
in bellows pressure. More information of this phenomena is provided in
a later section where the effects of heat transfer into the bellows is discussed,.

IV.4 Comparison of Liguid Nitrogen to Water - Heat Transfer
Effects Minimized

To provide a direct comparison of flow induced vibration phenomena
with LNy and water, a series of tests were conducted in which heat transfer
effects were minimized as much as was practical. The resultant data
should, therefore, reflect basically any possible difference in the vibrations
because of differences in the two flow media or because of bellows material
property changes with temperature. To reveal possible geometry effects,
all six test bellows were used for this series of tests.

Flow-induced vibration test results for the six bellows, with both
water and LN, flows, are given in Figures 19 through 24. In all cases
the data shown is for the first or lowest frequency longitudinal mode. In
obtaining the I.N; data, each bellows was run with a back pressure sufficient
to minimize possible cavitation suppression of the vortex shedding. Also
the bellows exterior was subjected to a cold GN, purge to prevent frost or
liquid condensation which might cause unwanted external damping.

The test data presented in Figures 19, 20 and 21 show excellent

agreement of the peak flow-induced strain levels for the two test liquids,
In each case, the maximum strain is greater for water flow than for the
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LN, flow. This is to be expected since the LNZ was less dense than the
water, hence the vortex shedding excitation force, which is proportional
to 1/2p VZ, was less. The results given in Figures 19, 20 and 21 were
for one series of bellows having essentially the same convolute geometry,
except for the pitch. )

Figures 22, 23 and 24 show a comparison of flow-induced vibration
data for the second series of bellows with similar convolute geometry,
except for pitch. This data does not show as good a correlation of the LNy
and water results as did the results for the first bellows series (Figures
19, 20 and 21}). The primary disagreement is in the velocity at which the
peak strain occurs, since the LN, results peak at a velocity which is about
10 percent higher than the peak for the water data. Still, the agreement
is good enough that we can conclude there are no major discrepancies
between flow-induced vibration results for water and LNZ’ if no cavitation
suppression occurs and no external damping media is allowed to form.

Based on these results, we conclude that the theory presented in
Reference 1 is valid for cryogenic fluids, as well as water, except for the
limitations noted above which reduce the dynamic strain levels, hence are
suppression effects. The remainder of this report is devoted to further
discussion of results of studies of the suppression effects.

IV.5 Bellows Response With Heat Transfer

Initial studies with a two-dimensional clear plastic flow channel
and bellows segment—* revealed that the vortex shedding phenomena
responsible for bellows flow induced vibrations could be completely sup-
pressed by vapor addition in the convolute sections., This suppression
was accomplished by passing water through the channel at the proper
velocity for vibration and then blowing small air bubbles into the convolutes.
The vortex shedding and bellows vibration was easily observed by injecting
ink upstream of the convoluted segment, and viewing the shedding with a
strobe light set near the shedding frequency. Once this condition was
established, air bubbles injected into the convolutes completely killed off
the shedding process and the convolute vibrations ceased. This observa-
tion led to the conclusion that if vapor, created by either cavitation, heat
transfer, or a combined cavitation/heat transfer effect, was formed in a
bellows flowing a liquid, then-the flow induced response could be altered.

* This bellows flow visualization model is further described in
Reference 1, page 12.
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To provide initial quantitative information of the effects of heat
addition during operation of flow excited bellows, a duct was designed to
surround the bellows completely so that hot air could be passed over the
convolutes. A thermocouple was located at both the entrance and exit of
this duct so that the change in air temperature could be recorded as it
passed over the cold bellows containing flowing LN,. From thermodynamics,
the heat added or removed per-unit mass of a gas at constant pressure is
given by

ke
b3

dQ" = cpdT (5)

where c_ is the specific heat at constant pressure of gas (air). Fora
flowing gas losing heat between arbitrary points 1 and 2, Equation (5)
becomes

F O
ke -

Q%= % e, (T, - T)) (6)

where w is the weight flow per unit time. This expression represents

the heat input per unit time into the bellows section. In the experiment,
the heating air weight flow, w, was produced by a blower with a 20 amp
heating element located at the entrance of the duct, and was calibrated by
measuring the velocity and, hence, mass flow at the duct entrance. Since
some of the heat was lost into the duct itself and not all absorbed by the
bellows, a calibration of heat (Qa) lost to the duct alone was also made.
This value was always subtracted from the total heat lost per unit time, Q,
to obtain the actual heat per unit time added to the bellows section alone,
Qp, or

3 mbe -
= AR 3,

Op = Q1 - Qquet (7)

With the flow loop operating at a velocity which produced maximum
excitation of the first mode of the bellows, the heating rate was increased
with time, and the resulting strain or stress amplitude was recorded.
Typical results are shown in Figure 25, and these results indicate that
increasing the heating rate produced a corresponding decrease in strain
until a point was reached where the vibration was completely suppressed.
Therefore, it was concluded that heat transfer did affect bellows response
in a manner similar to vapor addition in the two dimensional visualization
flow channel.

‘Bellows usuvally operate under conditions of approximately steady
state heat transfer, therefore the results in Figure 25 for transient heating
are not fypical of bellows environmental conditions but do indicate the pos~
sible effects from heat transfer. Since vapor formation in the bellows
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convolutes will be affected by operating pressure, (compare the results
for Pg = 7.5 versus 4.5 in Figure 25) a test was conducted to determine
the effect of bellows pressure on strain response with constant heat

input. To produce these conditioﬁs, a bellows with flow excitation of

its first mode was surrounded with cold GN, to maintain constant heat
transfer, and the operating pressure was varied from 0 to 25 psig.

