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FOREWORD

This report is Volume II of a three-volume final report
which presents results of work performed by the Lockheed-
Huntsville Research & Engineering Center for the NASA-

Marshall Space Flight Center under Contract NAS8-26642.

The NASA contract monitor for this study was E. Haschal
Hyde of the Structures & Populsion Laboratory.

The total work performed under Contract NAS8-26642 is
documented in three separate volumes. Volumes I and III are:
Volumeé I — Study of Multilayered Insulation

Pipe Penetrations, LMSC-HREC
TR D390690-1I

Volume III — Long Term Cryogen Storage,
LMSC-HREC TR D390690-III

The document control numbers of Volumes I and III are identical

to this volume with the exception that the last digit following the
basic DCN is either a -I or -IIL
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Section 1
INTRODUCTION AND SUMMARY

1,1 THERMAL ACOUSTIC OSCILLATION PHENOMENA

In 1850, Sondhaus observed that audible sound was produced from the
tubes used by glass blowers. A gas flame applied to a bulb-end caused the
air in the tube to oscillate and produce a clear sound which was characteristic
of the dimensions of the tube. This discovery is known as the Sondhaus thermal
acoustic oscillations phenomenon. Lord Rayleigh in 1878 provided an explana-
tion for the spontaneous occurrence of these heat driven oscillations, He ex-
plains that the oscillations occur if heat is added to the air at the point of
greatest compression and heat is taken out at the point of greatest-expansion.

This explanation has become known as the ""Rayleigh criterion."

The occurrence of thermal acoustic oscillations in low temperature
apparatus was observed by investigations as early as the 1940s., The oscilla-
tions occur because the Rayleigh criterion is fulfilled for these systems. A
tube which penetrates a cryogenic storage vessel can become filled with vapor
due to normal boiloff of the cryogen. If the tube is closed on one end and ex-
posed to an ambient thermal environment, then heat is added to the vapor at
the closed end. Oscillations are initiated by expansion of the fluid as it is
heated. The oscillations, in turn, force vapor from the tube at the open end.
Cool vapor is then w1thdrawn into the tube to replace the mass which was
ejected. This process is sufficient to ‘'sustain the oscillations for long periods

of time for certain geometries and boundary values. The large temperature

~ gradient imposed on a compressible fluid is the driving mechanism.

In addition to being annoying, these thermal acoustic oscillations can
be detrimental to the storage of cryogens. The acoustic pressyre waves
transfer heat from the warm end of the tube into the cold liquid. Investigations

have determm 2d tnat the add1t1ona1 heat leak due to oscﬂlatmns can be several
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orders of magnitude larger than the normal (no oscillation) penetration heat
leak. This large amount of heat pumped into a cryogenic storage vessel can
cause such large boiloff to render long-term storage on space missions im-

possible.

The thermal acoustic oscillations phenomena has been the subject of
many investigations, both analytically and experimentally. Most of the experi-
mental work has been concerned with characterizing the oscillations rather
than measuring the boiloff rate (i.e., heat leak) for different tubes and para-
metric values. The analytical efforts have been confined to studies of linear-
ized hydrodynamic equations. These attempts have failed to predict sustained
oscillations due to the neglect of the nonlinear driving mechanisms. No attempt
has been made,until the present work, to analytically predict the heat transfer

due to thermal acoustic oscillations.

1.2 STUDY OBJECTIVES AND APPROACH

The objectives of this study are to determine:

The conditions which cause or suppress oscillations

The frequency, amplitude and intensity of oscillations
when they exist

The additional heat leak induced by the oscillations, and

Parametric system parameters which can be adjusted to
suppress oscillations and thus heat transfer,

A general analytical tool was developed for satisfying these objectives,
In addition to developing the analytical model, a major objective of the study
is to obtain parametric curves which can be used by a designer in analyzing
a particular sysfem. This requires a parametric study to be done using the
analytical tool. The final goal is to verify the analytical model by comparison Yoy

with experimental data.

The approach used in the model development was to obtain 2 system of differen-

. tial equations and boundary conditions which represent the physical problem.
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The most general equations describing the thermal acoustic oscillations phe-
nomena are the Navier-Stokes equations. These are very complex in their
general form, and no solution for general cases have been reported. The
approach taken here applies certain assumptions, which are justified, to ob-
tain equations which can be solve&. Even in their simplest form for thermal
acoustic oscillations, these cannot be solved in ''closed form." However, num-
erical methods using a digital computer have been very successful in solving
problems in many aspects of fluid mechanics. The thermal acoustic oscilla-
tions (TAO) computer program is based on a numerical solution of the Navier-

Stokes equations.

In addition to a model for obtaining the solution profiles, a method for
determining the dominant frequency content, amplitude and intensity of the
oscillations is needed. A General Statistical Analysis (GSA) computer pro-
gram was utilized for this purpose. The TAO solutions are processed by a Fast
Fourier Transform algorithm and the power spectral density function is com-
puted, The TAO program and the GSA program together constitute the analytical

tools used in this study.

An experimental verification program was conducted in conjunction with
the analytical model development. A liquid helium research dewar was used for
the experimentation. Stainless steel and aluminum tubes having length to
diameter ratios from 100 to 1000 were used as the test penetrations. A Kistler
Piezotron pressure transducer was used in conjunction with a dual trace oscillo-
scope, a McIntosh audio amplifier, and a true rms meter to record the oscilla-
tion wave characteristics. The boiloff measurements were taken from a
commercial LHe dewar using a system containing vent valves, flow valves, a
surge tank, flow rate measurement valve, a Hastings-Raydist flowmeter and a
differential voltmeter. Measurements were made for oscillation frequency and
amplitude and boiloff rate for a matrix of tubes sizes, materials, and distances
of the tube in the dewar. The data were reduced and compared with results of

the analytical predictions.
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1.3 SUMMARY OF CONCLUSIONS AND RESULTS

The study has resulted in a number of conclusions regarding thermal
acoustic oscillations in cryogenic storage systems. These conclusions are

summarized below.

e A literature review has revealed that thermal acoustic
oscillations are a common occurrence in liquid helium
storage systems. Most investigators have discovered
very large additional heat leaks due to the oscillations.

e The present study has shown by analysis and experiment
that the oscillations do occur and can be sustained for long
periods of time,

e Thermal acoustic oscillations can potentially occur in any
cryogenic system which contains a tube penetration.

e The oscillations can be initiated purely by thermal means,
i.e., expansion of gas in a tube heated on one end and having
an open end exposed to a very cold environment,

& The stability of oscillations has been shown to be a function
of the length-to-diameter ratio of the tube, the temperature
ratio of warm end to cold end, the length of tube exposed to
the cold environment, the proximity of the tube to the liquid
surface and perhaps external disturbances. ’

e A stability diagram was devised for use in estimating the
existence of oscillations.

e Thermal acoustic oscillations produce large heat leaks to
stored cryogens. Analysis and experiment have shown
that as much as two orders of magnitude increase. in heat
transfer can occur if oscillations are present.

e The frequency of the oscillations studied range from ~ 2Hz
to as large as 100 Hz.

e A warm-end to cold-end temperature ratio of at least 6 is
required to sustain oscillations.

e Pressure amplitudes (peak-to-peak) as large as ~ 0.4
atm were obtained for large length-to-diameter ratio
tubes.