Figure 26 shows the test results. This data is similar to that shown in
Figures 13 to 18 for various bellows geometries. The strain response
versus operating pressure shown in Figure 26 indicates that there is some
_minimum pressure at which the bellows will vibrate and produce maximum
flow-induced strain. This pressure is indicated as Py, ., in Figure 26
and is, then, the lowest operating pressure at which maximum strain will
occur. As the pressure is decreased below Pp, . the strain amplitude
decreases rapidly until zero strain is recorded at Ppy,ip, the highest
operating pressure for no flow-induced vibration. Below Pp,, i, no con-
dition of flow excitation is observed, Therefore, under conditions of
constant heat transfer there is a minimum operating pressure which will
allow flow excitation to occur and produce vibrational strains in the bellows
gtructure. '

To better define the effects of heat transfer on Pp,. .o
additional experimental results were obtained at different levels of heating.
Four conditions of heating were obtained by producing four levels of environ-
mental temperatures, in the following ways:

and PBmin,

(a) Surrounding the bellows with cold Ny gas, Ty = -200°F

(b) Surrounding the bellows with cold N, gas-air, Ty = -145°F
(c) Surrounding the bellows with air, T = 45°%F

(d) Surrounding the bellows with heated air, Tg = 285°F

For each of the four conditions of T, the bellows was -operated at
flow ‘velocities corresponding to peak excitation of the first vibrational mode,
and strain data was obtained over a range of operating pressures. The
free stream temperature was -320°F (saturation temperature at 1 ATM in
LN;) for each heating level, and no frost was allowed to build up on the
bellows external surface. At each test condition thermocouples recorded
environment, skin and stream temperature. The results in Figure 27
show that as additional heat is added to the bellows, i.e., increasing Ty,
the values of Py, and Py, &re alsoiincreased. The same trend with
increasing Ty is also shown in Figure 28 for a condition where the environ-
mental temperature was held constant, and four levels of stream temperature
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were used. The stream temperatures were increased by allowing the
static LN, tank pressure to increase, which raised the system LN,
temperature before it flowed through the bellows. The higher stream
temperatures resulted in higher operating pressures required to insure
peak strain.

The results in Figure 28 indicate that increased levels of heat
transfer result in vapor formation at the low-operating pressures, hence
producing a damping or complete suppression of the flow excitation.
Increasing the operating pressure to Py, will cause a recovery of
the flow induced dynamic strain. The effect of an increased heat transfer
rate ig a corresponding shift of Py, 0T PRy in With increasing stream
temnperature. Thus operating pressure must be increased fo suppress
vapor formation and maintain peak strain if

(2) The liquid is flowing at a given stream temperature and
additional heat is transferred through the bellows wall
raising the inside wall temperature and causing vapor
formation in the convolutes, or

(b} The liquid stream temperature is increased by some
change in operating conditions upstream of the bellows.

The bellows flow velocity required to produce peak flow-induced
strain remained unchanged with changing heat transfer rates, The results
in Figure 29 reveal this fact for the first mode frequency, which shows
the peak excitation resulted at approximately 21 fps for all four euviron-
mental temperatures. An Investigation of the theoretical bellows frequency
change with large temperature changes supports the experimental results,
showing no frequency shift should occur with different levels of bellows

temperature. That is, the bellc;’vgs frequency (1) is given by
1l

fo = %TT' (%) | (8)

where k is the bellows spring rate and m an elemental model mass composed
of fluid and metal contributing terms. Large changes in temperatures will
affect the spring rate k because of changes in Young's modulus, and will
affect the model mass by changing the fluid mass from a liquid to a gas.
However, these effects on the natural frequency are negligible, as the fre-
guency decreases only 3 percent for changes in Young's modulus for stainless
steel over a temperature range from -300°F to 100°F, while mass changes
produced by the liquid vaporizing creates a frequency increase of 5 percent.
The combined effect of both a change in Young's modulus and the model mass
is a 2 percent increase in the bellows frequency for the 400°F temperature
change. This change is considered insignificant since peak strain occurs
over a band of frequencies larger than + 2 percent of the mean.
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IV.6 Pressure Drop Data

The pressure drop across the bellows was recorded during tests
to establish heat transfer effects with LN,. The results of the pressure
drop versus operating pressure are presented in Figure 30 for the case of
Ty = -200°F. Results at the other test environmental conditions indicate
the same trend in pressure drop across the bellows. The results in
Figure 30 show that below P .. an increase in pressure causes a decrease
in pressure drop resulting from a reduction in the vapor formation in the
flowing LN;. Near Pp,.;, additional increases in pressure cause enough
suppression of the vapor phase so that vortex shedding begins to occur,
and this causes disturbances in the flow and an increase in the pressure
drop. Increasing pressure from Pp, i, to Py, Creates an increase
in the pressure drop as the vibrational amplitudes build to a maximum.
Increasing the pressure above Ppmax results in decreasing the pressure
drop since vibrational effects remain constant but the flow media progressing
further into the liquid phase. Although results were not obtained at pres-
sures higher than 20 psig, it is expected that the pressure drop would level
off at the higher pressures and remain at a constant value.

The pressure drop data presented here indicates that bellows heating

will not only create a change in the vibrational characteristics of bellows
but will alsc alter their pressure drop characteristics.
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V. HEAT TRANSFER ANALYSIS

V.1 Introd uctioﬁ

The experimental results presented in the preceding section indicate
that heat transfer to a flowing cryogen through a bellows wall can change the
flow-induced response of the bellows by altering the vortex shedding phenom-
ena. A concept of how this likely occurs is illustrated in Figure 31. For
a condition of no heat transfer, the vortex shedding phenomena will behave
as illustrated in Figure 3la. If, however, the fluid is heated somewhat,
and the internal pressure is low enough, then cavitation in the vortex forma-
tion and shedding region can occur, and this will tend to reduce the vortex
force; see Figure 31b. For even greater heating inputs, local boiling can
occur in the convolutes as well, as shown in Figure 3lc; this likely corres-
ponds to a condition of complete suppression of the vortex shedding phenomena.

In order to gain a better understanding of the heat transfer effects,
and to obtain a method for predicting the operating conditions at which the
bellows response characteristics are altered, a heat transfer model has
been developed. The model may be used to predict temperature distribu-
tions across the bellows between the environment and the flowing medium.

A knowledge of this distribution, combined with a defining cavitation number,
allows the operating pressures at the initial points of maximum and minimum
dynamic strain to be correlated and predicted. The effect of irost formation
on these pressures is also obtained, and a limitihg frost thickness is deter-
mined for different environmental conditions,

V.2 Heat Transfer Model Development

Geometry

The bellows geometry, Figure 32, for purposes of setting up a heat
transfer model, was assumed to be a thin walled cylinder of radius, ry,,
equal to the mean radius of the bellows and of length £ corresponding to
the actual expanded length along the convoluted surface. This length is given
in terms of the bellows geometric parameters as

2 = 2N (_@2;13_1_) +(2Nc-l) o, (9)

and the corresponding wall area is

Aw = Zwrmﬂ
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Heat Transfer

The heat transfer was assumed to be one-dimensional steady-state
conduction and convection in the radial direction of the thin-walled cylinder,

with no conduction along its length.