B

e The ratio of total heat transfer to pnre conduction heat
transfer correlates with oscillatiorn intensity.

e Thermal acoustic oscillations can disturb the liquid cryogen
itself by injecting mass causing stirring and apparent 'turbu-
lent-like' flow at the vapor/liquid interface.
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e The large heat leak produced by the oscillations can have
significant effects on storage of cryogens for space missions
such as the Space Tug. The boiloff rates could be large enough
to cut mission times short or prohibit them altogether.

e The study has identified system parameters which are at the
designers disposal for possibly preventing oscillations from
occurring.

e T,/T_ ratio below about 6 should prevent sustained oscillations.
TRiS is accomplished most readily by cooling the closed end of
the tube.

e The L L ratio should be kept small, i.e., minimize the length of
tube exposed to the cold environment.

e Tubes with small L/D ratios (e.g., 25) are less likely to induce
oscillations.

e The open end of the tube should not be placed close to the liquid
surface. This will minimize stirring if oscillations do occur.

e The oscillations can be damped by occasional venting through a
valve, etc., at the '"closed' end of the tube. ;

1.4 REPORT CONTENTS
) 'y

The organization of this report is summarized below to aid the reader

in quickly locating desired information.

Section Page Description
2.1 7. A historical survey of the literature is

given, including discussions on the explanation
of thermal acoustic oscillations and their
potential effects. '

2.2 28 This section presents a discussion of
the analytical model of thermal acoustic
oscillations including assumptions made,
model parameters and computer pregrams.
Section 2.2.5 presents analytical results
from the computer program study.

2.3 49 The experimental verifications program
is discussed. The apparatus used in
conducting the tests, sample test data, and
experimental anomalies are described.

2.4 - 78 The Lockheed anaiytical predictions are
: compared and contrasted with previously
reported theory and experimental data.



Section Page
2.5 82
3.0 95
4.0 98
5.0 ' 100

Appendix A-1
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Description

This section gives comparisions of
Lockheed's analytical model predictions
(2.2) with the experimental data (2.3).
Comparisons include existence of
oscillations, wave characteristics, and net
heat leak.

The conclusions reached as a result of
this study are summarized in terms of
thermal acoustic oscillations phenomena,
experimental anomalies, and analytical
methods.

A summary list of recommended items for
further study is given. Both analytical and
experimental tasks are suggested.

Thermal acoustic oscillation references
are listed.

The Appendix contains details of the mathe-
matical formulation of the thermal acoustic
oscillation problem including equations,
numerical methods and computer program
descriptions.
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Section 2
TECHNICAL DISCUSSION

2.1 LITERATURE REVIEW, PHENOMENA DESCRIPTION AND
IMPLICATIONS

This section presents a review of the literature on thermal acoustic
oscillations and 3 description of the phenomenon itself. The papers which are
coucernad with applications to low temperature apparatus and those dealing
with computation of thermal acoustic waves are of particular interest in this
study. These publications, given in Refs. 1 through 35, are reviewed in sum-
mary form. Those which present results directly applicable to the goals of

the present study are reviewed in some detail.

2.1.1 Phenomenon Discovery (Sondhauss)

The discovery of the thermal acoustic oscillation phenomenon is gen-
erally credited to Sondhauss in 1850 (Ref.1). He observed the heat-generated
sound produced by glass blowers when blowing a bulb on the end of a narrow
tube. This ""Sondhauss tube' was open on one end and terminated in a bulb
on the other. A steady gas flame applied to the bulk~end caused the air in the
tube to oscillate and produce a clear sound which '\r;va,’s characteristic of the
dimensions of the tube. ILarger bulbs and longer tubes produced lower fre-
quency sounds and hotter flames produced more ‘in.*uens‘ei sounds. The apparatus
used by Sondhauss in his early studies is shown schematically in Fig. 1. Heat
was added at the bulb end and removed from the open end which was exposed
to ambient air. Although Sondhauss apparently discovered the phenomenon he

gave no explanations for the production of the sound.