The heat transferred between the bellows environment, at temperature
T, and the flowing liquid at T is given by

TO'TS .
Q= "3x (10)
where

which is the total resistance to heat transfer caused by the thermal potential,
Tg-Tg. The resistances are defined as follows:

1

R =
-l wo bo

A (11)

which is the convection resistance between the environment and the outside
surface (frost or wall).

[ m+t —I—tf):[( 1 )
2Tl K¢ (12)

is the conduction resistance of the frost at thickness t; and having a thermal

conductivity Kf;
Ten + ty, ( 1 .
Rg = [jﬂt( P 278 Koy, ' (13)

is the conduction resistance of the wall at thickness tw and with thermal
conductivity K,

and

1

Rg = hj Agj (14)

is the convection resistance between the inside wall and the free stream.
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In order to utilize these equations to obtain heating rates and
temperatures, a knowledge of the inside and outside convection coef-
ficients, h; and h, must be known as well as the bellows geometry,
and thermal conductivity, Ky, and the frost conditions, ty and K¢. The
most difficult parameter to estimate is the inside heat transfer coefficient,
by, which depends on the state of the LN, in the convolutes. That-is, can
the heat transfer between the inside wall and the stream be described as

(a) Forced convection with minimum boiling (Twi - Tg <59
(b) Forced nucleate boiling (5° <Twi-Tg <20°)

(c) Forced unstable film boiling (20 < T ;-Tg <609, or
(d) Forced film boiling (T_;-Tg >60°) ?

The temperature ranges given above are for pool (static fluid)
boiling, but a review of experimental data of forced flow boiling heat
transfer to cryogenic fluids indicates that these ranges are approximately
correct for forced flow boiling also. While a tremendous amount of work
has been done on pool boiling of liquids, few correlations exist for forced
flow boiling heat transfer. Some experimental work and a few analytical
studies are available as a guide.

If Case (a) represents the heat transfer in the convolutes then the
work of Nunner (3) can be used to estimate h;, thus

Nug 0. 0384 (Reg)™ /4

- 15
1+A (Req) Y8 (2,1 -1y (15)

RedPrl

where

) .

P =P, (£/1,)
(16)

a=1.5@1)Ve

and the bellows friction factor, f,* and that for a smooth pipe, fj, are

determined for the bellows Reynolds number, Reg.

If Case (b) is valid where nucleate boiling dominates, then from

Reference 4, h; is given by
1/3 1/6
OpTwi-Tg) _ (Bi(Twsi-Ts) T o L7

where 0.0022 < a < 0,015,
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For Case (c) Bromley (5) estimated h; by

1 1/2 -
Voo Kvpv)"
By = C DW('TWi'Ts) (18)
where
. 0.4('1‘W 'TS)Gpv

and C = 2.7 for forced flow over horizontal tubes.

Once the sftate of the fluid in the convolutes has been determined
then either Equation (15}, {17) or (18) may be used in the analysis. If
unstable film boiling exists (20 < Tw-Ts < 60°F) no analytical method
is available, and an extrapolation between nucleate and film boiling must

be used.

The outside convection coefficient, ho, can be determined from
correlations for the forced flow of air over cylinders, by

hoDo - Cc VairDo m (19)
Kair YVair

where C and m are functions of Reynolds number, or from the literature
when natural convection is considered. Typical values of h, for natural
convection of air to cylinders range from 1 to 5 Btu/br £t2 OF.

Pressure at Peak and Zero Strain

With the heat transfer model in hand, the bellows inside wall
temperature can be determined by

Twi =Tg +QRy (20)
Knowing T, ;, an estimate of the bellows operating pressure at peak and
zero strain can be obtained from a set.of cavitation numbers defined as

- P T .
5 = P Bmax v @ Twi (Cavitation number at

m Qoo peak strain) (21)
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P =P _@T,_ .
G = Bmin = ik (Cavitation number at

© Yoo zero strain) (22)

where Py at T,; is the vapor pressure corresponding to the inside wall
temperature and q, is the dynamic stream pressure. 'The vapor pressure,
P, is given by the relation (Reference 6)

Log,o Py (ATM)

1

A+ AZ/TWi + Asg Twi + A4 Twiz

+ Ag Twi3 +Ag Twi4'+ Az Twi5 (23)
where A} = 5.27805(1071)
A, = 3.0507339(1072)
A; = 1.6441101(1071)
Ag = 3.1389205(10°3)
A = 2.9857103(10°)
A, = 1.4238458(10°7)
Ag = 2.7375282(10‘10)

and T ; in °K.
The cavitation numbers at peak and zero strain, together with the
inside wall temperature, LN, flow velocity and density, allow Pg.,, . and

PBmin to be calculated.

To determine P,_ . and for a given bellows operating and

. . min . PBmax
envitronmental condition:

{a) Calculate T ; from heat transfer analysis.

(b) Determine Py at Ty

(c) Calculate Py i, from Oy (determined experimentally)
(d) Calculate Py, o, from oy, (determined experimentally)

The experimentally determined cavitation numbers are presented in the
next section.
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V.3 Results .

Cavitation Numbers at Peak and Zero Strain

The model presented in the preceding section requires a knowledge
of the cavitation number in order that an estimate of the operating pressures
at peak and zero strain may be made. The experimental Pp,,,, and Py 5,
data presented in Figures 27 and 28, together with the heat transfer model
(which yields Py at T,;) allowed ¢, and oy, to be determined. To utilize
the heat transfer equations, the inside convection coefficient h; was deter-
mined from Equation (15), and the outside coefficient h, was assumed to be
4 Btu/hr ft2 OF, Use of Equation {15) to detexmine h; wa.s based on the fact
that experimental values of outside bellows skin temperature obtained in the
testing revealed that the wall temperature remained near the stream tempera-
ture. This indicates that the inside heat transfer is the result of forced con-
vection. A value of 4 Btu/hr ft* OF was chosen for h, since the bellows
environment was calm, but bellows vibrations caused some agitation of the
air near the convolutes. Work on natural convection from vibrating wires (7)
indicates that the assumption of hy = 4 Btu/hr ft% OF is valid. Fluid and
thermal properties in Equation (15) were evaluated at the stream temperature.
Usually, an evaluation of properties is made at some stream temperature
between stream and wall values. This requires an accurate guess of Tyeans
or use of an iteration procedure until the guessed and calculated values cor-
respond. Since wall and stream temperature values were within a few degrees,
using the stream temperature to determine h; should result in negligible error.