2.1.2 First Explanation of Phenomenon (Ra‘.yie.igh Criterion)

Lord Rayleigh, 1878 (Ref. 2), was the first to explain the physical me-

chanism for the spontaneous occurrence of thermal acoustic oscillations.
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His explanation of the mechanism is that oscillations are encouraged if
heat is added to the air at the point of greatest compression and heat is
taken out at the point of greatest expansion. Rayleigh explained that this
criterion is fulfilled in the Sondhauss tube because the moment of greatest
compression occurs when the gas is compressed into the hot end where it
becomes heated and expands, thus encouraging the oscillation; in addition,
the moment of greatest rarefaction occurs when the gas expands into the
cool end of the tube where heat is removed which also encourages oscilla-
tion. Under the conditions described by Rayleigh, small wave~-type distur-
bances grow and become self-sustained oscillations due to heating and
cooling effects. It is the relative temperature difference between the ends
of the tube which causes this effect. Thus the oscillations can be started by

either heating one end, cooling one end, or both.

2.1.3 Observation of Oscillations in Cryogenic Apparatus (Taconis)

Apparently the first observation of thermal acoustic oscillations in
low temperature apparatus was made by Taconis, 1949 (Ref. 3). He observed
spontaneous acoustic oscillations in a hollow tube which was used for stirring
liquid helium. The upper end of the tube was closed (at room temperature)
while the lower end was immersed in the liquid helium. Taconis' explan-
ation of how the large thermal gradient along the tube caused the oscillations
was essentially a restatement of the Rayleigh criterion. He noted, however,
that the oscillations caused an effective "stirring" such that heat transferred
to the fluid was so great that large boiling occurred. The net effect of the
stirring" was to significantly increase the heat transfer and result in the

boiling.

A schematic of the apparatus in which acoustic oscillations occur in
cryogenic systems is given in Fig. 2. A storage device containing the
liquid is penetrated by a tube. The purpose of the tube is for filling the
tank, for venting the device, for stirring the liquid, etc. The upper closed
end of the tube is exposed to ’ainbient t.empe.ratlire and the open end is ex-
posed to the cold environment. As heat leaks into the storage vessel, the
liquid starts to boil off, filling the tube with vapo r. The gas-filled tube
thus has one end at neaf-é.mbient~temperature and the other end at

9
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Heat Addition

—_— ——Closed End

. (Ambient Temperature)
Gas Filled ’

Tube \
- | N
Storage
Dewar ﬁ\\
Cold
Environment
(Vapor)
Heat
Removal
Liquid Helium

Fig, 2 - Schematic of Basic Apparatus for Observing Thermal
Acoustic Oscillation in Liquid Helium Storage Systems
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near -cryogenic temperature. The acoustic oscillations begin as a result of
the expansion of the gas from the closed end as heat is transferred by con-
duction. The oscillations then are encouraged as heat is taken from the gas
near the cold end. The Rayleigh criterion is thus fulfilled for the cryogenic
apparatus and provides and explanation for the spontaneous occurrence of

acoustic oscillations observed by Taconis.

2.1.4 Phenomena Ilustration

Figure 3 is a schematic which illustrates the sequence of events for
thermal acoustic oscillations in a liquid helium storage vessel. At the
initial "time' t = 0, the tube is filled with helium gas at some initial
uniform temperature. The upper closed end of the tube is always exposed
to the hot (ambient) temperature. An instant of time later (tl), the gas in
the pipe heats up at the top and cools down at the bottom due to conduction
heat transfer. The gas column has some temperature distribution att = 2
as shown. As heat is continually added from the top, the cold gas is moved
down the tube at t = 3 since the hot gas expands from the closed end. The
expansion continues at t = 4 forcing the warm gas out the end of the tube.
This convective heat transfer then increases to the boil-off of the liquid.
At time t = 5, cold gas is drawn back into the tube since the pressure at
open end is now lower than the internal gas pressure in the dewar. This
"suction'' continues at t = 6, but the gas which was drawn in now warms up
due to continued heat addition at the top. The time t = 7 shows the process
being repeated as the oscillations sustain themselves purely by thermal

means.

This simple illustration was presented to clarify the mechanism by
which the oscillations are started (thermal expansion), the mechanism by
which heat is transferred (mass transfer), and the mechanism by which the
oscillations are sustained (heat addition and removal). The illustration in
Figure 3 is a simplified display of the mechanisms explained by Rayleigh
in 1878. ‘

11
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The discussion which follows presents the historical development of
the technology and understanding of this phenomenon. Analytical and exper-
imental studies have been done on: (1) characterizing the conditions which
cause oscillations; (2) determining the additional heat leaks produced by the
oscillations; and (3) explaining the mechanisms whereby oscillations are
sustained or damped out. The emphasis on understanding the phenomenon
is coupled to the major problem of cryogen boil-off and the reduced ability
for long-term storage. The significance of the large additional heat leak
in cryogenic storage vessels is repeatedly shown in the numerous observ-

ations which are reviewed in the follow subsections.

2.1.5 Theoretical Analysis (Kramers)

Kramers, 1949 (Ref. 4), was the first to attempt a theoretical analysis
of the Sondhauss oscillation problem, but had limited success. He attacked
the problem by considering small amplitude waves which could be described
by the linearized hydrodynamic equations of mass, momentum and energy.
The waves were considered to have three components: a main wave, a
friction wave, and a heat conduction wave. He successfully separated the
wave components and solved the resulting linearized equations, but he was
unable to account for the sustained oscillations which were observed in
many of his experiments. Kramers attributed the failure of his theory to
the fact that the terms he neglected in linearizing were probably not negli-
gible. A nonlinear approach was thus indicated in 1949, but apparently not

attempted until the present work.

2.1.6 Experiments of Wexler; Clement and Gaffney

Wexler, 1959 (Ref. 5), observed oscillations during a study to design
storage containers for liquid helium. When the end of a vent tube was re~
stricted by a rubber tube the oscillations could be felt by holding the rubber
tube. He makes the statement, without supporting data, that the influx of |

hheat due to the oscillations may be 1000 times the normal heat leak.

13
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Clement and Gaffney, 1954 (Ref. 6), experimentally studied sponta-
neous thermal oscillations, which occurred in small diameter tubes having
one end at room temperature and the other end at liquid helium temperature.
They observed that the optimum conditions for oscillations occurred when
the ond at room temperature was completely closed and the end immersed
in the liquid helium was open. Their experiment indicated that a tube
completely open at the hot end could not be made to oscillate unless its in-
side diameter was less than approximately 1 mm. Tubes having the cold
end completely closed could not be made to oscillate at all., They also ob-~
served oscillations in the annular space between the double wall of a liquid
helium transfer-siphon tube. Oscillations in the annular space could be
damped simply by placing a snug fitting brass ring in the annulus near the
cold end to block the gas motion. Another important fact discovered by
Clement and Gaffney was that oscillations occurred in a tube when the cold
end was withdrawn above the liquid surface. In addition, they observed step~
like changes in the oscillation frequency as the tube was withdrawn from the
liquid. The frequency increased suddenly as the tube moved out of the
liquid and continued to increase as the tube was further withdrawn. This
allowed the use of a tube as an indicator to designate the location of the

liquid helium surface.

2.1.7 Work of Trilling; Chu; Ditmars and Furukawa

Trilling, 1955 (Ref. 7), conducted an analytical study of heat generated
pressure waves. He linearized the hydrodynamic equations and separated
them into three components representing the three modes of motion. He
showed that sharp increases in boundary temperature can cause pressure
waves to propagate in much the same manner as pushing a piston through a
gas-filled pipe. The magnitude of the pressure pulse was found to be
directly proportional to the 1/4th root of the acoustic Reynolds number.
This work, unlike Kramers, was not applied directly to the problem of

oscillations in cryogenic apparatus.