Vapor pressures corresponding to T3 calculated from the model,
and combined with experimental values of Py, . and PBmin were used to
determine o, and oy, from Equations (21) and (22). The results are pre-
sented in Figure 33. The average cavitation number at initial maximum
strain (0, at Ppyy,y) for the eight experimental conditions is 2.25. The
cavitation number at initial zero strain (0, at Ppmip) is 0.4 for the eight
experimental conditions. These cavitation numbers are reasonable con-
sidering initial cavifation usually occurs when the cavitation number is
reduced to near one, and gross cavitation occurs between zero and one.
These results indicate that when operating conditions are such that the
cavitation number nears o,, initial cavitation begins and vortex shedding
is damped; see Figure 31b. When o, is approached, vortex shedding is
completely suppressed; see Figure 3lc. y

Operating Pressures for Different Environmental Conditions

The cavitation numbers given in the previous section, together with
the heat transfer analysis have been used to predict Pgy, . and Py, under
more general conditions than those tested. The computations were made by
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a digital computer, since the equations are cumbersome and not conducive
to hand calculations.. A listing of the program is provided in the Appendix.
The computation proceeds as follows:

(a) Bellows geometry and LN, flow velocity and temperature
are introduced into the program.

(b)  Equation (15) is used to determine h; with LN, properties
evaluated at Tg.

(c) Environmental temperature Ty, outside convective
coefficient h, and frost thickness t;y were allowed to
vary.

(d) Frost thermal conductivity (8) is assumed to be 0.030
Btu/hr ft °F, -and bellows wall conductivity 10.0
Btu/hr ft O°F for stainless steel.

(e) Eqguations (11) and (14) are used to determine the heat
transfer resistances.

(£} Equation (10) is used to calculate the heat transfer.

(g) Equation (20) is used to obtain T,,; and Equation (23) to
determine Py.

(h) Ppmin is then determined from Equation (22) for o, range
of 0 to 1.0 and Pp,,,, for oy from 1.75 to 2.75.

(i) PBmax and Py . are determined for a range of T from )
~-200 to 280°F and for h, varying between 2 and 20 Btu/hr ft

°r {from natural to forced convection on the outside bellows
surface). Frost thickness is varied from 0 to 1inch at each
condition of Tg and h,.

The results of the previous calculation procedure indicate that the
largest resistance to heat transfer from the environment to the fluid flowing
in a bellows occurs from the outside convection characteristics and from
the insulating effect from the frost. The thin bellows wall offers little
resistance to heat flow, and the inside convection resistance is small
because of the forced flow over the rough convoluted surface. Since the
inside convection resistance is small, the inside wall temperature remains
only a few degrees above the stream value, and use of Equation (15) remains
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valid. Equation (15) is also considered ideal for estimating h; since

it was shown to fit experimental data taken on pipes artificially roughened
by attaching various size rings to the inside surface. The riﬁgs would

be d1rectly' analogous to the convoluted section of a bellows. The friction
factor, £, used in Equation (15) was determined from previous friction
factor data (1) obtained for 2-inch diameter bellows over a range of
Reynolds numbers, . -

No Frost Formation

The results of this analysis are presented in Figures 34 and 35
for a 2-inch diameter bellows flowing LN, at a velocity of 21 fps, cor-
responding to the first mode frequency, and with no frost formation on the
bellows exterior surface. The values of Pomax 204 Py i were deter-
mined from o, and o, equal to 0.4 and 2.25, respectively. The results
indicate that

(a) Increasing the outside convection coefficient from 2 to 12
Btu/hr ft °F, with a constant environmental and stream
temperature, causes a corresponding increase in the value
of Ppyyax 20d Ppoin. The :céange on h, represents natural
convection (hy = 4 Btu/hr ft* °F) to forced convection at
h, =12 Btu/hr e OF, representing a wind velocity of 40
mph from Equation (19).

(b} Increasing T at a constant hy and T also results in a
corrésponding increase in Ppmpay 204 Pyoin-

Frost Formation

The effects of frost formation are presented in Figures 36 and 37
for the same bellows and flow conditions as for the no-frost case. In this
case environmental temperature is held constant at 80°F and- the effects
of frost thickness with varying outside convection conditions are presented.
The limiting frost thickness is determined by examining the frost tempera-
ture at the outside surface as given by

TfO = TWl +QR2
Once the frost thickness has increased to a point where the temperature

drop across the frost is such that Tg, = 32°F, then no additional frost
buildup will occur. The limiting thickness will depend on the total heat
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transier, Q, as determined from the environmental and stream conditions.
This maximum thickness is shown in Figures 36 and 37. These results
indicate that:

(a) For a given convection coefficient h,, frost buildup
insulates the bellows, reducing PBmin and PBma.x'

(b) Increasing h, at a given frost thickness results in an
increase’in Ppp, a5 and PBmin'

The results of the effects of frost buildup on the operating character-
istics of bellows are considered adequate to indicate the expected bellows
response when frosting occurs. However, it should be pointed out that
assuming a constant thermal conductivity of 0.03 Btu/hr ft °F under vary-
ing conditions of frost formation is a simplification of the problem. The
nature of frost formation on cryogenic feed lines is extremely complicated
and depends on the relative humidity, the temperature and other factors.
Experimental values of frost thermal conductivity vary, and the choice of
the frost conductivity was made after a review of the literature, and is
congidered to be adequate for this analysis.