14
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Chu, 1963 (Ref. 8), presents a complex theoretical treatment of heat
generated pressure waves. He studied self-sustained, thermally driven
oscillations in a closed pipe. The pressure-time curve is given as a saw-
tooth function and the velocity-time curve as a square-wave function. The
frequency was found to be approximately equal to the resonance frequency
of the system. Ditmars and Furukawa, 1964 (Ref. 9), have noted that in
certain low temperature experiments, the presence of thermal acoustic
oscillations often causes the calorimetric measurements to be difficult or

even impossible due to the large additional heat leaks.

2.1.8 Analysis of Feldman

Feldman, 1966 (Ref. 10), conducted an extensive experimental and
theoretical study of the Sondhauss oscillation. A physical analysis of the
heat exchange mechanism driving the Sondhauss oscillation was presented.
The Sondhauss oscillator was treated as a heat engine operating on a
specified thermodynamic engine cycle. In order for the amplitude of the
oscillation to grow to a steady state condition, energy additions had to be
properly phased so that a net increase occurred in the total energy of the
gas system after each cycle of oscillation. Thus, for a sustained reascnant
thermoacoustic oscillation to occur, the following conditions must be met;
(1) the steady heat source had to interact with the pressure fluctuations in
the system so that the energy additions to the gas are phased to cause the
oscillations to increase in amplitude (Rayleigh criterion); (2) the heat
addition rate had to be greater than some minimum value (heat-in greater
than heat-out); (3) the heated cavity had to be shaped so that a resonant gas
oscillation caﬁ occur, (Feldman observed that a tube length to diameter
ratio of approximately 15 was required); and (4) the heat source had to be
located at a point in the pipe where both the gas velocity and pressure are
sensitive to heat additions such as in the closed end of the Sondhauss pipe.
He found that thé gas oscillation could be initiated by some random exter-
nal disturbance, or if the rate of heating is large enough a thermal expan-
sion pressure wave could start the oscillation. Additional papers by

Feldman, including a literature survey, are given in Refs. 11 through 13.

15
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2.1.9 Experimental Program of J. D. Bannister

J. D. Bannister, 1966 (Ref. 14), conducted experiments for measuring
spontaneous pressure oscillations in tubes connecting liquid helium reser-
voirs to room temperature environments. He measured oscillation pressure
amplitudes and frequencies together with longitudinal temperature profiles
and heat pumping rates for tubes ranging in length from 122 to 214 centi-
meters and diameters from 0.318 to 1.27 centimeters, Bannister's experi-
mental results indicate that: (1) spontaneous pressure oscillations occurring
in tubes, which connect liquid helium reservoirs to their 300°K environments,
have an amplitude directly proportional to the slenderness ratio of the gas
column, and (2) the heat pumped by spontaneous oscillations is proportional.

to the product of pressure amplitude times frequency.

Figure 4 is a plot of the heat transfer ratio versus intensity as
presented by Bannister in Ref. 14. The heat transfer rate shown is that
component derived only from the oscillations; it does not include any
conduction heat transfer down the tubes. The significant finding repre-
sented by this curve is that the heat leak is linearly proportional to the
oscillation intensity. A curve shown subsequently in subsection 2.1.16 in-
dicates that the additional heat leak due to oscillations can be two orders

of magnitude larger than the normal conduction heat leak.

In addition to the data presented in the paper, a 16 mm movie was
made in connection with his work. A glass dewar was used such that the
oscillations could be observed. This film was obtained from Mr. Bannister
for use in the present study and has pro'ved to be very valuable. Some ex-
cerpts from this film are given for illustrative purposes in Figures 5 and 6.
Figure 5 gives the configuration used for the vizual observation tests. |
Figures 6a, 6b, and 6¢c show results of the tests for a tube below, at, and
above the surface. These figures show the gas (dark areas) being pumped
out of the tube and also the large degree of stirring they cause. This’ film
should dispel all doubts about the existence and magnitude of thermal