Geometric Effects

An examination of the heat transfer model presented in this report
will show the effects of bellows geometry on the combined heat transfer/
cavitation phenomena that alters bellows flow induced response. Consider
Equations (11) and (15) for determining the heat transfer and bellows inside
wall temperature, respectively. If the heat transferred per unit wall area
is based on the inside wall area, Ayi» then Equation {11) becomes

¥ T _-T
AQ - (o] 5 (24)
wi Bywi ZR
and Equation (15) can be written as
s
T .=T_ +—2 R, A (25)
wi s T Ay 4 i

If dF/Av-vi and R4Awi are dependent on bellows geometry then Twi and Pv
will also depend on geometry.
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First, examining the term R 4Awi’ we find

RyBwi = hy i (26)

Therefore, RgA,; is independént of geometry except as h; is altered by
changes in convolute shape.

Next, examine Q"‘/Awi

A Agi Agyobo 2T Ky Tmt iy Kw Y

for the case of a thin walled cylinder where the thickness is such that

rz-—-rl

ry < 0,1 128)

then M'(I'Z/rl) can be estimated within 5 percent by (rp-r1)/r;.

Therefore, the wall and frost resistances can be estimated by

tw
Ry = —— (29)
KwAwi
t
f
Rg = oo 30
3% Ribumg {30)

if condition (28) is valid. Condition {28) is valid for Z-inch diameter bellows
with frost thicknelss of 0.1 inch or less, and the assumption becomes more
accurate for larger diameter bellows at greater frost thicknesses.

Utilizing Ry and R3 as given by Equations (29} and (30) yields

P . =1
Q (To"Ts . . S 51)
Awi Awi ‘Awoho AWiKW A oKy Awihi
and since
Ao T Ay for condition {28)
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then

o 1 tw trop)-1
= (Tp-Tyg) ;—+_~+_+h—
Ay o Kw Kg b (32)

the expression for heat transfer through a slab of area Ay

Since the wall resistance (t, /K ) is negligible compared to the
other resistances and t,, is small for most bellows, the resulting expression
for Q/A'Wl is 1ndependent of bellows geometry and is only a function of the .
environmental conditions. Therefore, the inside wall temperature used to
determine the vapor pressure will be strongly dependent on the bellows
inside and outside conditions (i.e., To: Tgs ty, Ky h; and hy) and only a
weak function of bellows geometry. This will be true only if the simplifying
assumption of heat transfer to a thin walled cylinder is an accurate model
and if the bellows is sinall enough to prevent sufficient heat transfer from
producing an appreciable temperature drop between bellows inlet and exit.
The restriction on constant stream temperature between the bellows entrance
and exit should be valid for short bellows under the low rates of heat transfer
represented by the environmental conditions considered.

Next, the effect of geometry on PBmaX and PBmin must be considered,

Solving (21} and {22) for Ppmax and Ppmin vields

PBmax = Pv@ Twi t 0y Qo {33)

and

FPBmin = Pv@T,,; * % Yoo (34)

The effect of bellows geometry on P, was shown to be minor, leaving
only ¢Qqy to be analyzed. No experimental data is available on cavitation
numbers at maximum and minimum strain except for the 2-inch bellows. It
is assumed that o, and oy, will not change drastically with bellows geometry
changes. However, the bellows velocity at which vortex shedding occurs is
dependent on bellows geometry and the different modes of vibration will
occur at different velocities. This-change in velocity with geometry and
vibrational mode will change the 09y, terms in Equations (33) and (34)
resulting in changing the values of Ppmax 2nd PR, i, The results of
geometry effects can be summarized as follows:
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{2} Bellows geometry differences for short bellows will
produce negligible changes in the calculated vapor
pressure for a given set of environmental and flow
conditions. Therefore, results presented in Figures
34 to 37 for a 2-inch bellows should be valid for other
diameters flowing LN, at 21 fps and -320°F.

{b) Bellows geometry differences will change the estimate
of PBmax and Pgpin since geometry affects the velocity

for a given vibrational mode.

General Remarks

All results are presented for velocities corresponding to the first
vibrational mode. No data has been taken at higher mode frequencies to
confirm the accuracy of this analysis. Also, Equation (15) used to deter-
mine h; will be affected by changes in Reynolds number through changing
Voo and D .. When forced convection on the outside wall of the bellows
becomes severe enough, the inside wall temperature will exceed the point
where boiling heat transfer can be ignored. Under these unusual conditions,
Equations (16) and (17) should be used only as an order of magnitude
estimate of h; as they do not directly apply to cryogenic flow in a pipe.
Also, the validity of Equation (6) is questionable at Reynolds numbers much

a.bgve 107 as the data this equdtion was based on covers an Re range up to
107,

In general, the analysis should be adequate fo yield an accurate
estimate of operating pressures to insure that cavitation does not occur
under a given environmental situation,
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VIi. EXTERNAL DAMPING

Vi.l Introduction

The prior discussions in this report have been devoted primarily to
one type of mechanism which can suppress bellows flow excitation where
cryogenic liquids are the flow media. This suppression was caused by
vapor formation in the flowing liguid which directly affected the vortex
shedding phenomena, and reduced the magnitude of the periodic force.
Another possible suppression mechanism where cryogens are the flow media
is the extra damping introduced by the external buildup of some combination
of ice, frost, or condensed air. Experiments have been conducted to deter-
mine the damping introduced by these three types of external media, and
the results are described in the following discussions.

i
V1.2 Frostand Ice Damping

Frost buildup alone on a bellows with an internal cryogen flow has a
minor to negligible effect on the amplitude of flow-induced vibrations. Several
experiments were conducted to determine if the vibration was suppressed by
frost formation, and in 2ll cases where frost alone was present, no fruly
significant reduction was noted. This was true even for heavy frost buildups.
Figure 38 illustrates frost conditions typical of those for which tests were
conducted.

The fact that frost alone yielded negligible external damping is under-
standable since this media has a very low mass, based on total volume occupied,
and may be easily "crushed'. Therefore, when bellows vibrations occur, the
built-up frost offers negligible resistance to convolute motion.

External ice buildup with internal cryogen flow may or may not cause
suppression of the flow-induced vibrations. As might be expected, if the ice
buildup is of sufficient magnitude so that the spaces between the convolutes
are largely filled with ice, then no vibrations will occur.

When thinne? ice coatings are present, low energy vibrations are
completely suppresszed, but high energy level vibrations cause the ice coating
to crack and fall off so that the original or undamped (external damping)
vibration amplitude is restored. Figure 39 illustrates this phenomena. The
top strain-velocity curve illustrates flow-induced vibrations of a bellows with
no external damping media. Figure 39b illustrates the behavior of a bellows
with a light ice buildup. Note that the first mode (lower energy level mode)
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Figure 38. Photographs Of Frost Builtup On Test Bellows
With Internal LN, Flow
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is completely suppressed. The second mode, however, is only suppressed
up to a certain maximum velocity where breakup of the ice occurs and the
original vibration araplitudes are thereby restored.

V1.3 External Liquid Damping

Experiments conducted in the laboratory revealed that bellows damp-
ing, because of the presence of an external liquid, can be quite significant.
Since such a condition generally occurs only where liquid hydrogen or helium
is the flow media, our experiments were conducted under simulated condi-
tions employing external water damping on bellows flowing water and air.

In conjunction with these experiments, an analysis was performed to develop
a mathematical model for this type of damping.

Figure 40 illustrates the mechanism believed to be responsible for
damping of a bellows covered on the outside by a liquid. As shown, vibratory
motion of the convolutes causes the external liquid to be periodically forced
in and out of the space between convolutes. Estimates of the Reynolds number
typical for this periodic motion show that a transient turbulent situation likely
exists. Therefore, it is reasonable to expect that this external periodic
fluid motion will produce a damping force on the vibrating convolutes. This
force, because of the turbulent dissipation mechanism, will be proportional
to the convolute relative velocity to the second power.

Based on the above hypothesis for external liquid damping, a mathe-
matical model has been developed for the convolute vibrations for a case
where external damping alone is present (no conventional damping). The
results have been formulated in terms of a Stress Indicator equation, to be
compatible with earlier results, and this equation is

€ 5‘tENp CF P4
Si,s T : , €% 0.25 (35)
e

SI. = Stress Indicator for external damping alone
€ = Empirical constant, €% 0,25

E = Young's modulus for bellows material

t Bellows wall thickness per ply

6 = Space between convolute tips
N
f

where

Number of plys

i = Bellows vibration frequency
h = Convolute height
Cg = Vortex force coefficient
Pa = Internal dynamic fluid pressure
Pe = External media mass density
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Since some conventional damping is always present, Equation (35) does

not indicate the true bellows flow-induced stress level, but only the
external damping limited part. To get the true or correct Stress Indicator,
it is necessary to combine the conventional value and the external damping
value. This may be done by the expression below, or

SI, = 1 L, 1 (36)
SI Sle
where
SI = Stress Indicator for Conventional Damping {(see Reference 1)
ST = Stress Indicator for External Damping Alone (see Equation (35)).

In order to judge the severity of bellows vibrations from a calculation of SI.,
the results given in Figure 48 of Reference 1 apply; this figure has been
reproduced as Figure 4 in this report. It rnust be emphasized that the
empirical constant ¢ in Equation {35) was obtained from a limited amount
of experimental data, and therefore the value indicated above is tentative.
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Vi, APPLICATION OF RESULTS

VII.1 Summary of Use of Results

This report has described\\{results of an investigation of bellows
flow-induced vibrations where a cryogen is the flow media. It has been
demonstrated that the phenomena is predictable by the method presented
in Reference 1, except for two important limiting cases. First, if boil-
ing and/or cavitation occurs in the bellows, then the vortex shedding, hence
vibrations, will be suppressed. Second, the presence of an external buildup
of frost, ice or condensing liquid can also suppress the vibrations. The data
in Reference 1 provides an upper-limit prediction of vibration amplitudes,
and the phenomena described herein are vibration suppression mechanisms.

From the standpoint of a designer or test engineer, it is important
that these possible suppression mechanisms be recognized so that the
worst-case condition is examined in any design or test activity. The case
history reported in Reference 2 is dramatic evidence of the importance of
recognizing these suppression mechanisms.

As an aid to the reader, the following sections have been prepared
summarizing a procedure which might be followed in predicting these flow-
excitation suppression effects.

Suppression by Internal Vapor Formation

Utilizing the heat transfer analysis presented in this report to deter-
mine when flow excitation of a bellows will be suppressed proceeds as follows:

(a) Using the-results of Reference 1, determine the flow
velocity where flow excitation is expected.

(b) Calculate the internal heat transfer coefficient by from
Equation (15) by determining the Reynolds number Regq and
Prandtl number P, at the stream conditions, and friction
factor ratio f#/fo* from Reference 1. BRase the Nusselt
number Nu on D, and base Reg on D; for a conservative
h; estimate.

(c) Determine the external heat transfer coefficient hg from
a knowledge of bellows environmental conditions. Use
Equation (19) for forced flow over the bellows or any other
suitable expression for the expected bellows environmental
condition, (i.e., natural or forced convection or condensation).
If frost is pre se:nt, estimate its thickness and conductivity.
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(d)  Calculate the overall heat transfer from Equation (32).

(e} Calculate the bellows inner wall temperature Ty, from
Equation {25).

(f) Determine the cryogen vapor pressure P, at temperature
Twi from Equation (23) for LN, or an appropriate expression
for other cryogenics.

{g) Using the cavitation number limits coand om of 0.4
and 2.25, respectively, calculate the operating pressures
Pgmin 804 P, from Equations (33) and (34). These
defining cavitation numbers resulted from LN, experimental
data but should be adequate for predicting strain suppression
with other liquids as the flowing medium.

(h)  If the bellows operating pressure is above Py gy {10W-
induced response is possible and predictable by the method

of Reference 1. If the operating pressure is between Ppmax
and PRy, i, some damping of i;he response is expected. If
the operating pressure is below Ppg,,ijy, 1o flow-induced
response will occur.

External Damping Vibration Suppression

The damping effect of frost alone can be neglected. Thus, for liquid
oxygen and liquid nitrogen flows where a buildup of frost alone is usually the
case, the results of Reference 1 apply but the possibility of internal vapor
formation exists, and must be examined by the above procedure.

Ice formation may or may not produce a damping effect, depending
.on the level of buildup. In the laboratory, ice occurred only by deliberately
pouring water on the bellows, or by periodic melting of the frost layer with
external heating. Ice buildup should be treated as a very special case, the
effect of which can only be accurately determined from laboratory testing.

External liquid (air) condensation will generally occur only for liguid
hydrogen or cold helium flows. An estimate of the vibration severity with
this damping mechanism present may be made by the procedure given in
Section V1.3 4f this report.
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Realistic Testing

It should be evident from the results in this report that in per-
forming flow-induced vibration tests on a bellows with internal cryogenic
liguid flows, one must properly allow for possible vapor formation or exter-
nal damping. If the bellows is to be operated under conditions where no
external heating or damping media buildup is possible, such as in a vacuum,
then the bellows should be tested under the same conditions. The only pos-~
sible shortcut found in the laboratory was to use an external purge of the
cold boil-cff gas from the test to minimize heating and external damping
effects. This means use cold GN, GOX or GH) where LN,, LOX or
LHy are the flow media, respectively. Practical difficulties may make it
easier to go ahead and provide an external vacuum environment rather than
use this procedure, however.

For monitoring flow-induced vibrations of bellows, experience has
shown that only convolute strain measurements are absolutely reliable.
Other monitoring methods such as duct vibration, internal pressure measure-
ments, and external acoustic emission have been evaluated. In gemneral,
these other methods are undesirable, except for providing qualitative informa-
tion, because they give output signals with an unrealistic frequency content.
Examination of the spectral content of a duct acceleration signal, for example,
often shows vibrational energy at the actual bellows frequency plus several
harmonics of this frequency. A convolute strain signal from the same bellows
will only reveal significant energy at the actual bellows frequency.

Because of the high frequencies involved, and the severity of the
vibrations, proper mounting of strain gages can be a problem. Thorough
cleaning of the convolute surface and use of an epoxy for mounting the gages
has resulted in reliable installations in our laboratory. Only very fine lead
wires (2% 0. 005 inch) should be soldered directly to the convolute strain
gages. These fine wires should be attached to the main signal leads at
terminal strips cemented on the duct adjoining the bellows. A fine coat of
rubber cement should be put on the small lead wires to provide some damp-
ing and help prevent wire fatigue failures. Care must be taken to ensure
that the output instrumentation has adequate frequency response for the
signals anticipated.

VII.2 Example Situation

Reference 2 discussed bellows flow induced response changes with
changing environmental conditions, and resulted from an investigation into
the failure of a braided bellows (J-2 engine, ASI line) carrying LH; with
an external vacuum environment., The failure was attributed to the bellows
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being qualification tested in a normal atmospheric environment which
created suppression of the flow-induced vibrations, hence, did not allow
maximum vibratory strain to occur. The authors of Reference 2 indi-
cated that air condensing between the convolutes and the braid caused
suppression of the bellows vibrations. However, the authors seem to
relate this to a heat transfer effect, which is highly unlikely. By their
own calculations the bellows wall temperature with film condensation was
~396°F with the hydrogen flowing at ~400°F and 1000 psia (our own analysis
confirms this). A 4° change in temperature between the wall and bulk flow
at 1000 psi was too small to cause a density gradient sufficient to influence
the vortex shedding.

The mechanism responsible for the reduced response under these
conditions was most likely the added damping action of the external liquid
air. Application of the external liquid damping model (see Section VI. 3)
to this ASI line case, indicates that this particular suppression mechanism
could have reduced the flow-induced vibrations to about 20 percent of the
vibration level observed with an external vacuum.

In Reference 2, the conclusion that heat transfer caused the vibra-
tion suppression of the ASI line was based, in part, on a test where hot
helium gas at a mean temperature of 285°F was blown over the bellows
surface. It appears from the figures in Reference 2 that this forced heating
created a fluid temperature in the convolutes of -330°F compared with
-400°F in the bulk flow. This type of temperature change could have pro-
duced a sufficient density gradient in the convolutes to suppress the voriex
shedding and reduce the vibrational response. However, the amount of heat
transferred with the hot helium was about 17 greater than for the case with
condensing air, assuming the inside wall heat transfer coefficient didn't
change. Therefore, the two cases were not analogous, and the reduced
bellows response, in our judgment, was created by a different phenomena
for each case. That is, with condensation, ligquid air damped the response,
while for the hot helium test a density gradient in the convolutes probably
suppressed the vortex shedding.

It should be noted that, since the tests in Reference 2 were performed
at pressures abové the critical pressure (1000 versus 188 psia), the state
of the hydrogen in the bellows was not well defined in terms of being a liguid
or vapor. At super-critical pressures a liquid and vapor phase cannot exist
simultaneously, and any large temperature difference that exists between
the bellows wall and bulk flow as the result of heat transfer will only cause
a density reduction of the fluid in the convolutes which could lead to a change
in the vortex shedding.
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vHaI. CONCLUSIONS AND RECOMMENDATIONS

VIII.1 Conclusions

A number of conclusions have been derived from the study reported
herein; these are:

(a)

(b)

(c)

(e)

(g% -

Vibrations excited in bellows by the internal flow of a
cryogenic liquid are caused by the same fluid-elastic
instability reported in Reference 1 for internal water and

air flows.

Where no internal boiling or phase change occurs, and
where no frost, ice or condensed liquid appears on the
bellows exterior, the flow-induced vibration with an

internal cryogen is predictable by the method reported

in Reference 1.

If a phase change of the flowing media occurs and/or
external frost, ice or condensed liquid is aliowed to form,
then the bellows vibration amplitudes, hence, the dynamic
strain levels, will be reduced from the condition of {b}.

The conditions under which an internal phase change will
produce suppression of the bellows flow-excitation are
predictable. .An analysis for making this prediction is
presented in this report.

The presence of frost on a bellows can produce a negligible
reduction of the vibration amplitudes by virtue of some added
damping. )

If built up prior to the initiation of flow, a heavy ice layer
can completely suppress flow-induced vibrations of bellows.
If, however, the ice is formed after flow-excitation is
initiated, the convolute vibrations will prevent large buildups
by causing the ice to crack and fall off. Ice buildup on a
bellows is generally a rare occurrence unless water is
purposely poured over the cold convolutes.

Condensation of significant quantities of gas constituents from
the ambient surroundings can produce a significant damping
of the bellows flow-induced vibrations. This condensation
would be most pronounced for internal liquid hydrogen or cold
helium flows. A model for predicting vibration amplitudes
when an external liguid is present is given in this report.

78



VIII.2 Recommendations

-

We have several recommendations to make regarding the results
of this report:

(a)

(b}

(c)

Each application of a bellows where an internal cryogen
is involved should be carefully examined to determine
the possibility of flow-induced vibrations in all operating
environments expected.

Where no heat transfer effect or external damping is antici-
pated, the results in Reference 1 should be used for prediction
purposes.

Where heat transfer and/or external media effects are
anticipated, the results given in the present report should
be used.

79



APPENDIX A

LIST OF SYMBOLS



LIST OF SYMBOLS

Projected convolute area {w Dmh)
Inside wall area
Outside wall area

Vortex force coefficient

Bellows vibration mode factor
Specific heat at constant pressure

Inside bellows diameter

Mean bellows diameter
Outside bellows diameter
Bellows friction factor

Bellows reference freguency

Smooth pipe friction factér
Convolute height

Enthalpy of vaporization
Inside convection coefficient
Outside convection coefficient
Bellows spring rate

Thermal conductivity of frost
Thermal conductivity of vapor
Thermal conductivity of wall
Bellows length for heat transfer model
Bellows elemental mass

Bellows vibration mode number



List of Symbols,..Cont'd.

N, = Number hof convolutes

Ny, = Number of plys in bellows wall
N, = Nusselt Number

Py = Bellows Pressure

Pamax Bellow.s‘ pressure at maximum strain
Ppamin = Bellows pressure at zero strain
P. = Prandtl number

PT = Tank pressure

= PN = Stream dynamic pressure

Q Co= Dynamic a.mplification factor, a measure of damping
Q* = Heat transfer

I'm = Mean bellows radius

R = Resistance to heat transfer

Reg = Reynonlds number

t = Bellows ply thickness

Jt = Frost thickness

tw = Wall thickness

Tso = Qutside frost temperature

TO = Environmental temperature

L = Stream temperature

T = Wall temperature

v = Flow velocity



List of Symbols...Cont'd.

Pe
Pg

P

Viscosity of Liquid

Kinematic Viscosity

Convolute width

Cavitation number at maximum strain
Cavitation number at zero strain
External media density in diamping model
Liguid density

Vapor density

Surface tension



APPENDIX B

HEAT TRANSFER COMPUTER PROGRAM



N R

.

o

3

T

Heat Transfer Program Lasting

PROGRAM L2HEATLENPUT,OUTPUT)

READ 2.V»D1,DDS16.FNC, TS FF,FLW, Z4FKF
FORMAT(10F5,4)

JD={CI+DE) /2,

FLLEZ, *FMCu( (DD=D11/2.14(2,7FNC=1, 15516
AW=(3,148DDeFLLY /1440

FRW=10,0

4aixh,250FLLeFRw/12,0
AR2=5,28¢FLLaFKF/12,0

RR=0D/2,38

R3=(AL0G( CRR+FLn ) /RRY 3 /AA1

DN=5%, 4

VISR=3. 2606

CPN=, 475

FKN2,0789

RE={DNeyeD] )/ (12e32, 28 VISN)

Foe,p15
FPRa(VISNSCPN/FRN)63600832,2
FPR=(FF/FO)aFPR
-A=1,5/{FPRax, 167}

BzFpPe-1,0

FNUS{ ,8364%(RES»D,753)#FPR)I/{1L.D+{A/{RE 20 ,:328)) ¢ B)
FHI=(FNUsFKN#12,0)/D0
R491.0/(FHI=AW)

PRINT J&:FHI, R3:R4
FORMAT(30X,F10+442F10,86)
A130,527805

APz=3053,0733%

A%z, 16441410

A43-,00343892
ASc2,9857103E-05
AGe=1,4238459E=07
A7=2,73752u2E-10

Cavpizl,n

CAvO2s1,%

‘CAVMLEL,6

Cayie=3,2
DP=(50,48Y042)/(£4,40144,)

FLF=D,0

T02-249,0

FH0=203

RA#1 .6/ [FHOsAY)
R1zRi«{RR/{RR+FLW+FLF))

R2={ALOG( (RR+FLWAFLF )/ {RR#FLW) }) /A2
R=RL+RZ+7I+R4

G2(T0=TSI/R

TE=TC+%aR1

THISTS+GeR4

TR=T[+459,%

TK=TR/), 8
ATMoAL+AR/TK#AI#TKH A0 TKa#2+452TKE a3+ A6 TKB 24 +AT 8 TKe a5
Epy=14,694010,0082TH]

» FPOL=FPy+CaveL»DP

40

.

FRO22FPVHCAVOZADP
FPMi=FPV+CAYMLeDP
FPM2cFPY+AYMZ#DP

Gonvolute Width, Number of Gonvolutes, Stream Temp,
Bellows Friction Factor, Wall Thickness and Frost Conductvity

WMuwaient length

Wall area
Wall Conductrvity

_[Read: Flow Velocity, Bellows Inside and Outside Diameter

L

Wall Resistance
LN5 Density

ENg L3280 eat

LN2 Thermal Conductivity
Flow Reynolds No.

Smooth Pipe Friction Factor
Prandtl No.

Modified Prandtl No.

NN

— Nusselt No,
— Inside Convection Coefficient
=" Imside Resistance

Cavitation Number Range at
Zerg Strain
:[Cavitahon Number Range
At Maximum Strain
Dynamic Pressure
— Inmitial Frost Thickness
— Imtial Environmental Temp
— Intial Qutside Gonvection Coefficient

— Outzide Resistance
— Frost Resistance

~ Total Resistance

T Heat Transfer

~ Qutside Frost Temp

T Inside Wall Temp’

— Vapor Pressure at TW]
Preggure Range at
Zero Strain

ressure Range at

PRINT40,70, TS, FHO:R1.R2,R: 8, TF 4 TH] FOV1FPOL, FPOZ, FPML, FPH2 Maximum Strain

FORMAT{2F10,244F10,643F13,6,8F6,2)
FHOZFHO42,3

1F{FHO=20,015,3,4

70270440, 0

<F{T0=300,0)7,7,8

™

o D

FLF=FLF+0,05
IF{FLF=C,5}5,5,9
[F{Z=1.:.0}1,6,6
CONTINVE

5TOP

END

— Change é)utside. Gonvection Coefficient
— Change Environmental Temperature

— GChange Frost Thickness


http:TFSTC-9.R1
http:Ai.5/(FPRn*-.67
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